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Objective: Assays for classifying HIV infections as ‘recent’ or ‘nonrecent’ for incidence
surveillance fail to simultaneously achieve large mean durations of ‘recent’ infection
(MDRIs) and low ‘false-recent’ rates (FRRs), particularly in virally suppressed persons. The
potential for optimizing recent infection testing algorithms (RITAs), by introducing viral
load criteria and tuning thresholds used to dichotomize quantitative measures, is explored.
Design: The Consortium for the Evaluation and Performance of HIV Incidence Assays
characterized over 2000 possible RITAs constructed from seven assays (Limiting
Antigen, BED, Less-sensitive Vitros, Vitros Avidity, BioRad Avidity, Architect Avidity,
and Geenius) applied to 2500 diverse specimens.
Methods: MDRIs were estimated using regression, and FRRs as observed ‘recent’
proportions, in various specimen sets. Context-specific FRRs were estimated for
hypothetical scenarios. FRRs were made directly comparable by constructing RITAs
with the same MDRI through the tuning of thresholds. RITA utility was summarized by
the precision of incidence estimation.
Results: All assays produce high FRRs among treated patients and elite controllers
(10–80%). Viral load testing reduces FRRs, but diminishes MDRIs. Context-specific
FRRs vary substantially by scenario – BioRad Avidity and Limiting Antigen provided the
lowest FRRs and highest incidence precision in scenarios considered.
Conclusion: The introduction of a low viral load threshold provides crucial improvements in RITAs. However, it does not eliminate nonzero FRRs, and MDRIs must be
consistently estimated. The tuning of thresholds is essential for comparing and optimizing the use of assays. The translation of directly measured FRRs into context-specific
FRRs critically affects their magnitudes and our understanding of the utility of assays.
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Introduction
The reliable measurement of HIV incidence is essential for
monitoring the epidemic, and targeting and assessing
interventions. However, traditional methods for estimating
incidence often require cumbersome and costly longitudinal studies or multiple studies over time, or they rely on
highly uncertain model inputs. Consequently, over the last
20 years, there has been much discourse on the estimation
of HIV incidence from a single cross-sectional survey and a
few well estimable parameters [1–13]. This has been made
possible by the advent of incidence assays, or, more generally,
potentially complex multicomponent recent infection testing
algorithms (RITAs), which are used to classify the HIV
infections detected in the incidence survey as ‘recently’ or
‘nonrecently’ acquired.
In 2011, inconsistent methodologies led to the establishment of an independent body: the Consortium for
the Evaluation and Performance of HIV Incidence
Assays (CEPHIA), funded by the Bill & Melinda Gates
Foundation, was tasked to coordinate efforts and
conduct independent evaluations of RITAs [14]. Recent
work by CEPHIA [12] indicates that currently prominent
incidence assays, applied according to developers’
previously published guidelines, fail to meet the
requirements outlined in a widely referenced Target
Product Profile [10,15]. The Target Product Profile calls
simultaneously for a sufficiently enduring state of ‘recent
infection’ – averaging more than 6 months – and low
probability of (false) ‘recent’ results at large times post
infection – ideally zero, but definitely below 2% [16,17].
The analyses showed that the assays produced extremely
high false-recent rates (10–80%) in virally suppressed
antiretroviral-treated patients and elite controllers [12].
These findings led to questions about the potential for
optimizing the design of RITAs that utilize these
immunoassays, including through the introduction of
viral load criteria, as investigated in this work.
Results are provided below for the five incidence
immunoassays previously described [12] – namely, Limiting Antigen (LAg) [18,19], BED [20,21], Detuned or Lesssensitive Vitros [22], Vitros Avidity [22], and BioRad
Avidity [23] – as well as the two immunoassays that have
subsequently completed a full CEPHIA evaluation –
Architect Avidity [24,25] and Geenius [26,27].
In this analysis, each RITA utilizes a single incidence
immunoassay and, potentially, a viral load measure. As
before, an immunoassay measurement below some chosen
immunoassay threshold is interpreted as indicative of
‘recent’ infection, although this threshold is now allowed

to vary. If supplemental viral load testing is included, the
viral load measurement must additionally be above the
chosen viral load threshold to confirm the ‘recent’ result
(which is otherwise changed to ‘nonrecent’).
Two test characteristics are required to translate the
incidence survey data, namely counts of HIV-negative,
‘recently’ infected HIV-positive and ‘nonrecently’ infected
HIV-positive patients, into incidence estimates [11]:
 The Mean Duration of ‘Recent’ Infection (MDRI) is the
average time spent ‘recently’ infected within some time
T after infection.
 The False-Recent Rate (FRR) is the context-specific
probability that an individual who is infected for longer
than T will produce a ‘recent’ result.

