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______________________________________________________________________________________
We used an agent-based network model to examine the effect of targeting different risk groups with 
unsuppressed HIV viral load for linkage or re-linkage to HIV-related treatment services in a heterosexual 
population with annual testing. Our model identifies prevention strategies that can reduce incidence to 
negligible levels (i.e., less than 0.1 infections per 100 person-years) 20 years after a targeted Treatment-as-
Prevention (TasP) campaign. The model assumes that most (default 95%) of the population is reachable (i.e., 
could, in principle, be linked to effective care) and a modest (default 5% per year) probability of a treated 
person dropping out of care. Under random allocation or CD4-based targeting, the default version of our 
model predicts that the TasP campaign would need to suppress viral replication in ~80% of infected people 
to halt the epidemic. Under age-based strategies, by contrast, this percentage drops to 50% to 60% (for 
strategies targeting those <30 and <25, respectively). Age-based targeting did not need to be highly exclusive 
to yield significant benefits; e.g. the scenario that targeted those <25 years old saw ~80% of suppressed 
individuals fall outside the target group. This advantage to youth-based targeting remained in sensitivity 
analyses in which key age-related risk factors were eliminated one by one. As testing rates increase in 
response to UNAIDS 90-90-90 goals, we suggest that efforts to link all young people to effective care could 
be an effective long-term method for ending the HIV epidemic. Linking greater numbers of young people to 
effective care will be critical for developing countries in which a demographic “youth bulge” is starting to 
increase the number of young people at risk for HIV infection. 
_______________________________________________________________________________________ 
* Corresponding Author. jmittler@uw.edu 
	
UNAIDS and other public health agencies have 
promoted the 90-90-90 targets for HIV diagnosis, 
treatment, and viral suppression by 2020 
(UNAIDS 2017). However, the resulting ~73% 
viral suppression may not be enough to end the 
epidemic; in regions with high R0’s (i.e., regions 
where the virus can spread quickly) mathematical 
models predict that 80% to 90% of HIV-infected 
individuals will need to be virally suppressed to 
reduce incidence to zero (Kretzschmar et al. 2013, 
Williams and Gouws 2013, Hontelez et al. 2013, 
Rozhnova et al. 2016). For populations with very 
high R0 values (Williams and Gouws 2013, 
Kretzschmar et al. 2013, Rozhnova et al. 2016), 
even a more ambitious “95-95-95 target” (~86% 
viral suppression) (Medlock et al. 2017) may not 
be enough. Alsallaq et al (2017) note, however, 

that “youth-focused” prevention and treatment 
programs can outperform “adult-focused” 
programs, suggesting a more effective approach 
for HIV eradication. While age-based HIV testing 
has been modeled (Bershteyn et al. 2016, Golden 
et al. 2017), we are not aware of other models 
focused specifically on targeting youth for 
antiretroviral treatment. 

We hypothesized that youth-centered Treatment-
as-Prevention (TasP) could yield large benefits—
well in excess of that suggested by the models of 
age-based testing cited above. Our hypothesis is 
based on the following observations. (1) Young 
people are more likely than older people to have 
short-term relationships (Stignum et al. 1997, 
Johnson et al. 2001, Powers et al. 2011) (2) 
Young people who are in a partnership have 
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higher coital frequency than older people (Call et 
al. 1995, Gray et al. 2001, Stewart et al. 2002, 
Brewis and Meyer, 2005). (3) Young people have 
behavioral and biological factors (such as higher 
rates of condom breakage and altered cytokine 
profiles at mucosal sites of entry) that raise the 
per-act probability of transmission (Goodkin et al. 
2004, Valappil et al. 2005, Hughes et al. 2012, Yi 
et al. 2013). (4) Young people tend to partner with 
other young people (Barbieri and Hertrich 2005, 
Harling et al. 2014, and Harling et al. 2015). (5) 
People are rarely infected by HIV+ partners under 
the age of 16 (Shisana et al. 2014). These last two 
points suggest that treating people between 16 and 
25 can result in “herd immunity” to teenagers 
entering the sexually active population (Bershteyn 
et al. 2016).  

