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ARTICLE INFO ABSTRACT

Keywords: Universal HIV testing is now recommended in generalised HIV epidemic settings. Although home-based HIV
AIDS/HIV counselling and testing (HB-HCT) has been shown to be effective in achieving high levels of HIV status
Prevention

awareness, little is still known about the cost implications of universal and repeated HB-HCT. We estimated the
costs of repeated HB-HCT and the scale economies that can be obtained when increasing the population coverage
Interventions of the intervention. We used primary data from the ANRS 12249 Treatment as Prevention (TasP) trial in rural
Clinical trials South Africa (2012-2016), whose testing component included six-monthly repeated HB-HCT. We relied on the
South Africa dynamic system generalised method of moments (GMM) approach to produce unbiased short- and long-run
estimates of economies of scale, using the number of contacts made by HIV counsellors for HB-HCT as the
scale variable. We also estimated the mediating effect of the contact quality — measured as the proportion of HIV
tests performed among all contacts eligible for an HIV test — on scale economies. The mean cost (standard de-
viation) of universal and repeated HB-HCT was $24.2 (13.7) per contact, $1694.3 (1527.8) per new HIV diag-
nosis, and $269.2 (279.0) per appropriate referral to HIV care. The GMM estimations revealed the presence of
economies of scale, with a 1% increase in the number of contacts for HB-HCT leading to a 0.27% decrease in the
mean cost. Our results also suggested a significant long-run relationship between mean cost and scale, with a 1%
increase in the scale leading to a 0.36% decrease in mean cost in the long run. Overall, we showed that significant
cost savings can be made from increasing population coverage. Nevertheless, there is a risk that this gain is made
at the expense of quality: the higher the quality of HB-HCT activities, the lower the economies of scale.

Cost of care
Economies of scale

1. Introduction to HIV prevention, treatment and care in the region and, in turn, to
reducing HIV incidence. Universal test and treat (UTT) (i.e,
In sub-Saharan Africa, the proportion of people living with HIV wide-ranging universal testing combined with HIV treatment offered

(PLHIV) aware of their HIV status increased from 53% in 2010 to 84% in immediately to all people tested HIV-positive irrespective of CD4 count),
2020 (Giguere et al., 2021). Despite significant progress, increasing HIV is a key strategy to reach that goal (World Health Organization, 2015a,
testing coverage remains a major challenge to achieving universal access 2016). More specifically, in concentrated and generalised HIV epidemic
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settings, the WHO recommends offering community-based HIV testing
services, including home-based testing, in addition to provider-initiated
testing and counselling services (World Health Organization, 2015b).

The following four large-scale UTT community-randomised trials
were recently conducted to assess whether adopting a UTT strategy
might achieve the HIV elimination targets and lead to a marked decrease
in community HIV incidence: ANRS 12249/Treatment as Prevention
(TasP) in South Africa (Iwuji et al., 2018), BCPP/YaTsie in Botswana
(Makhema et al., 2019), HPTN 071/PopART in Zambia and South Africa
(Hayes et al., 2019), and SEARCH in Kenya and Uganda (Havlir et al.,
2019). Current evidence suggests that the UTT strategy can lead to high
population-level viral suppression and lower HIV incidence when
associated with effective linkage to HIV care, rapid antiretroviral ther-
apy (ART) initiation, and patient-centred care (Havlir et al., 2020).

With regard to the testing component of UTT, the four trials
mentioned above successfully achieved high HIV testing coverage and
HIV status awareness, using a strategy of home-based HIV counselling
and testing (HB-HCT) combined with provider-initiated counselling and
testing (Havlir et al., 2020). Furthermore, several studies have found
that HB-HCT is a feasible and effective strategy and can significantly
increase HIV testing uptake (Moshoeu et al., 2019). However, testing
raises important cost-efficiency and sustainability questions. To stop
HIV transmission, UTT must identify newly HIV-infected individuals
quickly and initiate treatment immediately. This necessitates regular
and repeated HIV testing. Repeated HB-HCT was described as more
acceptable than clinic-based testing (Orne-Gliemann et al., 2016). On
the one hand, while repeated HB-HCT may be effective in increasing HIV
testing coverage, it may also lead to high costs, since the positivity rate
(i.e., the number of individuals tested HIV-positive among all HIV-tested
individuals) is likely to decrease with the number of HB-HCT campaigns
or rounds. As a result, the mean cost per individual tested HIV-positive is
likely to increase together with the mean cost per individual tested. On
the other hand, the scaling up of HB-HCT may lead to a lower mean cost
per individual tested if economies of scale are present, and therefore to
efficiency gains. We define scaling up here as increasing the coverage of
health interventions (i.e., extending their geographical reach such that
they benefit a greater number of people) in order to support policy and
programme development at a large or national scale (Mangham and
Hanson, 2010; Simmons et al., 2007).

Existing costing studies are mainly based on HB-HCT campaigns with
single testing which are conducted over a relatively short time (Hauck,
2019). By its very definition, UTT ultimately must be implemented at
the national level. However, there is currently little data on the costs of
repeated HB-HCT as part of a UTT strategy (Thomas et al., 2021), and no
evidence of the existence of economies of scale (i.e., decreasing mean
costs when the scale increases) to inform decisions about the scaling up
of HB-HCT activities.

In a context of constrained resources, limited HIV budgets, and
competing priorities, such as non-communicable disease control pro-
grammes, public decision-makers are likely to benefit from knowing not
only what the costs of universal and repeated HB-HCT are, but also the
evolution of these costs when the scale increases (i.e., when population
coverage expands). As suggested by two studies in India (Lépine et al.,
2015, 2016), the scale-up of the intervention may be an important driver
of costs of HIV prevention activities, especially when there are large
fixed costs or learning-by-doing effects. The presence of scale economies
implies that cost savings may be obtained from scaling up complex in-
terventions such as HB-HCT. Although this is critical information to
guide decisions about universal testing implementation, there is
currently no evidence of the (causal) effect that the scaling up of
HB-HCT activities has on the mean cost of HB-HCT. Measuring and ac-
counting for the quality of UTT activities is also needed (Nachega et al.,
2021), especially when activities are conducted among hard-to-reach
populations.