Increasing the postinfection time cutoff T, which allows
for consistent definitions of the MDRI and FRR,
will generally appear to improve test performance – by
increasing the MDRI and typically decreasing the FRR.
However, a large T presents a number of limitations,
including that the measured incidence represents an
incidence averaged far into the past, and the MDRI
becomes difficult to estimate and prone to varying by time
and place [11].
In this analysis, the test characteristics of the RITAs are
estimated for each of a number of subpopulations.
Different RITAs are constructed by varying the
immunoassay thresholds and viral load thresholds, and
considering a few values for the cutoff T. For a RITA to
be of utility for incidence estimation, its MDRI should be
large and FRR small, preferably zero [10,15–17]. To
illustrate the context dependence of the FRR, demonstrative FRRs are calculated in hypothetical scenarios. A
balanced comparison of the assays’ FRRs is obtained by
selecting immunoassay thresholds so that all RITAs
produce a similar MDRI.
Summary figures and tables of data and results are
provided below, and a more exhaustive collection of
analysis outputs is provided in Supplemental Digital
Content 1 and 2 (SDC 1, http://links.lww.com/QAD/
A957 and SDC 2, http://links.lww.com/QAD/A958).

Methods
The specimen set
The CEPHIA specimen repository, previously described
[12], currently includes over 25 000 HIV-1 positive
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specimens (about 12 000 of which are plasma) drawn from
approximately 3000 well characterized patients. In this
work, RITAs were assessed using a carefully selected
subset of 2500 plasma specimens, termed the ‘Evaluation
Panel’. In this panel, each of 928 patients contribute one
to 13 specimens drawn at different times after infection,
and patients are from the USA (52%), Zambia (20%),
Rwanda (11%), Uganda (8%), Brazil (3%), South Africa
(3%), and Kenya (3%). Viral load data was provided by the
contributing studies for 1995 of the specimens.

Laboratory procedures
All incidence immunoassays were applied independently
in CEPHIA laboratories (at Blood Systems Research
Institute, San Francisco and Public Health England,
London) using standard operating procedures. The
laboratory technicians were trained by the developers
and blinded to the specimen background information,
and controls were tested regularly to ensure stability of the
assays and procedures. Testing protocols are available on
the CEPHIA website [14].
Five assays have been previously summarized [12]: LAg
aims to describe the avidity of HIV antibodies through a
normalized optical density (ODn) [18,19]; BED captures
the relative amount of immunoglobulin G that is specific
to HIV, also as an ODn [20,21]; less-sensitive Vitros
quantifies the level of HIV antibodies as a signal-to-cutoff
value [22]; and Vitros Avidity [22] and BioRad Avidity
[23] each measure antibody avidity as an avidity index,
reported as a percentage.
The Architect Avidity and Geenius assays, which have not
been described in previous CEPHIA reports, are
summarized below.
Architect Avidity is based on a modification of the
ARCHITECT HIV Ag/Ab Combo assay (Abbott
Diagnostics, Wiesbaden, Germany) [24,25], which is a
chemiluminescent microparticle immunoassay for the
detection of p24 antigens and HIV-1/2 antibodies. Each
specimen is tested in the presence and absence of a
chaotropic agent (guanidine), and the ratio of the
reactivity (treated to untreated) produces an avidity
index, with measurements below 80% conventionally
interpreted as representing ‘recent’ infection.
The Geenius HIV 1/2 Supplemental Assay (Bio-Rad
Laboratories, Inc., Hercules, California, USA) is an
immunochromatographic assay in the form of a rapid test
[26,27]. The amount of HIV antibody that is specific to
each of a number of antigens – namely gp36 and gp140
for HIV-2; and p31, gp160, p24, and gp41 for HIV-1 – is
reported as a band intensity. For ‘recent’ infection testing,
the developer proposes the use of a single summary
quantitative measure, equal to the sum of the intensities
for p31, gp160 and gp41, divided by the intensity for the
control line. Referred to as the Geenius Index, Geenius

Index values below 1.5 are then interpreted as indicating
‘recent’ infection.

