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Abstract

Objectives—To determine cost-effectiveness of three community-based acute HIV infection
(AH]I) testing algorithms compared to HIV antibody testing alone by focusing on the potential of
averting new infections occurring within a one-year time horizon among men who have sex with
men (MSM).

Methods—Data sources for model parameters included actual cost and prevalence data derived
from a community-based AHI screening program in San Diego, and published studies. Main
outcome measure was costs per infection averted (1A). The lower end of the cost range of
discounted lifetime costs of an HIV infection (i.e. $236,948) was used for defining cost-
effectiveness.

Results—The most sensitive algorithm for AHI detection, which was based on HIV nucleic acid
amplification testing, was estimated to prevent between 5 and 45 transmissions, with simulated
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costs per infection averted between $965 and $141,256 when compared to HIV antibody testing

alone.

Conclusion—AHI testing was cost-effective in preventing new HIV infections among at risk
MSM in San Diego, and also among other MSM populations with similar HIV prevalence but

lower proportions of AHI diagnoses. These results indicate that community based AHI testing

among MSM in the United States can pay for itself over the long run.
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Introduction

HIV antibody testing remains the most widely used approach to diagnose HIV infection in
community-based settings in the United States [1]. HIV antibody tests, however, fail to
detect acute HIV infection (AHI), which is the earliest stage of HIV disease and lasts until
the body develops antibodies against HIVV[2]. AHI is associated with transient levels of
extremely high titer viremia [3] resulting in a high level of infectiousness that serves as a
major driver of HIV transmission in the United States and other resource rich countries [4—
6]. As many as half of HIV transmissions occur from persons with AHI [7], which makes
detection of AHI critical to HIV prevention strategies [4-6, 8]. While guidelines support
early initiation of antiretroviral therapy (ART) for the prevention of HIV transmission (i.e.
treatment as prevention) [9, 10], AHI diagnosis may reduce transmission risk even in the
absence of other interventions, as evidence suggests that individuals generally reduce their
risk behavior after being diagnosed with HIV [5, 11].

Although detection of AHI offers opportunities to reduce infectivity (primarily ART and risk
reduction) to reduce subsequent transmission risk, screening for AHI is not widely
performed in community-based settings. Commercially available point-of-care (POC) assays
for AHI have limited sensitivity, while non-POC assays require follow-up for results and are
generally more costly to perform. By comparing four community based testing strategies,
we have recently shown that costs for detection of one case of AHI may be below US
$20,000 in at risk men who have sex with men (MSM) [12] [13]. Calculation of cost-
effectiveness per transmission prevented (i.e. infection averted [IA]) is more complicated,
but has two major advantages: i.) cost thresholds are easier to define, as there are
comprehensive estimates of lifetime treatment- and healthcare costs per HIV infection [14,
15], and ii.) the measure is more complete in terms of costs to the healthcare system.
Consistent with federal efforts to reduce the costs of healthcare through the deployment of
effective prevention measures, calculation of costs per IA will allow us to determine if
testing can pay for itself over the long run.

The objective of this study was to determine cost-effectiveness of three community-based
AHI testing algorithms compared to HIV antibody testing alone by focusing on the potential
of averting new infections.
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Material and Methods

This one-year cost analysis compared community based HIV testing strategies based upon
the cost per 1A in 2014 US dollars. Cost analyses were conducted using an established HIV
testing program perspective. The study evaluated four community based HIV testing
strategies [12], including three that detect AHI (EarlyTest [i.e. routine HIV nucleic-acid-
amplification testing in all antibody negative persons], Architect, and Determine [both based
on HIV p24 antigen detection]), and one that relies on HIV antibody testing alone. The
model was built on our recent cost-model that compared these four algorithms with regard to
costs per AHI diagnosis in 2014 US dollars [12], which was based on published risk data
and HIV observed in MSM undergoing community-based AHI screening in San Diego
between 2006 and 2014 [16-20]. Detailed description of the algorithms and methods can be
found elsewhere [12], and is summarized in the supplementary appendix (SI Appendix, Sl
Appendix Table S1, SI Appendix Figure S1).