To test our hypothesis, we extended an existing 
agent-based HIV epidemic model for sexual 
networks to include the risk factors listed above 
(online technical supplement). To strike a balance 
between simulation speed and realism, we model a 
population of 2000 heterosexual individuals. Since 
key transmission rate parameters, such as the 
average number of partners per person, are 
independent of population size for sexually 
transmitted diseases (McCullum et al. 2001, 
Lloyd-Smith et al. 2004), our results should 
generalize to larger populations. The model 
implements a simplified treatment cascade: 100% 
of the reachable population (95% of the total 
population) is tested annually but only a subset 
(whose size we vary in our simulations) of 
diagnosed people are linked to effective care, 
resulting in a suppressed viral load. We assume 
that a proportion (default 5%) of treated 
individuals will drop out of care each year and no 
longer be virally suppressed (Yu et al. 2007, 
Fleishman et al. 2013, and Mberi et al. 2015). 
Dropouts who are a member of a target group 
have a higher chance of getting relinked to care 
than those who are not. In the absence of dropping 
out, however, individuals remain on care 
indefinitely even if they were originally linked to 
care due to a factor (e.g., youth) that no longer 
applies. Our default model assumes that all 

couples have the same probability of using a 
condom, an assumption that makes our default 
model most relevant (given uncertainties in model 
parameters) to a situation in which no one uses 
condoms. However, we also investigate variants of 
the model in which the probability of using a 
condom decreases with age, as reported in da 
Silveira et al. (2005), Simbayi et al. (2014), and 
Maticka-Tyndale E (2012). 

Prior to the TasP campaign, a random subset of 
infected people receives suppressive therapy. The 
TasP campaign doubles the percentage of HIV+ 
people receiving suppressive therapy, S, from 
what it was 5 years before the TasP campaign 
(default 30%) to a TasP target, Starg (default 60%). 
To simplify the accounting, we assume the TasP 
campaign is implemented instantly (rather than, 
for example, having six annual increases of 
~12%).  After the TasP target has been hit, the 
absolute number of individuals receiving 
suppressive therapy grows annually at rate r 
(default 2% per year) to account for population 
growth (default 1% per year) and general 
increases in economic productivity (default 1% 
per year). In simulations below, we focus on the 
success of TasP programs as a function of the 
targeting strategy and Starg. We note that Starg gives 
the percentage of HIV+ people receiving 
suppressive therapy, S, at a single point in time 
(i.e., just after TasP target has been hit). During an 
unsuccessful TasP campaign (i.e., one that fails to 
reduce prevalence by year 30), the annual 
treatment growth term, r, can cause S to increase 
transiently before declining in the face of an 
expanding epidemic. For the simulations described 
in Figures 1 and 2 below, we found (data not 
shown) that, Smax, the maximum percentage of 
HIV+ people receiving suppressive therapy 
following an unsuccessful TasP campaign 
exceeded Starg by an average of ~1% (e.g., Starg = 
20% corresponding to Smax ~21%). 

We recognize that targeting individuals for 
treatment based on criteria other than their own 
health needs raises ethical concerns. However, 
HIV+ people sometimes fail to achieve viral 
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suppression despite the best efforts of the existing 
health care system in a given locale (Kay et al. 
2016, Maman et al. 2016). Some patients do not 
return for care despite attempts by the clinic to 
contact them; i.e., are lost to follow-up (LTFU) 
(Wools-Kaloustian et al. 2006, de Almeida et al. 
2014). Our model, in the first instance, could be 
viewed as deciding upon which of those LTFU 
should be prioritized for re-engagement with care. 
We note that many of those individuals LTFU (as 
well as many non-LTFU) patients require active 
interventions such as help with transportation, 
food-security, enrollment in support groups, 
adherence counseling (Fox et al. 2016), general 
HIV education (Katz and Bangsberg 2016), and/or 
other forms of health promotion (Psaros et al. 
2015) before they can achieve viral suppression. 
Our model, therefore, can also encompass the 
effect of targeting promotion of such services 
within different subsets of the diagnosed, 
unsuppressed population (Table 1).  