Tunable recent infection testing algorithms
parameters
In this analysis, a RITA consists of a single incidence
immunoassay and a viral load measure: ‘recent’ infection
is identified by both the immunoassay measurement
being below the (tunable) immunoassay threshold and the
viral load measurement being above the (tunable) viral
load threshold (effectively set to 0 in the case of no viral
load criteria).
Each RITA is defined by specifying which of the seven
incidence immunoassays is used and selecting values
for the three tunable parameters – the immunoassay
threshold, viral load threshold, and time cutoff T. As the
cutoff T is not viewed as a parameter that would be finely
tuned in practice, values of 1, 2 and 3 years were
considered. For each immunoassay, a large number of
immunoassay thresholds were investigated, and viral load
thresholds of 0, 75, 250, 400, 1000 and 2000 copies/ml
were used, allowing MDRI estimates to range from about
a month to one and a half years and accommodating the
varying limits of detection on viral load assays that may be
used in practice.

Data analysis: data preparation
CEPHIA repository and assay results data are stored in a
MySQL relational database, and the analysis was
performed in Matlab (R2014b, the MathWork Inc.,
Natick, Massachusetts, USA).
In this analysis, a patient is considered to be ‘detectably
infected’ if testing positive on an HIV viral lysate-based
western blot assay. For each of the 56% of patients with
sufficient data (521 patients), the patient’s testing history
was used to obtain the estimated (earliest) date of
detectable infection (EDDI). These patients had recorded
dates of last HIV-negative and first HIV-positive
diagnoses, at most 120 days apart, together with data
on the types of diagnostic tests used. The EDDI was
obtained using published delays between earliest detections of HIV by different diagnostic tests [28,29]. A total
of 5% of these patients also have recorded acute retroviral
syndrome onset dates, which were instead used to obtain
the EDDIs (refer to Methods in [12]). Field application
requires adjustment of test characteristic estimates, most
notably the MDRI estimates, according to the specific
diagnostic protocol used (in this analysis, a western blot
assay is considered to be used).

Data analysis: estimation of mean durations of
‘recent’ infection and false-recent rates in
subpopulations
The test characteristics were evaluated in each of a
number of subpopulations – created by stratifying by
treatment history, subtype (based on country when not
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assay-confirmed), time since infection, viral load, and
CD4þ T-cell count. The Study of the Consequences of
the Protease Inhibitor Era (SCOPE) [30], which
contributed specimens to the Evaluation Panel, purposefully recruited patients who are virally suppressed in the
absence of treatment, and these elite controllers were
analysed separately.
The MDRI was estimated by fitting a binomial regression
model to the probability of testing ‘recent’, accounting
for the patient-level clustering of data in the bootstrap
construction of the 95% confidence intervals [12]. In
addition to the primary parametric form of the model,
two alternative forms were also fitted by way of a
sensitivity analysis. In the primary analysis, all data points
beyond (1 þ 1/12)  T after infection were discarded
before model fitting, although a data exclusion cutoff of
2  T was also considered in the sensitivity analysis.
A proxy FRR was estimated as the proportion of patients
infected for longer than T who test ‘recent’, using the
majority classification for patients with multiple results,
and reporting Clopper-Pearson 95% confidence intervals.

Data analysis: context-specific false-recent rates
and recent infection testing algorithm
performance
The FRRs estimated directly from the repository
specimens do not represent any particular populationlevel FRR, which would depend in detail on the
population’s demographic and epidemiological history.
To illustrate this context dependence, FRRs were
estimated for some demonstrative hypothetical scenarios,
as outlined in detail in SDC 1, http://links.lww.com/
QAD/A957. Furthermore, to allow for a fair comparison
of the different assays within a scenario, immunoassay
thresholds were chosen so that the MDRI estimates for all
RITAs were equal to some chosen value and then the
corresponding context-dependent FRRs calculated. In
a chosen scenario, for any specific MDRI value, the
incidence assay with the lowest FRR provides the
best RITA.
Such an analysis falls short of indicating which assay and
immunoassay threshold is optimal – where one could
naturally define optimal as providing the most precise
incidence estimation [16,17]. Such an optimization
warrants extensive additional analysis; in this work, the
utility and potential of the RITAs are reported as the
precision of the incidence estimator in chosen scenarios.
In summary of the methodology, scenarios were defined
by specifying: the percentage of the long-infected
population on treatment, termed the treatment coverage,
c; the average time, in years, since infection in the
untreated long-infected population at the time of the
survey, m; and the viral load threshold used in the RITA
(the time cutoff T equals 2 years). For each scenario, for