Based on primary data collected in the ANRS 12249 TasP trial,
implemented sequentially over the period 2012-2016 in South Africa,
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the present study aimed to estimate the costs of universal and repeated
HB-HCT when implemented on a large scale, as part of a UTT strategy,
and to assess the presence of potential economies (or diseconomies) of
scale when increasing population coverage of the HB-HCT intervention.

2. Methods
2.1. Trial design and procedures

ANRS 12249 TasP was a phased two-arm cluster-randomised trial
conducted by the Africa Health Research Institute (AHRI) between
March 2012 and June 2016 in the Hlabisa sub-district, northern
KwaZulu-Natal, South Africa (see Iwuji et al. (2013) and Orne-Gliemann
et al. (2015) for a full description of the protocol). The study area is
mainly rural, with a population of approximately 28,000
isiZulu-speaking eligible resident adults (>16 years) and a 30% HIV
prevalence in adults at baseline (Iwuji et al., 2016).

The main objective of the trial was to assess whether universal HIV
testing of all the adult population, followed by referral of persons tested
HIV-positive to clinics for immediate ART initiation, would reduce HIV
incidence in the area. The trial comprised 22 clusters designed to cover
an average population of approximately 1000 resident adults per cluster
and stratified based on adult HIV prevalence. Clusters were randomly
allocated (1:1) to either the control or intervention arm. The UTT
strategy had two main components: (i) repeated home-based HIV testing
implemented in all clusters (i.e., irrespective of the randomisation
group), and (ii) ART initiation offered either immediately irrespective of
the CD4 cell count in the intervention clusters, or according to national
guidelines (initially starting at CD4 counts <350 cells per pL and then
<500 cells per pL from January 2015) in the control clusters.

The present study focused on the universal HB-HCT component of
the ANRS 12249 TasP trial, which was implemented in the 22 clusters
between March 2012 and April 2016 using a three-phased approach:
four clusters opened in March 2012, six additional clusters opened in
January 2013 and twelve more in June 2014. In each cluster, HB-HCT
was offered every six to eight months to all eligible household mem-
bers (i.e., residents 16 years or older). During the trial period, seven
testing rounds were implemented in the first four clusters, six in the six
subsequent clusters, and four in the last twelve clusters.

Before the first round of HB-HCT in each cluster, roadshows were
organised to inform the community about the trial and HB-HCT activ-
ities. Subsequently, HIV counsellors visited all households in the cluster
and registered all adults >16 years old residing in each household
(initial census), with the help of the household head (or another adult
household member if the head was absent). All eligible adults present in
the household at the time of the visit were contacted and offered HB-
HCT. After obtaining written informed consent, HIV counsellors con-
ducted individual pre-test counselling interviews, performed point-of-
care (POC) rapid HIV tests (except for participants who self-reported
being HIV-positive), and delivered test results with post-test counsel-
ling. Irrespective of agreeing or not to be tested for HIV, all individuals
were invited to provide a dried blood spot (DBS) for research purposes
(incidence measurement). Individuals identified as HIV-positive
through DBS but who refused an HIV rapid test during a given HB-
HCT round were not notified of their DBS result, and were re-invited
to test for HIV in a subsequent round. All participants identified as
HIV-positive, whether through rapid HIV testing or self-report, were
referred for ART initiation to a trial clinic dedicated to their cluster,
usually located less than 5 km or a 45-min walking distance from their
home.

The ANRS 12249 TasP trial showed that an average of 91.5% of HIV-
positive participants were aware of their HIV status by the end of the
trial. Of these, 58.0% were on ART, and 85.3% of the latter achieved
viral suppression (Iwuji et al., 2018). However, no differences were
found between the intervention arm where immediate ART initiation
was implemented and the control arm where ART initiation was based
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on national guidelines. Larmarange et al. (2019) showed that most of the
gains in the HIV care cascade were due to strategies to maximise testing
and linkage to care — which were implemented in both arms — with
universal testing being the main driver of improvements.

2.2. Outcomes and cost measurements over the trial period

The main data source for the present analysis was the ANRS 12249
TasP trial database, which provided information on trial registrations
and trial exits, on the uptake and results of home-based rapid HIV
testing, and on clinic visits and biological data of PLHIV seen in trial
clinics. Two additional data sources, matched with the trial database,
captured information from PLHIV seen in local governmental clinics and
were described in detail by Larmarange et al. (2019).

The following eight outcomes were measured for each cluster and
each month (cluster-month) from March 2012 to April 2016: (a) the
number of residents aged >16 years registered in the trial (i.e., the target
population eligible for HB-HCT, whose enumeration was updated each
survey round to account for in- and out-migration, individuals turning
16 years of age, and deaths); (b) the number of contacts made by HIV
counsellors to offer HB-HCT; (c) the number of contacts eligible for an
HIV test according to trial procedures (i.e., all contacts except those who
self-reported being HIV-positive to the field worker); (d) the number of
rapid HIV tests performed; (e) the number of positive rapid HIV tests;
and (f) the number of new HIV diagnoses (i.e., contacts newly diagnosed
as HIV positive, taking into account previous contacts and records in
local governmental clinics). We also considered an outcome relating HIV
testing to linkage to care: (g) the number of appropriate referrals to HIV
care (i.e., contacts where the person was ascertained HIV positive
through rapid testing or self-report, and was not currently in HIV care in
a local governmental clinic or a trial clinic).