In Figure 1 we show the number of infected, the 
number treated, incidence, and AIDS death rates 
under the “CD4<500” and “under age 30” 
targeting strategies (as defined in Table 1), 
assuming Starg = 60% (i.e., that 60% of infected 
people receive suppressive therapy after starting 
the TasP campaign). In contrast to the “CD4<500” 
strategy where incidence increased over time, 
under the “under age 30” strategy incidence 
dropped to negligible levels (i.e., less than 0.1 
infections per 100 person years) in 16/16 replicate 
simulations 23 years after the start of the TasP 
campaign. [Although viral loads drop to very low 
levels in “virally suppressed” people, they do not 
actually go to zero, meaning that it is not possible 
to stop all infections in the model even with 100% 
of HIV+ people being virally suppressed.] We 
note that the “CD4<500” strategy [as well as the 
“SPVL” (set point viral load) strategy in Figure 2], 
included for purposes of comparison, assumes 
assess to information that may not be available in 

Table 1. TasP Strategies modeled in this paper. 
Strategy  Description 
Random Select diagnosed unsuppressed* (DU) agents at random. 

“CD4 < 500” First select DU agents whose CD4 count has ever fallen below 500.# If resources are sufficient to link all 
selected agents to effective care, select additional agents at random until the treatment limit% has been reached. 

“Under age 25” First select DU agents under 25. If resources are sufficient to link all selected agents to effective care, select 
additional DU agents at random until the treatment limit has been reached 

“Under age 30” First select DU agents under 25, then those under 30, then at random until the treatment limit has been reached.  
“Under age 35” First select DU agents under 25, then select agents under 30, then those under 35, then at random until the 

treatment limit has been reached. 
“SPVL” First select DU agents with SPVLs# over 6.0; then those with SPVLs less than 5.5, 5.0, 4.5, and 4.0, 

respectively; then at random until the treatment limit has been reached. 
“CD4 < 500, Under 

25” 
First select DU agents whose CD4 count has ever fallen below 500#. Once all DU agents with CD4 nadirs below 
500 are linked to effective care, select agents under age 25. Once all DU agents in these two groups have been 
linked to effective care, select additional agents at random until the treatment limit has been reached. 

“Under 25, 
CD4 < 500” 

First select DU agents under age 25, then whose CD4 count has ever fallen below 500.# Once all DU agents in 
these two groups have been linked to effective care, select additional agents at random until the treatment limit 
has been reached. 

“Men under 23 & 
women under 27” 

First select DU agents at random from men under 23 and women under 27; then at random until the treatment 
limit has been reached. Unlike the “CD4<500, Under 25” and “Under 25, CD4<500” strategies, this strategy 
does not attempt to link members of the first group (i.e., men under 23) before members of the second group 
(i.e., women under 27”). 