Cost per infection (i.e. transmission) averted

Estimations of the potential impact of missed AHI diagnoses on subsequent spread of HIV
were conducted by combining published transmission risk estimations with data on risk and
testing behavior observed in MSM diagnosed with AHI between April 2008 and July 2014
with the “Early Test”, a community-based, confidential AHI screening program in San
Diego, California [16]. To assess the frequency of testing in those diagnosed with AHI we
calculated the time period between the last negative test and the day they tested positive by
NAT and assumed that it would have taken those individuals exactly the same time period to
test again. We also assumed that the risk behavior reported by those with AHI for the last 12
months before diagnosis [i.e. condomless insertive anal intercourse (CIAI) and number of
male partners] would reflect the ongoing risk behavior in the absence of an HIV diagnosis.
In addition, we focused only on direct transmission occurring from individuals with missed
AHI diagnoses. Finally, we assumed that those diagnosed with AHI would not transmit HIV
during the first year after diagnosis (immediate ART is routinely provided to “Early Test”
participants diagnosed with AHI, in addition studies have shown that transmission risk
behavior may decrease significantly in the months after HIV diagnosis [5]). Using these
assumptions, we calculated estimated numbers of transmissions from undiagnosed (i.e.,
missed) acute HIV diagnoses. Incremental cost effectiveness ratios (ICERS) were calculated
by comparing two different testing algorithms, with the numerator representing the
difference in annual cost of the two algorithms and the denominator representing the
difference in IA. Numbers of IA by each of the AHI were calculated by two different
approaches: a) per-contact transmission risk and b) per-partner transmission risk.

Cost thresholds

Discounted lifetime costs of an HIV infection have recently been updated [i.e between
$229,800 and $338,400 depending on the time point of diagnosis and ART initiation [15]].
As those costs were calculated in 2012 US dollars, the thresholds were updated to 2014 US
dollars by adding the cumulative rate of inflation (ie, 3.1%), resulting in an updated cost
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range of $236,948 and $348,927. We conservatively used the lower end of this updated cost
range (i.e. $236,948) for defining cost-effectiveness.

Per-contact transmission risk

Focusing on per-contact transmission risk is important as numbers of sexual contacts do not
correlate with the number of partners. In previous studies the number of sexual contacts was
markedly higher and condomless anal sex was more frequent with the main partner versus
casual partners (80.7 annual contacts with main partner vs. 4.0 with casual partners) [21]
[22]. However, number of contacts was not routinely assessed in our cohort of MSM and we
therefore used estimates from a comparable study cohort [23, 24]. In an Australian study
that followed more than 1,000 MSM over 4 years, a mean of 41 annual condomless insertive
anal intercourse (CIAI) episodes were reported in those reporting any CIAI, however, actual
numbers of contacts varied widely [23, 24]. We used these estimates and assumed that in our
setting every MSM who reported CIAI for the prior 12 months, would have 41 CIAI
episodes (95% confidence interval [CI] 10-70 episodes) per year.

In recent analyses on per-contact HIV transmission risk, condomless receptive anal
intercourse (CRAI) with an HIV-positive partner (either acute or chronic) carried the greatest
risk of HIV acquisition, with an estimated 1.38% (95%CI 1.02%—1.86%) risk of
seroconversion (more than 10 times higher than the risk of acquiring HIV infection during
CIAl) [23, 25, 26]. Therefore we focused our transmission risk model on CIAI episodes by
the transmitting HIV-positive partners, and assumed a 1.38% (95% CI 1.02%-1.86%) risk
per act of transmitting the disease, although this may be an underestimation for those with
AHI, where transmission risk is greatest during the initial weeks and months [27, 28].