Costs were assessed from a provider perspective using a top-down
micro-costing methodology with data collected prospectively during
the trial period. These data were complemented by relevant national
sources, programme records, financial and activity reports, as well as
interviews with the staff involved in the trial implementation at the
AHRI. Costs included recurrent costs (personnel, transport, communi-
cation, and HIV tests and supplies), and capital costs (vehicles and other
capital assets such as mobile phones, GPS receivers and backpacks).
Data on salaries and recurrent transport costs were directly obtained
from the programme financial reports. In the present analysis, we only
considered the share of wages corresponding to the work time devoted
to HB-HCT activities. This was estimated based on staff interviews. The
majority of the staff involved in HB-HCT activities devoted their whole
time to these activities, and therefore 100% of their wages were allo-
cated to HB-HCT, except for the trial coordinator and the manager in
charge of the communication activities in the community, for whom
only 30% and 10% of the time were allocated to HB-HCT. The market
value of resources (prices and quantities) used for the roadshows
(communication activities) was evaluated in 2016 based on interviews
with the manager in charge of these activities. Unit costs of HIV POC
rapid tests and related supplies were taken from the relevant national
source (National Health Laboratory Service, 2013). Prices and quantities
of capital assets including vehicles, mobile phones, GPS receivers and
backpacks were calculated from programme records and financial re-
ports. The monthly economic value of capital assets was computed based
on their acquisition date and expected useful life (3 or 5 years).

The following procedure was used to aggregate costs and adjust them
to take into account inflation and discounting over the study period. We
first calculated the total monthly costs (in South African rands) for each
month of the study period, as the sum of all monthly recurrent and
capital costs devoted to HB-HCT activities. These monthly costs were
converted to United States dollars ($) using year-specific exchange rates
(Board of Governors of the Federal Reserve System (US), 2020) and then
converted from nominal to real values (expressed in $2016) using the
annual US GDP deflator (Organization for Economic Co-operation and
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Development, 2020). We took the present value of this cost stream using
a monthly discount rate of 0.25% (corresponding to a 3% annual dis-
count rate, the base month being March 2012). Costs per cluster-month
in $2016 were obtained by allocating the total monthly costs (inflatio-
n-adjusted and discounted) to each cluster-month based on the share of
the population reached (i.e., the number of eligible adult residents
contacted by an HIV counsellor for HB-HCT in the corresponding month
relative to the total number of individuals contacted for HB-HCT in all
clusters). Finally, we computed the unit costs of the intervention per
cluster-month in $2016 for each outcome as the mean cost per contact,
per contact eligible for an HIV test, per rapid HIV test, and per new
positive HIV test.

2.3. Methodology for estimating economies of scale

Using the longitudinal cost data which we estimated per cluster-
month over the period from March 2012 to June 2016, we imple-
mented a series of panel regression models to obtain unbiased estimates
of economies of scale in HB-HCT activities. The scale of HB-HCT was
measured as the number of contacts made by HIV counsellors, corre-
sponding to the population reached by the intervention (i.e., offered HB-
HCT).

2.3.1. Fixed-effects panel regression models
We first used the standard fixed-effect estimator, which is usually
considered as a starting point in the estimation of economies of scale (for
instance in Lépine et al. (2015)). Accordingly, we estimated the
following fixed-effects panel regression model of the average cost (AC)
of HB-HCT cluster i (i=1, ..., n) in cluster-specific month-year t (t = 1,
., T):

Log(AC),, = BLog(Scale),, + o, + p; + €i €8]

where Log(Scale),, is the log of the number of contacts for HB-HCT (i.e.,
the scale of HB-HCT activities) in cluster and month-year t, w, are
month-year dummies, y; are HB-HCT cluster fixed effects, and ¢; is an
idiosyncratic error term. We chose a log transformation of the (right-
skewed) scale variable rather than a quadratic transformation, as it
explained a larger fraction of the variance. The coefficient of interest is
p, measuring the effect of a 1% increase in the scale of HB-HCT activities
on the average cost of HB-HCT activities.

By considering cluster-specific time within the trial (month-year
since the opening of each cluster) rather than calendar time (month-year
since the beginning of the trial), the model accounts for the sequential
implementation of HB-HCT activities. Time fixed effects (cluster-specific
month-year) were included in the model to account for the potential
effects of unexpected variations or special events on the outcome vari-
able, including the effect of the repeated HB-HCT strategy (i.e., imple-
mented over successive rounds) on average costs. Standard errors,
clustered by HB-HCT cluster, were therefore robust to cross-sectional
heteroskedasticity and within-panel autocorrelation.

By applying a within transformation, Model 1 accounts for HB-HCT
cluster-level unobserved heterogeneity. However, this model might be
misspecified if there is serial correlation in the error process arising from
persistence in the average cost series.

2.3.2. Dynamic panel models

To avoid possible misspecification bias, we estimated a dynamic
panel data model (containing a lagged dependent variable), allowing for
a partial adjustment mechanism. Moreover, the lagged dependent var-
iable is likely to work as a proxy for omitted variables (Wooldridge,
2010). However, dynamic panel data models estimated by a standard
fixed-effects estimator are likely to suffer from the so-called Nickell bias,
arising from the correlation between the fixed effects and the regressors
owing to the lags of the dependent variable, especially when the number
of time periods is relatively small (Nickell, 1981).
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For this reason, we used the generalised method of moments (GMM)
to estimate the causal effect of scaling up HB-HCT activities on the
average cost and thereby obtain unbiased estimations of economies of
scale. More specifically, we used the two-step system GMM developed
by Blundell and Bond (1998):

Log(AC), =aLog(AC),, , + pLog(Scale), + o, + p; + €; (2)

where E[y;] = Eley] = E[y; *ei¢] = 0.