each of the seven incidence assays, for each chosen MDRI
value (ranging from 50 to 400 days, and obtained by
appropriately selecting the immunoassay threshold): a
context-specific FRR was then calculated as a weighted
average of the FRR among treated patients (measured
directly from the CEPHIA specimens) and FRR among
untreated patients (estimated by combining CEPHIA
data with the times since infection existing in the
hypothetical population) – see SDC 1, http://links.lww.com/QAD/A957 for further details.
The context-specific precision of the incidence estimator
was then calculated, assuming exactly known RITA
characteristics, an incidence survey size of 4000 patients,
and specifying HIV incidence and prevalence values for
the scenarios. The precision of the incidence estimator
was calculated using the Delta method, shown to be
highly accurate for this application in [11]. The precision
is reported as two metrics: the relative standard error
(RSE) of the incidence estimator; and the probability of
obtaining an incidence estimate that lies within 0.5%, in
absolute terms, of the true incidence. Lower RSEs and
higher probabilities represent more reliable incidence
estimation.
Owing to the relatively simple scenario constructions (see
SDC 1, http://links.lww.com/QAD/A957), uncertainties around estimates have not been formally quantified,
and results should not be over interpreted. The scenarios,
inspired by knowledge of real-word settings, are
described alongside the results below.

Results
The data for Architect Avidity and Geenius are presented
in Fig. 1; 40 and 53%, respectively, of the specimens
drawn within 6 months of infection are already
‘nonrecent’, suggesting more transient states of ‘recent’
infection compared with the five previously reported
assays [12] (at published immunoassay thresholds).
Treated patients and SCOPE elite controllers again
notably contribute ‘false-recent’ results.
Tables 1 and 2 provide estimated test characteristics for
each assay, for selected subpopulations and a few
demonstrative values of the tunable RITA parameters.
Results for all values of tunable parameters and
subpopulations considered, as well as the MDRI
sensitivity analyses, are provided in SDC 2, http://
links.lww.com/QAD/A958.
For T ¼ 2 years, the MDRI estimates reduce by 3–11%
when introducing a viral load threshold of 75 copies/ml,
and by 13–35% for a viral load threshold of 1000 copies/
ml. However, FRR estimates for the ‘nonchallenge’
subpopulation are barely impacted by the introduction of
any viral load criteria. By repository design, the
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‘challenge’ specimens from treated patients and elite
controllers have undetectable, rather than just low, viral
loads, and therefore there is a dramatic drop in FRRs to
zero using a viral load threshold of 75 copies/ml. These
MDRI and FRR results together suggest that the optimal
viral load threshold is one that is very low, as the primary
reduction in the FRR is already seen, and any further
increases in the threshold simply diminish the MDRI.
When considering the postinfection time cutoff T, the
‘nonchallenge’ FRR estimates decrease substantially
moving from 1 to 2 years, with marginal benefit obtained
from further increases in T. The remainder of the analysis
and interpretation considers a cutoff T of 2 years, as
proposed in earlier CEPHIA reports [12].
The results in Tables 1 and 2 highlight how differently the
developer immunoassay thresholds have been selected, in
terms of the resulting test characteristics. For example, the
MDRI and ‘nonchallenge’ FRR estimates for Architect
Avidity are 122 days and 1.5%, respectively, whereas they
are much larger for Less-sensitive Vitros at 288 days and
12.4%, respectively (for a viral load threshold of 75
copies/ml) – leading to seemingly very differently
behaving incidence assays. However, by increasing the
Architect Avidity immunoassay threshold and/or decreasing the Less-sensitive Vitros threshold appropriately, one
can obtain almost identical test characteristics for the two
assays (see SDC 2, http://links.lww.com/QAD/A958).