We combined those two estimations (i.e. 41 CIAI episodes per year [23, 24] and 1.38% risk
of transmission per episode [23, 25, 26]), with risk behavior and testing data from
individuals diagnosed with AHI by the “Early Test” between 2008 and 2014, and calculated
a mean one-year risk of transmitting HIV. Data derived from “Early Test” included: i.
proportion who reported CIAI and ii. median time period between the last negative test and
the day they tested positive (proportion of a year) with a maximum of 1 year. We calculated
a mean one-year risk of HIV transmission per contact (B1) using the following equation:

~0.0138 x 41 Xt X ¢

Al 365
Considering:
1. Estimated number of yearly CIAI episodes = 41 [23, 24]
2. Per contact transmission risk = 0.0138 [23, 25, 26]
3. t, Time between last negative and first positive HIV test, in days, range 1
— 365.
4. ¢, Proportion who reported CIAI (range 0-1)
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To calculate the risk of transmission for the proportion of individuals with missed AHI
diagnoses in the different algorithms, we multiplied the respective number of missed AHI
diagnoses by the mean risk calculated using the formula above.

Per-partner transmission risk

In a second approach, we assessed the risk of transmission by focusing on number of unique
sexual partners. Again, we chose a conservative approach focusing on CIAI only. In a recent
meta-analysis of studies evaluating HIV transmission risk through anal intercourse, per-
partner HIV transmission probability was 39.9% in MSM (95%CI 22.5-57.%) [29]. The
remaining variables were derived from individuals diagnosed with AHI by the “Early Test”.
As we did not have number of CIAI partners we assumed that all individuals with AHI that
reported insertive anal intercourse (1Al) had 1Al with every partner they reported. We
calculated the proportion of partners with whom CIAI was performed by using the reported
frequency of condom use during 1Al episodes. As the frequency of condom use was reported
as a percentage range (100% of the time, 50%—-99%, 1%-49% or 0%) we chose the median
of the percentage range if necessary [i.e. 75% for “condom use in 1% — 49% of 1Al
episodes” and 25% for “condom use in 50% — 100%”]. We calculated the mean one-year
risk of HIV transmission per partner (B2) using the following equation:

0399 xn X uxtxe

p2= 365
Considering:
1. Estimated per partner risk = 0.399 [29]
2. n, mean reported number of male partners
3. W, mean reported condom use during 1Al (range 0-1)
4. t, Time between last negative and first positive HIV test, in days, range 1 —
365.
5. ¢, Proportion who reported CIAI (range 0-1)

Again, the result was multiplied with the respective number of missed AHI diagnoses to
calculate transmission risks for the different algorithms.

Sensitivity analyses

We assessed the effect of a number of alternate plausible assumptions and employed a
probabilistic sensitivity analysis (PSA) to examine the impact of cost parameter uncertainty.
We performed PSA for two different proportions of AHI (0.24 and 0.10 of all HIV
diagnoses). While AHI cases represented 24% of all newly diagnosed HIV cases among
MSM in the San Diego Primary Infection Resource Consortium (SD PIRC), a lower
proportion of 10%, may be more appropriate for settings where clients undergo screening
less frequently [30, 31]. For PSA we assigned uniformly distributed 95% CI to applicable
cost items, test performance, and loss to follow up in algorithms that do not provide POC
positive results for AHI, as described previously [12]. In addition, we assigned uniformly
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distributed 95% CI to all variables of per-contact and per-partner risk calculation. To
determine the frequency at which each algorithm was cost-effective at the given threshold,
we conducted Monte Carlo simulations to obtain 1000 samples from all distributions, and
used these samples to calculate means and 95% Cls for ICERs per IA, by using the 2.9%
HIV prevalence rate, and AHI proportions of 24% and 10%. The model and statistical
analyses were performed using Excel 2010 (Microsoft, Seattle, WA, USA) and SPSS 21
(SPSS Inc., Chicago, IL, USA).

The base model of costs per IA utilized data from 93 MSM diagnosed with AHI (Fiebig
stage I-11) in the Early Test program between April 2008 and July 2014 in conjunction with
previously published data and transmission risks. One-year transmission risks per AHI case
missed were calculated with per-contact and per-partner analyses, input variables and results
are depicted in Table 1. Estimated total annual costs associated with each of the four
algorithms are displayed in Table 2.