* Agents just initiating a suppressive therapy regimen are classified as suppressed. We assume that agents dropping out of therapy remain 
suppressed for 30 days. 
# By targeting agents based on factors that don’t change during therapy, we avoid viral load and CD4 oscillations associated with having to 
wait for CD4 counts to drop (or viral loads to rebound) following a therapy cessation before re-initiating therapy. 
% Given by the number of infected at the start of TasP campaign times Starg times (1+r)t, where r is the economic growth rate and t is the 
number of years since the start of the TasP campaign. 
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Figure 1. Simulations of the numbers of infected (red) and treated (blue) individuals (top panels), incidence (middle panels) and 
AIDS death rates (lower panels) following our “CD4<500” (left-side) and “under age 30” (right side) treatment-as-prevention 
(TasP) strategies. To account for existing treatment, we assume 30% of infected people (selected at random) receive suppressive 
therapy beginning five years before the TasP campaign. The TasP campaign immediately increases the percentage of HIV+ people 
receiving suppressive therapy to 60%. Once the TasP campaign starts, the model uses the CD4- or age-based strategies shown 
above to link a subset of unsuppressed diagnosed people to effective care. The 2% per year increase in the number treated after the 
TasP campaign was added to reflect population growth and increasing health care productivity over time. Thick lines give the 
mean of 16 independent replicates; thin dashed lines show the individual runs. The decline in the number treated after year 20 in 
the top right panel occurs because all “reachable infected agents” have been treated. The black line in the lower right panel shows 
for purposes of comparison the average number of AIDS deaths from the “CD4<500” strategy in the lower left panel.  
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resource-limited settings. For someone diagnosed 
as HIV+ who never returned for treatment, for 
example, CD4 count will probably not be known 
(though this could change with wider availability 
point-of-care CD4 tests).  

In Figure 2a we show the average incidence 20-30 
years after implementing the TasP campaign as a 
function of Starg for a broader range of strategies. 
For the “random” and “CD4<500” targeting 
strategies, we need to set Starg to 80% to reduce 
incidence rates to negligible levels (Figure 2a). 
Under the age-based targeting strategies, by 
contrast, incidence can be reduced to negligible 
levels using Starg values of 50% to 60% (Figure 
2a). Comparable results were obtained using the 
total number of AIDS deaths over 30 years as a 
metric of impact (Figure 2b). The total number of 
person-years of treatment over the course of the 
simulation under age-based targeting strategies 
was comparable to the “SPVL” strategy but lower 
than it was under the “random” and “CD4<500” 
strategies (Figure 2c). This occurred because these 
strategies were more likely to reduce incidence to 
negligible levels, eliminating the necessity to treat 
additional people in later years.  

Of the five “non-random” strategies in Figure 2, 
the percentage of the population initiating 
suppressive therapy at the start of the TasP 
campaign that was not a member of a target group 
was maximized under the “under age 25” strategy 
(Figure 2d). For Starg = 60%, for example, ~78% 
people who received suppressive therapy under 
“under age 25” strategy fell outside the target 
group, compared to ~41% under the “under age 
30” strategy and only ~4% under the “SPVL” 
strategy (Figure 2d). If we include people who 
were virally suppressed prior to the “under age 
25” TasP campaign, this percentage jumps to 
~87%. The “under age 25” strategy, therefore, 
succeeds and has the potential to be a 
comparatively inclusionary strategy. In the 
subsequent simulations, we focus mainly on 
comparing the “under age 25” strategy with the 
“random” and/or “CD4<500” strategies assuming 
Starg = 60%.  

The y-axis of Figure 2d is similar to Starg in that it 
quantifies “inclusivity” at a single point it time 
(i.e., just after the TasP target has been hit). For 
the TasP campaigns that reduced prevalence in 
Figure 2 (a subset that includes all of the 
simulations in which incidence dropped to zero), 
the percentage of untargeted individuals receiving 
suppressive therapy increased in subsequent years 
(data not shown). However, for the TasP 
campaigns that allowed prevalence to increase by 
more than the treatment growth rate r, the 
percentage of untargeted individuals receiving 
suppressive therapy decreased in subsequent years 
(data not shown). In other words, the successful 
TasP campaigns became more inclusionary over 
time, while unsuccessful TasP campaigns became 
more exclusionary over time. Fortunately, our 
simulations suggest that one will not have to wait 
long to find out whether a campaign will succeed. 
For the successful “under age 30” strategy shown 
in Figure 1, for example, we observed a ~2-fold 
drop in incidence within 2 years of starting the 
TasP campaign. While drops in incidence are 
unlikely be as rapid under more realistic (i.e., non-
instantaneous) ramp-ups, incidence is a highly 
sensitive and general measure that can, with the 
aid of an epidemiological model, predict whether 
an in-progress TasP campaign is likely to reduce 
prevalence. 