Note that the long-run estimate of economies of scale can be defined
as /(1 — a). We applied the finite-sample correction of the two-step
covariance matrix proposed by Windmeijer (2005), which has been
shown to make two-step robust estimations more efficient than one-step
robust estimations, especially for system GMM (Roodman, 2009a). We
also used the forward orthogonal deviations proposed by Arellano and
Bover (1995) instead of first-differencing, as the latter transformation
magnifies gaps in unbalanced panels (Roodman, 2009a). Cluster-specific
year dummies were included in the model instead of cluster-specific
month-year dummies to avoid the common issue of instrument prolif-
eration (Roodman, 2009b).

All explanatory variables were treated as endogenous or pre-
determined, except time dummies which were treated as exogenous
following Roodman (2009a). Time dummies were considered as in-
struments in the levels equation only. The scale variable was instru-
mented using its own first to third lags in the transformed (orthogonal
deviations) equation and its contemporaneous first difference in the
levels equation. The lagged dependent variable was instrumented using
its first and second lags in the transformed equation and its first differ-
ence in the levels equation. All predetermined or endogenous in-
struments were collapsed to limit the instrument count (Roodman,
2009a).

2.3.3. Dynamic panel models including the quality of HB-HCT activities

Finally, two additional models were estimated to analyse further the
relationship between the scale and quality (in the economic sense) of
HB-HCT activities and the average cost. Model 3 consists of Model 2 with
the addition of the proportion of HIV tests performed among all contacts
eligible for an HIV test (i.e., all contacts except those who self-reported
being HIV-positive to the field worker) per cluster-month. This variable
represents a better proxy for contact quality than the proportion of HIV
tests performed among all contacts, since the latter is likely to be
influenced by the prevalent infections identified in previous HB-HCT
rounds. In the models, this variable was treated as predetermined and
instrumented using its first lag.

To test whether the effect of the scale on the mean cost depended on
the quality of the HB-HCT, Model 4 further included an interaction term
between the scale and contact quality. A significant negative interaction
term would indicate the existence of a trade-off between the quality and
the scale of the activities, in the sense that an increase in the quality of
HB-HCT activities would be associated with potentially lower economies
of scale.

The following diagnostic tests were performed in all GMM estima-
tions. First, we tested for the presence of second-order serial correlation
in the first-differenced residuals using the Arellano-Bond AR(2) test,
under the null hypothesis of no serial correlation (Arellano and Bond,
1991). Second, we used the Hansen (1982) J test statistic for
over-identifying restrictions to assess the joint validity of the in-
struments, as the Sargan (1958) test is not relevant when using the
two-step system GMM estimator (Roodman, 2009a). Note that, in
Models 3 and 4, the Hansen test is likely to be weakened by the increase
in instrument count implied by the inclusion of the contact quality
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Fig. 1. Total number of residents aged >16 years registered, of contacts made
for HB-HCT, of contacts eligible for an HIV test, of HIV tests performed, of
positive HIV tests, of new HIV diagnoses, and of appropriate referrals to HIV
care, per testing round.

variable.

All analyses were performed using Stata (StataCorp, 2019). The
two-step system GMM estimation was performed using the xtabond2
Stata module developed by Roodman (2009a).

3. Results
3.1. Outcomes and costs

As the trial implemented universal and repeated HB-HCT, each
eligible individual was likely to be contacted and/or tested several times
during the trial period. Accordingly, we present all HB-HCT outcomes
and costs per testing round. Outcomes per testing round are depicted in
Fig. 1. Table 1 provides detailed information on the outcomes and costs
of HB-HCT both per testing round and over the whole study period
(March 2012-April 2016). Among the 28,347 eligible adult residents
registered at least once over the study period, 81,611 distinct contacts
were made. Of these, 64,804 were eligible for an HIV test. Of the 49,046
HIV tests performed, 3510 were positive. 1046 new HIV diagnoses were
made, and 7274 contacts were referred to HIV care.

The total cost devoted to HB-HCT activities over the study period
amounted to $1,978,324. The mean costs (SD) per outcomes were as
follows: $24.2 (13.7) per contact, $30.5 (15.4) per contact eligible for an
HIV test, $40.3 (20.7) per HIV test, $546.9 (620.2) per positive HIV test,
$1694.3 (1527.8) per new HIV diagnosis, and $269.2 (279.0) per
appropriate referral to HIV care.

Table 2 provides a cost breakdown of HB-HCT per testing round and
for the whole study period. Personnel costs represented the highest cost
category (57.9% of total costs), followed by the cost of capital (18.0%),
transport (11.8%), HIV test and supplies (9.8%), and lastly communi-
cation (2.5%).