ICERs per A are displayed in Figure 1. Focusing on per-contact transmission risk, the mean
calculated one-year HIV transmission risk for individuals with missed AHI diagnosis was
26.46%. Using these estimations, 5.28 infections were averted within a year using the Early
Test algorithm when compared to the Ab alone algorithm (4.22 IA by Architect algorithm
when compared to Ab alone, and 2.78 by Determine). The cost per IA by the Early Test
algorithm when compared to the Ab alone algorithm was $22,894 (Architect vs. Ab alone
was $26,542, and Determine vs. Ab alone $11,305). As these were significantly lower than
the lower threshold of the discounted lifetime costs of an HIV infection (i.e. $236,948), all
three algorithms that detect AHI were deemed cost-effective compared to the Ab alone
algorithm. Numbers and incremental cost effectiveness ratios (ICERs) per 1A for per-contact
risk comparisons of all four algorithms and for HIV prevalence of 2.9% and AHI
proportions of 24% and 10% are depicted in Table 3.

Using per-partner transmission risk calculations, the estimated number of HIV transmissions
over one year was 2.2664 per undiagnosed AHI diagnosis. Using these estimations, 45
infections were averted by using the Early Test algorithm when compared to Ab alone, with
costs per 1A as low as $2,673. Numbers and ICERSs per |A for per partner-risk comparisons
are depicted in Table 4.

Probabilistic Sensitivity Analysis

Results of the probabilistic sensitivity analyses for a 2.9% HIV prevalence with AHI
proportions of 24% and 10%, including 95% CI and ranges are depicted in Table 3 (per-
contact transmission risk analysis), Table 4 (per-partner transmission risk analysis) and
Figure 1. We found that testing for AHI in the per-contact analysis was cost-effective (i.e.
ICERs below $236,948 per 1A) vs. Ab testing alone. Specifically, the Early Test was cost-
effective 100% of the time (with 24% proportion of AHI) and 99.2% (when assuming a 10%
proportion of AHI) vs. Ab alone, Architect was cost-effective 100% (24% AHI) and 98.4%
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(10% AHI) of the time vs. Ab alone, and Determine was always cost-effective vs Ab alone.
When comparing the three AHI algorithms, Early Test was cost-effective 100% of the time
vs. Architect, 99.9% (24% AHI) and 92.4% (10% AHI) of the time vs. Determine, while
Architect was cost-effective 96.3% (24% AHI) and 74.1% (10% AHI) of the time vs.
Determine. In all six comparisons of the per-partner analysis those algorithms that were
more sensitive for AHI diagnoses (i.e. detect more AHI) were cost-effective = 99.9% of the
time vs. those algorithms that were less sensitive for AHI (i.e. detect less AHI; Figure 1).

Discussion

We compared four different community based HIV testing strategies to estimate cost per
infection (i.e. transmission) averted, and found that all three algorithms that detect AHI were
cost-effective (i.e. one A costs less than the lifetime medical costs of one HIV infection),
when compared to testing relying on Ab testing alone. Among the algorithms that detect
AHI, the Early Test algorithm was cost-effective vs. both other algorithms, with Architect
being the second best alternative. Cost-effectiveness was established not only among at risk
MSM in San Diego, but also among other MSM populations with similar HIV prevalence
but lower proportions of AHI diagnoses. By accounting for parameter uncertainty, sensitivity
analysis showed that cost-effectiveness of algorithms that detect AHI vs. Ab testing alone is
likely to hold over a wide range of parameter values.