While age-based targeting greatly reduces the 
number of deaths over the long-term, it comes at 
the cost of allowing slightly more AIDS deaths 
relative to CD4-based targeting in the years 
immediately following the TasP campaign (Figure 
1, lower-right panel, years 1-3; top and bottom 
rows of Table 2). The advisability of age-based 
targeting will depend, therefore, on whether public 
health officials take a long or short-term 
perspective. As shown in Figure 2, it also depends 
on the percentage of the population that can be 
virally suppressed.  For high levels of 
suppression(i.e., Starg  >= 80%), the advantage to 
age-based targeting largely disappears. Age-based 
targeting, like most optimization schemes,  
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Figure 2. Simulations showing the effect of targeting strategy and Starg (percentage of infected people treated immediately after 
implementing the TasP campaign) on: (a) incidence 20-30 years after the TasP campaign, (b) AIDS deaths between years 0 and 30, 
(c) person-years of therapy (included to verify that the age-based strategies didn’t somehow result in more people being treated), 
and (d) the percentage of people initiating suppressive therapy at the start of the TasP campaign who were not a member of a target 
group. Each point is the mean of 16 replicates. Error bars give approximate 95% confidence intervals. We note that the incidence 
in the absence of treatment in panel (a) matches peak levels in the heavily affected regions circa 1999 (Williams et al. 2001, 
Abdool Karim and Abdool Karim, 2002, Nel et al. 2012).  Declines in the number of person years of therapy as Starg increased 
from 70 to 100% for “CD4 < 500” and “Random” reflect the ability of near universal therapy to reduce treatment expenditures 
over the long term. 
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becomes useful when resources are insufficient to 
control the epidemic using standard approaches. 

Our model includes many parameters, some of 
which are estimated with uncertainty. We 
therefore conducted a series of sensitivity 
analyses, focusing on parameters that we felt a 
priori might cause us to reject our hypothesis 
about the benefits of age-based TasP targeting. We 
find that age-based targeting continues to 
outperform random and CD4-based targeting in 
simulations in which: all agents have the same 
average relationship duration (Table 3), young 
people no longer have a higher per-act risk of 
infection (Table S1), young and old people have 
the same coital frequency (Figure S1), CD4 counts 
decline faster in older HIV+ patients in the 
absence of treatment (as noted, albeit cautiously, 
in Cori et al. 2015) (Figure S2), the frequency at 
which people are tested for HIV was varied 
(Figures 3 and S3), the rate at which untargeted 
agents drop out of care was varied (Figure S4), the 
average age difference between partners was 
varied (Figure S5), the percentage of people who 
could potentially be linked to care was varied 
(Figure S6), the probability of using a condom 
declines with age (Figure S7), and r, the annual 
increase in people receiving suppressive therapy 
after TasP target was hit, was varied between 0 
and 9% per year (Figure S8). The one parameter 
that stood in all these simulations was testing 
frequency: although age-based targeting 
outperformed random and CD4-based targeting 

across a board range of testing frequencies, the 
key benefit to age-based targeting (i.e. the ability 
to drive incidence to zero in ~20 years with Starg = 
60%) tapered off as testing intervals exceeded a 
year (Figure 3, Figure S3). Other than testing 
frequency, however, our results do not appear to 
be sensitive to any of our parameter values, at 
least when considered in isolation.  