Outcomes and costs over calendar time are provided in the Electronic
Supplementary Material. Figure Al depicts the outcomes per month
over the trial period. Outcomes and costs of HB-HCT per year are pro-
vided in Table A1, and a yearly cost breakdown of HB-HCT is presented
in Table A2.
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Table 1
Outcomes and costs (in US$ 2016) of home-based HIV counselling and testing, per testing round.
Round 1 Round 2 Round 3 Round 4 Round 5 Round 6 Round 7 Whole period
(March
2012-April
2016)
Clusters 22 22 22 22 10 10 4 22
opened
(a) No. of 21,419 21,312 21,902 22,117 10,808 10,422 2918 28,347
individuals
registered
(b) No. of 16,575 17,108 16,245 14,041 7982 7555 2105 81,611
contacts for
HB-HCT
(c) No. of 13,652 13,696 12,750 10,939 6186 5820 1761 64,804
contacts
eligible for
an HIV test
(d) No. of HIV 10,627 10,713 9666 8263 4533 4127 1117 49,046
tests
performed
(e) No. of 1254 873 523 477 231 134 18 3510
positive HIV
tests
(f) No. of new 356 263 163 134 74 52 4 1046
HIV
diagnoses
(g) No. of 1846 1696 1401 1185 575 486 85 7274
appropriate
referrals to
HIV care
Total cost 526,226.3 433,370.0 312,313.5 312,035.3 166,285.3 159,022.0 69,071.2 1,978,323.6
Cost per contact
Mean 32.0 25.1 19.2 22.2 20.8 21.0 32.8 24.2
(SD) (21.3) (13.0) (4.9) (6.6) (15.2) (5.4) (7.7) (13.7)
Median 21.4 19.7 19.6 19.9 15.4 19.1 36.8 19.8
(IQR) (19.8-30.5) (18.0-26.0) (14.8-23.4) (18.7-22.1) (14.2-19.7) (18.8-19.8) (36.6-37.1) (17.9-23.7)
Cost per contact eligible for an HIV test
Mean 38.5 31.6 24.5 28.5 26.9 27.3 39.2 30.5
(SD) (23.1) (15.2) (5.8) (7.1) (18.3) (6.5) (9.0) (15.4)
Median 27.8 25.0 24.6 26.5 20.7 26.4 43.7 25.4
(IQR) (24.7-44.4) (22.4-35.1) (19.4-29.4) (24.2-29.9) (18.6-23.2) (23.2-28.3) (43.3-44.3) (22.4-31.3)
Cost per HIV test performed
Mean 49.5 40.4 32.3 37.7 36.5 38.5 61.8 40.3
(SD) (30.8) (20.7) (8.6) 9.4) (23.2) (8.8) (15.8) (20.7)
Median 36.2 31.3 31.3 34.9 28.5 36.8 64.7 34.6
(IQR) (30.1-62.9) (28.4-45.7) (25.2-37.0) (31.8-38.3) (26.3-31.0) (34.4-40.3) (63.5-70.5) (28.8-40.5)
Cost per positive HIV test
Mean 412.0 489.7 586.9 614.1 691.3 1130.8 3579.6 546.9
(SD) (345.2) (413.5) (443.9) (483.8) (640.7) (825.6) (5159.2) (620.2)
Median 264.6 363.2 496.3 463.1 643.8 916.0 2433.6 376.0
(IQR) (228.2-466.0) (317.9-454.1) (281.8-621.0) (372.8-637.8) (341.2-667.3) (563.9-1532.6) (1140.8-3645.4) (275.5-621.0)
Cost per new HIV diagnosis
Mean 1430.7 1513.8 1698.8 2039.5 2122.7 2405.6 8110.3 1694.3
(SD) (1176.1) (1103.9) (1444.2) (1386.6) (2398.1) (2046.0) (8426.0) (1527.8)
Median 1041.4 1201.9 1505.4 1594.7 1319.6 1374.0 6323.7 1207.6

(IQR)  (744.8-1531.0)  (888.2-1710.3)  (976.9-1737.0)  (1173.0-2383.8)  (764.7-2446.7)  (1179.1-3041.2)  (1711.2-14,509.3)  (914.9-1906.7)
Cost per appropriate referral to HIV care

Mean  280.8 254.2 221.5 261.8 281.4 323.7 811.0 269.2
(SD)  (358.7) (293.4) (124.5) (158.6) (341.3) (213.5) (499.9) (279.0)
Median ~ 170.7 174.8 205.5 213.3 183.9 251.3 912.6 185.2
(IQR)  (136.5-242.7) (140.5-237.3) (137.0-259.3) (166.4-291.6) (160.5-247.4) (220.2-371.7) (322.8-1063.7) (150.8-273.6)

Notes: Monetary amounts are provided in US$ (year 2016 values).

Definitions: (a) number of residents aged >16 years registered in the ANRS 12249 TasP trial (i.e., the target population eligible for HB-HCT, whose enumeration was
updated at each survey round to account for in- and out-migration, individuals turning 16, and deaths), (b) number of contacts made by HIV counsellors to offer HB-
HCT, (c) number of contacts eligible for an HIV test according to trial procedures (i.e., all contacts except those who self-reported being HIV-positive to the field
worker), (d) number of rapid HIV tests performed, (e) number of positive rapid HIV tests, (f) number of new HIV diagnoses (contacts newly diagnosed as HIV positive,
taking into account previous contacts and records in local governmental clinics), and (g) number of appropriate referrals to HIV care (i.e., contacts where the person
was ascertained HIV positive through rapid testing or self-report, and was not currently in HIV care in a local governmental clinic or a trial clinic).

Abbreviations: HB-HCT = home-based HIV counselling and testing. SD = standard deviation. IQR = interquartile range.
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Table 2
Cost breakdown per testing round.
Round 1 Round 2 Round 3 Round 4 Round 5 Round 6 Round 7 Whole period
Recurrent costs 430,752.8 337,962.9 261,591.0 264,798.9 135,940.3 133,588.4 57,399.0 1,622,033.3
(% of total costs) (81.9) (78.0) (83.8) (84.9) (81.8) (84.0) (83.1) (82.0)
Personnel 288,516.0 230,595.4 181,635.0 194,089.5 110,820.5 95,941.6 43,586.4 1,145,184.3
(% of total costs) (54.8) (53.2) (58.2) (62.2) (66.6) (60.3) (63.1) (57.9)
Transport 85,959.8 52,750.2 32,452.8 31,322.6 3736.8 18,687.6 8476.5 233,386.3
(% of total costs) (16.3) (12.2) (10.49) (10.0) (2.2) (11.8) (12.3) (11.8)
Communication 13,169.7 11,894.6 9527.4 7276.3 3777.0 3168.5 1073.7 49,887.2
(% of total costs) (2.5) 2.7) (3.1) (2.3) (2.3) (2.0) (1.6) (2.5)
HIV tests and supplies 43,107.3 42,722.8 37,975.7 32,110.6 17,606.1 15,790.6 4262.4 193,575.5
(% of total costs) (8.2) (9.9) (12.2) (10.3) (10.6) 9.9) (6.2) 9.8)
Capital costs 95,473.5 95,407.0 50,722.6 47,236.4 30,345.0 25,433.7 11,672.2 356,290.4
(% of total costs) (18.1) (22.0) (16.2) (15.1) (18.2) (16.0) (16.9) (18.0)
Total costs 526,226.3 433,370.0 312,313.5 312,035.3 166,285.3 159,022.0 69,071.2 1,978,323.6

Notes: Monetary amounts are provided in US$ (year 2016 values).
3.2. Estimation of economies of scale

The relationship between the average cost and the scale of the ac-
tivities (i.e., the number of contacts for HB-HCT) is depicted in Fig. 2.
More specifically, Fig. 2 shows the regression curve of the average cost
as a function of the number of contacts per cluster-month — estimated
using kernel-weighted local linear smoothing — together with the scatter
plot of observed values. It highlights a negative relationship between the
scale and the cost of HB-HCT activities and suggests that diseconomies of
scale (i.e., an increase in the average cost at high volumes of activity)
were unlikely to arise.