While this study indicates that AHI testing is cost-effective among MSM undergoing
community-based screening in San Diego and other similar MSM populations in the United
States, a previous cost analysis conducted in 2008 found that pooled NAT screening for AHI
following negative third-generation antibody or rapid tests was not cost-effective for
unselected municipal sexually transmitted diseases clinics and testing and counseling
populations [32, 33]. Interestingly, that study used a very low AHI rate of 0.02% for
determining cost-effectiveness [32]. Assuming a 10% proportion of AHI, this would relate to
a per-test HIV positivity rate of 0.2% (the national HIV prevalence rate is 0.6%). In contrast,
the AHI rate of 0.7% evaluated for determining cost-effectiveness in this study is not only
more than 10 times higher than the AHI rate used in that previous study, but also in line with
AHI rates reported previously for high risk individuals and MSM [30, 31]. While differing
study populations may be the main explanation for differing findings [34], other factors such
as lower costs for AHI tests in 2014 when compared to 2008 may provide additional
explanation.

Costs per 1A by algorithms that detect AHI vs. Ab testing alone stayed below $30,000 in the
base model, and costs per 1A by the Early Test (i.e. the most sensitive algorithm for AHI, but
also the most expensive algorithm) vs. the other two algorithms that detect AHI were below
$40,000. Costs per IA were therefore markedly below most recently published estimated
medical costs saved by avoiding one single HIV infection [i.e updated costs in 2014 US
dollars between $236,948 and $348,927 depending on the time point of diagnosis and ART
initiation [15]], and also markedly below prior estimations of these costs [14]. Among
MSM, community based HIV testing with algorithms that detect AHI was therefore clearly
cost effective. Our results further indicate that the most sensitive and most expensive AHI
testing algorithm - based on NAT testing - was cost-effective versus the two other (less
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sensitive and less expensive) AHI testing algorithms. Probabilistic sensitivity analyses
indicated, however, that the latter finding may be more uncertain in other MSM settings with
lower AHI proportions.

Our study has several limitations. First, calculations were based on 3,000 tests per year with
2.9% HIV prevalence and proportions of 24% and 10% AHI cases among all newly
diagnosed HIV cases. The magnitude of effects will vary in other settings with differing
numbers of annual tests/proportion of AHI diagnoses. Second, calculations of per-contact
and per-partner transmission risk, which formed the basis for calculations of costs per 1A,
were — at least in part — based on assumptions and utilization of previously published data
from other MSM cohorts. Although we did our best to prevent overestimation of
transmission risk by choosing conservative approaches, we can’t rule out that real world
transmission risks may have been lower. When AHI algorithms were compared to the Ab
alone algorithm, however, cost-effectiveness per 1A was met by quite a margin (costs per 1A
below $30,000 for all comparisons of the base model, costs might have been more than eight
times higher and still below the cost-effectiveness threshold). We therefore argue that it is
unlikely that differing approaches would have changed our outcome. Further, this model was
based on the assumption that HIV transmission will drop to zero for the year after AHI
diagnosis. While it has been shown previously that risk behavior decreases after diagnosis
[5, 11], and early ART may substantially decrease HIV transmission [9, 10], the risk for HIV
transmission after AHI diagnosis may still differ in other settings/populations. Our model
also focused only on direct transmission occurring from individuals with missed AHI
diagnoses and did not account for increased transmission risk during the AHI phase, which
may have led to an underestimation of 1A. Costs of very early ART were not included in the
model, as early ART independent of infection stage (or CD4 cell count) is the standard of
care in the United States [9, 10]. Further, the number of annual CIAI contacts in the per
contact analysis (i.e. n=41) was derived from a cohort study in Australian MSM and it
remains unclear if this number is a realistic estimate also for MSM in the United States.
Finally, this analysis was built on a previous cost model, and additional limitations published
previously for that model [12] may apply to the current model.

In conclusion, our analysis showed that AHI screening was cost-effective in preventing new
HIV infections not only among at risk MSM in San Diego, but also among other MSM
populations with similar HIV prevalence (i.e. 2.9%) and lower proportions of AHI
diagnoses. The results indicate that community based AHI testing among MSM in the
United States can pay for itself over the long run. When comparing the three algorithms that
detect AHI, those algorithms that were more sensitive for AHI were cost effective despite
higher costs.