 
To test the model further, we performed a partial 
Latin hypercube analysis (Blower and 
Dowlatabadi 1994) to compare age- and CD4-
based targeting strategies, assuming Starg = 60%, 
in simulations in which multiple parameters were 
randomized at the same time (Table S2). Age-
based targeting reduced the total number of AIDS 
deaths in ~70% of these simulations (Figure 4). In 
the ~30% of cases where age-based targeting did 
not reduce the number of deaths relative to CD4-
based targeting, differences were small and non-
significant (see below for details). The relative 
performance of age-based targeting depended 
more on the strength of the epidemic than on any 
specific combination of age-related parameters. 
Our randomization process, being undirected, 
resulted in a number of either very weak or very 
strong epidemics. For very weak epidemics, 
  

Table 3. Simulations in which all agents have the same 
average relationship duration (i.e., in a model in which 
young are no more likely than older people to have short 
relationships).  Table entries show the mean and standard 
deviation in the number of infections during years 20 to 30 
as a function of targeting strategy and the average 
relationship duration in a simulation with Starg = 60%. 

Targeting 
Strategy 

Number of new infections in years 20-30* assuming 
an average relationship duration of 

1 Years 2 Years 4 Years 6 Years 

CD4 < 500 743 (66) 703 (103) 749 (94) 688 
(170) 

Random 700 (101) 703 (125) 731 (64) 663 
(106) 

Under age 25# 3 (4) 25 (82) 22 (48) 24 (66) 

# Significant reductions for “Under age 25” compared to “CD4<500” and 
“Random” for all six relationship durations (t-test, p < 0.0001 for all 8 
comparisons). However, we see no differences by relationship duration for 
either “Under age 25”, “Random”, or “CD4<500” (t-tests, p > 0.05 all 
comparisons). 
 

Table 2. Tradeoff between short- and long-term outcomes 
involving age- and CD4-based strategies. Entries give mean 
and standard deviation of 16 replicates with Starg = 60%. 

Targeting 
Strategy 

AIDS Deaths New Infections 
 Years 

0-5 
 Years 25-

30 
Years 
 0-5 

   Years 
   25-30 

CD4 < 500  85 (20) . 301 (56) 212 (51) 445 (44) . 

CD4 < 500, Under 25  81 (15)% 286 (35)  203 (26) 436 (45)& 

Under 25, CD4 < 500  87 (25)%   25 (21)  154 (36)  49 (63)  

Under age 25 104 (16) .   13 (14)  148 (44)    9 (18)   

% Significant reductions in AIDS deaths in years 0-5 compared to “Under 
age 25” (t-tests, p < 0.001 and p < 0.05). 
& Significant increases in incidence in years 25-30 compared to “Under age 
25” (t-tests, p < 0.05). 
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Figure 3. Effect of varying testing frequency on: (a) incidence 20-30 years after the TasP campaign, (b) AIDS deaths between 
years 0 and 30, (c) person-years of therapy, and (d) the percentage of people initiating suppressive therapy at the start of the TasP 
campaign who were not a member of a target group. This simulation assumes Starg = 60%. The thick lines give the mean of 16 
replicates. Thin lines give mean plus and minus the standard error of the mean.  
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defined as those that resulted in a final prevalence 
below 7%, there was a trend (t-test, p =0.14) for 
fewer AIDS deaths under CD4-based targeting; 
however, we can see from Figure 4 (bottom panel, 
left side) that any differences that might be shown 
to be significant under a larger simulation would 
be small. For very strong epidemics, defined as 
those that resulted in final prevalence greater than 
70%, the advantage to age-base targeting, though 
technically significant according to a t-test (p = 
0.035), seemed go away. We note that a final 
prevalence of 70% is a catastrophic outcome that 
is unlikely to be reached in real life. These 
epidemics were so strong, in fact, that they could 
barely be controlled even after suppressing 100% 
of the reachable infected population (=95% of 
infected individuals) (data not shown). For 
simulations with more realistic final prevalences, 
we observed benefits to age-based targeting in 
98% (92 out of 94) of simulations (Figure 4, 
bottom panel, middle section). 