Table 3 provides the descriptive statistics of the variables used in the
models computed per cluster-month (391 observations), and all
regression results (Model 1 to Model 4) are presented in Table 4.

The results of Model 1 — which estimated economies of scale using
the standard fixed-effect estimator — show that a 1% increase in the HB-
HCT scale led to a 0.24% decrease in the average cost of HB-HCT ac-
tivities. However, as discussed in the methodology subsection, this es-
timate of scale economies may be biased if there is serial correlation in
the error process. Such a bias was confirmed when estimating Model 2
(two-step system GMM estimation of a dynamic panel model). The
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Fig. 2. Relationship between the average cost and the number of contacts per
cluster-month. Legend: The regression is based on a quartic (biweight) kernel
function and a bandwidth of 200. Note that, based on the regression of
smoothed on original values of the average cost for the values of the number of
contacts, the R-squared and root mean squared error statistics were equal to
0.311 and 30.8, respectively.

Arellano-Bond test for AR(2) indicated that we cannot reject the null
hypothesis of no second-order serial correlation (p = 0.425), implying
that the system GMM estimator was consistent. In addition, the Hansen
test did not reject the null hypothesis that all over-identifying re-
strictions were jointly valid (p = 0.105). The instrument count (11) was
not too large with respect to the number of HB-HCT clusters (22), thus
avoiding the problem of instrument proliferation.

The results of Model 2 show that the unbiased estimate of economies
of scale was equal to —0.268, indicating that a 1% increase in the scale of
HB-HCT activities reduced the average cost by 0.27%. Our estimate of
the lagged dependent variable (i.e., 0.250, p < 0.01) is consistent since
(i) it is dynamically stable (below unity), and (ii) it falls within the range
whose lower bound is given by the downward-biased estimate of the
lagged dependent variable estimated by the standard fixed-effects esti-
mator (i.e., 0.237, p < 0.001) and whose upper bound is given by the
upward-biased estimate of the lagged dependent variable estimated by
the ordinary least-squares estimator (i.e.,0.250, p < 0.001) (Roodman,
2009a).

The results of Model 2 also indicate a significant long-run relation-
ship between the average cost and the scale: the long-run estimate of
economies of scale (calculated as /(1 — a)) is equal to —0.357 (p <
0.001), indicating that a 1% increase in the scale is associated with a
0.36% decrease in the average cost in the long run, all other things being
equal. Accordingly, the long-run effect (—0.357) is larger than the short-
run effect (—0.268).

Although the results of Model 3 show that the variable proxying the
quality of HB-HCT activities alone did not have a significant effect on the
average cost, the negative interaction term (p < 0.10) in Model 4 in-
dicates that the higher the contact quality, the lower the economies of
scale. This is also illustrated in Fig. 3, which plots the fitted values of
average costs estimated in Model 4 (with 90% confidence intervals)
across the range of the scale variable. These fitted values are plotted for
two different values of contact quality: 62.8% and 82.8%, corresponding
to 10 percentage points below and above the sample average, respec-
tively, since on average 72.8% of the contacts eligible for an HIV test
were eventually tested for HIV (as shown in Table 3). Fig. 3 shows that
economies of scale were less pronounced for higher proportions of HIV
tests performed among all contacts eligible for an HIV test. The esti-
mated average marginal effects of the scale on the average cost were
—0.298 (p < 0.001) and —0.202 (p < 0.001) for a contact quality of
0.628 and 0.828, respectively. These findings indicate that a 1% in-
crease in the scale led to a 0.30% decrease in the average cost for a
contact quality of 62.8%, while the same percentage increase in the scale
led to a 0.20% decrease in the average cost when 82.8% of the contacts
eligible for an HIV test were eventually tested. Although scaling up HB-
HCT activities led to significant economies of scale in both cases, the
decrease in the average cost was lower for higher contact quality.
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Table 3

Descriptive statistics of the variables per cluster-month.
Variable Obs. Mean Standard Median Interquartile Min  Max

deviation range

Average cost per contact per cluster-month 391 41.5 37.1 25.8 19.6-53.4 13.5 256.8
Log(Average cost per contact per cluster-month) 391 3.5 0.7 3.3 3.0-4.0 2.6 5.5
Scale (number of contacts) 391 208.7 2445 97 12-330 1 1395
Log(Scale) 391 4.1 2.1 4.6 2.5-5.8 0 7.2
Number of HIV tests performed 391 125.4 144.5 62 7-206 0 821
Contact quality (proportion of HIV tests performed among all contacts eligible 382 0.728 0.187 0.749 0.667-0.831 0 1

for an HIV test)

Notes: Monetary amounts are provided in US$ (year 2016 values).
4. Discussion

We assessed the costs of implementing large-scale, universal, and
repeated HB-HCT as part of the UTT strategy implemented in the ANRS
12249 TasP trial between 2012 and 2016 in rural South Africa. The
longitudinal nature of the trial data also allowed us to provide the first
evidence, to our knowledge, of the presence of economies of scale when
increasing the population coverage of HB-HCT.