Supplementary Material
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Highlights

Cost-effectiveness of community-based acute HIV infection (AHI)
testing was evaluated.

The analysis focused on men who have sex with men in San Diego,
United States.

Data sources included actual cost and prevalence data from San Diego,
and published studies.

Community-based AHI testing screening was cost-effective in
preventing new HIV infections.

Also in other MSM populations AHI testing may be preferable over
HIV antibody testing alone.

Community based AHI testing among MSM in the United States may
pay for itself over the long run.
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ICER per 1A S 8,300
Cost effectiveness:

Early Test

24% AH1 100%
10% AHI 100%

ICER per 1A S 969
Cost effectiveness:
24% AHI 100%
10% AHI 100%

Architect

ICER per IAS 22,894
Cost effectiveness:
24% AH1 100%
10% AHI 99.2%

ICER per IAS$ 35,771
Cost effectiveness:

ICER per IAS$ 2,673
Cost effectiveness:
24% AHI 100%
10% AHI 100%

ICER per 1A S 26,542
Cost effectiveness:
24% AHI 100%
10% AH1 98.4%

ICER per 1A S 3,099
Cost effectiveness:
24% AHI 100%
10% AHI 100%

A 4

Antibody

24% AH199.9%
10% AHI 92.4%

ICER per IA$ 4,176
Cost effectiveness:
24% AHI 100%
10% AHI 100%

ICER per IA$ 11,305
Cost effectiveness:
24% AHI 100%
10% AHI 100%

ICER per IAS 1,320
Cost effectiveness:
24% AH1 100%
10% AHI 100%

/[

Determine

ICER per IA$ 55,845

Cost effectiveness: 24% AH1 96.3%; 10% AHI 74.1%

ICER per 1A S 6,520

Cost effectiveness: 24% AHI 100% 10% AHI 99.9%

Figure 1.

Incremental cost effectiveness ratios (ICERS) per infection (i.e. transmission) averted for
comparing each of the four algorithms in the San Diego men who have sex with men model
(i.e. base model), and results of probabilistic sensitivity analyses (percentage of cost-
effectiveness in Monte Carlo simulations displayed for 24% AHI proportion and 10% AHI
proportion). Light grey boxes represent results of per-contact analysis, dark grey boxes
represent results of per-partner analysis.
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Input variables for calculation of per-contact and per-partner transmission risk, and one year transmission risk
per acute HIV infection missed using per contact and per partner calculation.

Base model (mean, 95%Cl)

Probabilistic Sensitivity Analysis
(mean, 95%Cl)

Variables from 93 MSM diagnosed with AHI with the “Early
Test” Program between mid-2008 and mid-2014

Proportion who reported recent CIAI

0.871 (0.804-0.938)

Time factor (i.e. testing frequency in proportions of one year) *

0.537 (0.465-0.609)

Number Partners

24 (10-37)

Proportion of condom use in 1Al partners

0.506 (0.438-0.573)

Variables from literature

Number of CIAI contacts (23,24)

41 (10-70)

Risk per CIAI (26)

0.0138 (0.0102-0.0186)

Risk per Partner (29)

0.399 (0.225-0.574)

Per-partner Analysis

Mean one-year risk of transmitting HIV per missed AHI diagnosis: 0.2646 0.2701 (95%CI 0.0208-0.5193)
Per-contact Analysis
Mean one-year risk of transmitting HIV per missed AHI diagnosis: 2.2664 2.1762 (95%CI 0.3029-4.0496)

*
17% of MSM diagnosed with AHI reported that they have never been tested before. Among those with previous test results, the most recent HIV
test before diagnosis was in median 128 days ago (IQR 65-240 days; 14% reported that their most recent test was more than a year ago).

Abbreviations: AHI, acute HIV infection; ClI, confidence interval; CIAI, condomless insertive anal intercourse; 1Al, insertive anal intercourse;

MSM, men who have sex with men.
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