Our analyses have focused so far on strategies that 
consider age and CD4 status in isolation. Our 
model also allows us to model hybrid strategies. 
Compared to the “under age 25” strategy, we can 
reduce the number of short-term deaths by 
combining age and CD4 status (Table 2, middle 
rows); however, this comes at a cost of a slightly 
higher incidence in years 35-40. (The higher long-
term incidence under the “Under 25, CD4 < 500” 
compared to “Under age 25” seems to be due to 
the model waiting to treat infected people until 
their CD4 counts has dropped, providing more 
time for an infected individual to transmit to 
his/her partner; however, we emphasize that this 
underperformance is slight and of borderline 
statistical significance). Use of hybrid strategies, 
in other words, failed to resolve the tradeoff 
illustrated in Figure 1 and Table 2 between short 
and long-term benefits in our model. We noted a 
trend towards better short and long-term outcomes 
relative to “CD4<500” using a strategy that first 
targeted those with CD4<500, then those under 
25; however, the improvement in long-term 
outcomes associated with adding age to CD4 
status was trivial compared to the effect of first 

targeting based on age. We conclude that targeting 
based on age is still the most effective long-term 
strategy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Number of AIDS deaths following age and CD4-based 
targeting strategies in simulations in which multiple parameters 
were randomized. Top: Total number AIDS deaths during years 0 
to 30 under the “under age 25” strategy as a function of the total 
number AIDS deaths under the “CD4<500” strategy. Bottom:  
Difference between number of AIDS deaths following CD4-based 
targeting (“CD4<500”) and age-based targeting (“under age 25”) as 
a function of final (year 30) prevalence following CD4-based 
targeting. Each circle represents the end result of a set of 
simulations with a different set of parameter values. The blue 
points indicate simulations in which prevalence either decreased or 
increased by less than 50% prior to the TasP campaign. The orange 
and red points represent simulations in which prevalence increases 
>4-fold and >5-fold, respectively, prior to the TasP campaign. The 
thin vertical lines in the lower panel give year 30 prevalence ranges 
(7 and 70%) outside of which there was no longer a clear benefit to 
age-based targeting.  

Our results come with the caveat that the failure to 
achieve 100% suppression is due primarily to 
steep drop-offs in steps in the treatment cascade 
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that occur subsequent to testing. Under an 
alternative framework in which testing (rather than 
linkage to care) is the limiting factor, others have 
reported that targeting strategies may be optimally 
directed at slightly older people as prevalence 
tends to increase with age (Bershteyn et al. 2016, 
Golden et al. 2017). Another caveat is that our 
model ignores the tendency in many societies for 
younger women to partner with older men 
(Barbieri and Hertrich 2005, Harling et al. 2014). 
In such situations, it is reasonable to speculate that 
it might be advantageous to set a higher target age 
for men. In Figure S9, however, we show that 
altering the target ages for men and women has no 
discernable effect on either HIV incidence or 
AIDS deaths. While we leave open the possibility 
that a model that explicitly accounts for the 
tendency for women to pair with older men would 
show a benefit to targeting older men, this analysis 
suggests that any such benefit would be small 
relative to the large benefits that accrue to 
targeting young people. 

In summary, our model suggests that under 
conditions where resources are projected to be 
inadequate to control the epidemic using existing 
targeting strategies (despite annual testing), that 
the addition of a new, supplemental program 
ensuring that people under 25 are linked to 
effective care, while maintaining (or preferably 
expanding) treatment rates for the general 
population could greatly enhance the success of 
treatment as prevention campaigns. Age-based 
targeting can, in principle, be facilitated by 
schools (Madiba and Mokgatle 2015), youth 
centers (Erulkar et al. 2001), military academies 
(Thomas et al. 2014), and universities (Huang 
2016); however, there are many regions of the 
world where such institutions cover too low a 
percentage of the population (and/or lack the 
mandate or resources) to direct a sufficient 
percentage of young people to HIV testing and 
treatment services.  In some of these regions, a 
demographic “bulge” associated with reductions 
in infant mortality since the year 2000 is stating to 
increase the number of young people at risk for 
acquiring HIV (UNICEF 2016, Avert 2017).  