4.1. The cost of repeated HB-HCT

Overall, the mean costs estimated in our study are higher than those
reported by Hauck (2019), who conducted a comparative review of
existing costing studies of HB-HCT in sub-Saharan Africa. More specif-
ically, the review estimated an average cost per person tested for HIV of
$22.8 (SD 14.5) across 14 studies (with large variations in cost esti-
mates), compared with a cost per HIV test of $40.3 (SD 20.7) in TasP.
Furthermore, it found an average cost per individual tested HIV-positive
of $439.4 (SD 399.7) across 12 studies, compared with a cost per

Table 4
Estimation of economies of scale: regression results.
Model 1 Model 2 Model 3 Model 4
Fixed- System System System
effects GMM GMM GMM
Log(AQ), 1 0.250%* 0.230%* 0.171*
(0.072) (0.075) (0.064)
Log(Scale) —0.239%** —0.268%** —0.246%*** —0.601%*
(0.016) (0.014) (0.029) (0.192)
Contact quality 0.241 —0.544
(0.226) (0.500)
Log(Scale) x 0.482"
Contact quality (0.260)
Constant 4.879%** 3.772%%* 3.575%%* 4.318%**
(0.108) (0.266) (0.250) (0.449)
Time fixed effects ~ Yes Yes Yes Yes
HB-HCT clusters Yes Yes Yes Yes
fixed effects
R-squared 0.657
No. of groups 22 22 22 22
No. of time 17.8 14.1 13.7 13.7
periods per
group
(average)
No. of 391 310 302 302
observations
No. of 11 13 13
instruments
Arellano-Bond 0.425 0.749 0.768
test for AR(2)
(p-value)
Hansen test of 0.105 0.145 0.569
over-
identification
(p-value)

Notes:+p < 0.1, * p < 0.05, ** p < 0.01, *

“ p < 0.001. Standard errors in

parentheses (cluster-robust in Model (1), and Windmeijer-corrected cluster-

robust in Model (2)).

positive HIV test of $546.9 (SD 620.2) in TasP.

These differences between TasP and previous HB-HCT estimates are
partly explained by the fact that TasP implemented six-monthly
repeated HIV testing, while the studies reviewed by Hauck (2019)
implemented single testing and were generally conducted over a rela-
tively short duration. Within a repeated testing strategy, the first round
of HB-HCT is likely to identify prevalent infections, while subsequent
rounds are likely to identify incident infections. In such a setting, the
HIV positivity rate is expected to decrease over successive rounds,
leading to a likely increase in the cost per positive HIV test over suc-
cessive rounds, as can be seen in Table 1. It would therefore appear
relevant to compare the estimates reported in Hauck (2019) with those
for the first round of HB-HCT in TasP. In TasP, the mean cost per positive
HIV test was $412.0 (SD 345.2) for the first round of HB-HCT. That is
slightly lower than the $439.4 (SD 399.7) found in Hauck (2019).

Costing studies of HIV testing often rely mainly on the cost per new
HIV diagnosis, which was relatively high in TasP (i.e., $1694.3, SD
1527.8). The latter result is not surprising given the high proportion of
PLHIV already aware of their HIV status in the study area (i.e., the ‘first
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Fig. 3. Effect of scaling up HB-HCT activities on the average cost at two
different values of contact quality (fitted values estimated in Model 4). Legend:
The figure plots the fitted values of average cost (with 90% confidence in-
tervals, CI) estimated in Model 4 across the range of the scale variable at two
different values of contact quality (62.8% and 82.8%). As the mean contact
quality was 0.728 (i.e., on average 72.8% of all contacts eligible for an HIV test
were eventually tested for HIV), the two values considered are 10 percentage
points below and above the sample average. For instance, for a contact quality
of 62.8%, increasing the scale from 100 to 200 contacts in a cluster-month
would decrease the average cost per contact from $21.9 to $17.8 (p <
0.001). On the other hand, the average cost would decrease from $30.6 to $26.6
(p < 0.001) for the same increase in scale but a contact quality of 82.8%.
Although both increases in the number of contacts would lead to significant
economies of scale, the decrease in the average cost would be lower for a higher
contact quality (—13.1% versus —18.7% when 62.8% of the contacts eligible for
an HIV test were eventually tested, p < 0.10).
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95’ of the HIV care cascade as defined in the 2030 Joint United Nations
Programme on HIV/AIDS (UNAIDS) 95-95-95 targets), estimated at 80%
at baseline (Larmarange et al., 2019).

However, it would be reductive to consider diagnoses as the sole gain
of HIV testing, since the ultimate goal of UTT approaches is to achieve
viral suppression at the population level. The last WHO guidelines on
HIV prevention, testing, treatment, service delivery and monitoring,
underline that further research is needed on strategies to support
effective linkage to HIV services among PLHIV already aware of their
status and who have never been linked to care, or have declined ART, or
were lost to follow-up (World Health Organization, 2021). In this re-
gard, HB-HCT constitutes an opportunity to re-refer those people to HIV
care. This is particularly relevant in the study area, where only 53% of
diagnosed PLHIV were actively in care at baseline (i.e., the ‘second 95,
Larmarange et al. (2019)), and where the rate of linkage to care
remained sub-optimal throughout the TasP trial (Plazy et al., 2016). In
TasP, we estimated the cost per appropriate referral to HIV care to be
only $269.2 (SD 279.0).

Among the four UTT trials, the cost-effectiveness of repeated HB-
HCT has only been estimated in the PopART trial in Zambia and South
Africa (Thomas et al., 2021). This study found that combination HIV
prevention, including universal and repeated HB-HCT, would be
cost-effective at thresholds >$800 per disability-adjusted life year
(DALY) averted compared with facility-based care provision (the
standard-of-care). However, simulated annual costs were shown to
accumulate to a considerable amount when projecting coverage for the
entire population.