Rigorous assessments of methods for targeting and 
engaging youth, retaining them in care, and 
keeping them virally suppressed are urgently 
needed, not just as an immediate humanitarian 
measure, but as a means for bringing the epidemic 
under the reproductive threshold and towards 
extinction. 

Methods 

Our model builds on “Evonet-HIV”, an agent-
based simulation model for HIV epidemiology 
originally developed for the purpose of modeling 
SPVL evolution (Herbeck et al. 2017, Goodreau et 
al. 2017, Stansfield et al. 2017). Each “agent” has 
a series of attributes including age, sex, HIV 
status, viral load, CD4 count (discretized into 4 
bins), and HIV diagnosis status. Evonet-HIV 
includes generalizable ERGM (exponential 
random graph model) terms for the formation and 
dissolution of sexual partnerships, and includes 
modules for risk group behavior, HIV testing, 
viral load change, the effect of viral load on CD4 
decline and HIV transmission, and the effect of 
treatment on viral load. The code can be accessed 
at https://github.com/EvoNetHIV/Mittler-et-al-
TasP-by-Age. 

Detailed methods, data sources, and methods for 
fitting the model to data are given in the online-
supplemental-methods. Briefly, we assume an 
initial population of 2000 people of whom an 
average of 200 are HIV infected (i.e., 10% 
prevalence). HIV-negative people enter the 
sexually active population at 16 and die of natural 
causes according to age-specific mortality tables 
in the absence of HIV. In the absence of HIV-
induced mortality the population increases each 
year (default 1% per year). With our default 
parameters, the number of infected people doubles 
every ~10 years in the absence of treatment. 

To mimic the tendency of young people to have 
short-term relationships, we create an attribute for 
risk group membership (1 = no steady partner, 
occasional short-term relationships; 2 = tendency 
to form moderately long-term partnerships; 3 = 
tendency to form long-term partnerships). 90% of 
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agents entering the population at age 16 belong to 
groups 1 and 2. Agents in risk groups 1 and 2 are 
assumed to have small per-day probabilities of 
transitioning to risk groups 2 and 3; i.e., agents 
have a tendency to have longer partnerships as 
they age. To mimic the tendency of young people 
to partner with other young people, we added an 
ERGM term that forced the average age difference 
in the population to equal a specified value 
(default 4 years). Higher probabilities of sex and 
transmission in younger people were modeled 
using straightforward modifications to our 
modules for the probability of sex and 
transmission. 

Into this mix, we introduce a TasP campaign that 
targets different kinds of individuals for linkage to 
effective care. The model assumes an overall 
treatment limit given by 𝑆targ 𝐼!(1+ 𝑟)! , where 
Starg is the percent of infected people linked to 
effective care at the start of the TasP campaign, I0 
is the number of infected people at the start of the 
TasP campaign, r is the economic growth rate, and 
t = the number of years since the start of the TasP 
campaign. Targeting strategies include: age (e.g. 
“under age 25”), immunological status (e.g., 
“CD4<500”), combinations of age and 
immunological status (e.g., “Under 25, CD4 < 
500”), viral load (e.g., “SPVL”), and no factor at 
all (“random”) (Table 1). Several of the strategies 
include a targeting hierarchy within the primary 
target range (Table 1). “Under age 30”, for 
example, targets those under age 25 before those 
between ages 25 and 30. In these cases, agents are 
linked to care at random within each successive 
target group until the overall treatment limit is 
reached. To ensure that equal numbers are treated 
under all strategies (prior to one strategy linking 
100% of people to effective care), all strategies 
include a final “random” component that is 
applied once all of the people in the primary target 
groups have been linked to effective care.  
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