4.2. Economies of scale in repeated HB-HCT

Using a dynamic system GMM approach that allowed us to obtain
unbiased short- and long-run estimates of economies of scale, this paper
revealed the presence of cost savings from scaling up HB-HCT activities.
These significant cost savings could not have been captured by the
constant average cost projections that are generally reported in existing
costing studies of HB-HCT.

Specifically, we found that a 1% increase in the scale of HB-HCT
activities — measured as the number of contacts made by an HIV coun-
sellor for HB-HCT - led to a 0.27% decrease in the average cost of HB-
HCT activities. Overall, our results show that the marginal cost of HB-
HCT (i.e., the cost of an additional contact for HB-HCT) tends to
decrease when the population coverage increases, highlighting oppor-
tunities for cost savings from scaling up HB-HCT activities. Moreover,
we provide evidence for a significant long-run relationship between
scale and average cost. Once the HB-HCT programme becomes fully
operational, a 1% increase in the scale would lead to a 0.36% decrease in
the average cost. Here, we assume that, from a long-run perspective, the
public provider would operate at the minimum of the short-run average
cost curve (Lépine et al., 2015), that is, at the lowest possible average
cost per contact for HB-HCT.

Our results could help to inform recommendations regarding the
optimal operational size for an HB-HCT cluster. As the direction of
causality matters for policy, any such recommendation may be drawn
only if causality runs mainly from volume to outcome (Gaynor et al.,
2005). Our analysis provides evidence for a causal effect of scale on
average cost. Accordingly, it can be drawn from our results that
increasing the size of HB-HCT clusters to expand coverage would result
in greater cost savings. In other words, cost savings from economies of
scale would be greater in the presence of fewer HB-HCT geographical
clusters but larger in terms of population coverage. In TasP, the average
size of an HB-HCT cluster was 1307 adult residents. Hence, the average
costs would likely be reduced by increasing the population coverage
beyond this average size (all other things being equal).

We might expect these economies of scale to be driven by (i) the
presence of fixed costs, which are incurred only at the beginning of each
cluster, and (ii) learning-by-doing (i.e., when today’s scale affects both
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today’s and future average costs), since the cost breakdown provided in
Table 2 indicates that personnel costs represented the highest cost
category (57.9% of total costs). We ruled out the hypothesis that econ-
omies of scale were driven by lower input prices, since the Africa Health
Research Institute had no bargaining power in input price negotiations.

To our knowledge, the two studies by Lépine et al. (2015, 2016) in
India, are the only previous studies estimating (unbiased) economies of
scale in HIV-related activities. Our estimates of economies of scale
(between —0.239 and —0.268) were lower than those in Lépine et al.
(2015) when considering programme costs (between —0.670 and
—0.823). Any direct comparison should be made with caution, as the
activities and contexts of the two studies were quite different. Lépine
et al. (2015, 2016) focused on primary prevention activities (including
prevention information provision, condom and lubricant distribution,
and referral for the management of sexually transmitted infections),
while we investigated secondary prevention using HB-HCT.

Finally, we showed that these economies of scale are reduced —
although still present — when the quantity-quality trade-off in HB-HCT
activities tilts in favour of quality. Besides leading to higher average
costs per contact by an HIV counsellor, the higher the contact quality —
measured as the proportion of HIV tests performed among all contacts
eligible for an HIV test — the lower the cost savings when scaling up HB-
HCT.

4.3. Study limitations

Our study has several limitations. First, estimations were based on a
single clinical trial conducted in rural South Africa, which may limit the
generalizability of the results. In particular, we cannot fully exclude the
presence of diseconomies of scale in other settings and/or at the national
scale. Nevertheless, the TasP trial was conducted in a real-world large-
scale healthcare delivery setting, and we disentangled time and re-
sources devoted to research from those devoted to HB-HCT activities,
considering only the latter in all our estimations.

Second, we may have overestimated the costs of HB-HCT, which is a
common drawback of clinical trial-based cost estimations. For instance,
one might expect the personnel costs to be lower in real-world settings.
However, we do not expect this potential overestimation to differ across
clusters and months, and therefore it should not have affected econo-
mies of scale estimates. It is important to highlight that we did not ac-
count for the cost of staff training. This omission may have led to an
underestimation of both mean costs and, as staff training is likely to
occur at the beginning of HB-HCT activities, scale economies.

Finally, our scale variable for the estimation of economies of scale
was the number of contacts by an HIV counsellor for HB-HCT, while
other expected outcomes were the number of HIV tests performed, the
number of positive HIV tests that eventually led to a referral to a clinic
for immediate ART initiation, and, finally, HIV incidence in the popu-
lation. However, we considered the number of contacts as the scale
variable, since HB-HCT programme implementers may only have a
direct influence on the number (and the quality) of contacts, which is a
precondition to meet the other outcomes. It is also important to un-
derline that our analysis accounted for the quality of HB-HCT activities,
defined as the proportion of HIV tests performed among all contacts
eligible for an HIV test.

5. Conclusions

The ANRS 12249 TasP trial in South Africa allowed us to estimate the
cost of large-scale, universal, and repeated HB-HCT. Our results provide
critical information for planners and decision-makers when evaluating
the economic sustainability of such a strategy and developing guide-
lines, especially in contexts characterised by limited human and mate-
rial resources and the emergence of new diseases. We also revealed the
presence of economies of scale when this intervention is scaled up.
Nevertheless, although scaling up activities was shown to reduce the
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mean cost of HB-HCT, there is a risk that this gain is made at the expense
of the quality of HB-HCT activities. More specifically, in our study, the
negative (causal) effect of scaling up HB-HCT activities on mean costs,
while still present, was mediated by the contact quality.

Overall, the identification of these economic efficiency gains may
help inform decisions on the implementation of universal and repeated
HB-HCT. The presence of important cost savings from economies of scale
in HB-HCT - which had been viewed as a costly strategy — should be
considered when compared with other strategies (including facility-
based (i.e., the standard-of-care), community-based mobile, and
hybrid mobile HIV counselling and testing).
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