Figure 2 shows rough context-specific FRR estimates, as
a function of the MDRI (encoding immunoassay
threshold), for hypothetical Scenarios a-f. Additional
scenarios are presented in SDC 1, http://links.lww.com/
QAD/A957. The assays performing the best, that is,
providing the lowest lines, vary by scenario and even
MDRI value.
Scenarios a and b, in which there is neither treatment nor
viral load criteria, illustrate how the ‘nonchallenge’ FRR
estimated directly from a sample of specimens does not
necessarily represent any real-world population, and
specimen data needs to be weighted by the times since
infection expected in the population. For example, at the
developer BioRad Avidity immunoassay threshold, the
FRR estimate decreases from 7.1 (Table 2) to 0.8%
(Scenario a) or 2.2% (Scenario b).
Scenarios c and d, in which treatment is introduced but
there is still no viral load criteria, illustrate the escalation
in the overall FRR through viral suppression in the
population. Different assays become the frontrunners in
different scenarios, but none would be of utility at high
treatment coverage rates.
Scenarios e and f which additionally introduce viral load
criteria, illustrate how the FRR is then driven down.
Paradoxically, a higher treatment coverage produces a
lower overall FRR because the FRR among treated
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Fig. 1. Architect Avidity and Geenius Incidence Assay Results over Time since Infection. Box-and-whisker plots of assay
measurements for each 6-month interval after infection until 4 years, and then for specimens drawn more than 2 years after
infection. Left plots exclude treated patients and SCOPE elite controllers. For each interval, the box and dividing line capture the
central 50% and median of the measurements, respectively; whiskers and crosses extend out to the remaining data points and
outliers respectively (40–1000 data points per time interval). Based on developers’ guidelines, measurements below the horizontal
lines indicate ‘recent’ infections. SCOPE, Study of the Consequences of the Protease Inhibitor Era.
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Table 1. Estimated Mean Duration of Recent Infection and 95% confidence interval (days) for each assay – for demonstrative incidence
immunoassay thresholds, viral load thresholds, and values of T; excluding treated patients and SCOPE elite controllers.
Ta ¼ 2 years
Assay (unit
of measurement)

Immunoassay
threshold

LAg (ODn)
BED (ODn)
Less-sensitive Vitros
(signal-to-cutoff)
Vitros Avidity
(avidity index as %)
BioRad Avidity
(avidity index as %)
Architect Avidity
(avidity index as %)
Geenius (Geenius
index)

0.75
1.5M
3
0.4
0.8M
1.2
10
20M
30
40
60M
70
10
30M
60
70
80M
100
1.25
1.5M
1.75

No viral load
97
184
405
172
300
408
186
302
405
127
282
399
129
293
414
88
128
389
110
179
327

(82–115)
(161–208)
(373–436)
(149–195)
(270–329)
(377–440)
(159–215)
(270–335)
(370–439)
(106–149)
(250–313)
(366–431)
(113–146)
(263–323)
(382–445)
(69–109)
(106–152)
(356–423)
(88–134)
(154–205)
(299–355)

Viral load
thresholdb ¼ 75
88
173
390
159
286
393
175
288
390
119
268
384
124
280
400
83
122
375
97
163
311

(74–104)
(151–195)
(360–420)
(138–181)
(257–314)
(362–425)
(149–202)
(256–319)
(355–424)
(99–141)
(238–299)
(352–417)
(109–140)
(252–309)
(369–432)
(64–103)
(100–146)
(342–408)
(78–118)
(141–186)
(285–338)

T ¼ 1 year
Viral load
threshold ¼ 1000
71
141
346
129
245
350
141
246
345
93
228
339
111
248
356
75
109
328
72
129
267

(58–85)
(123–160)
(316–376)
(112–147)
(219–272)
(319–382)
(118–167)
(217–278)
(311–380)
(76–111)
(199–258)
(307–372)
(95–127)
(221–277)
(326–389)
(57–96)
(89–133)
(294–361)
(57–88)
(110–148)
(241–293)

T ¼ 3 years

Viral load
threshold ¼ 75
82
150
269
138
220
270
125
197
253
89
193
255
111
216
279
70
100
226
73
123
212

(69–95)
(134–166)
(251–286)
(122–154)
(202–238)
(252–287)
(108–143)
(178–217)
(234–271)
(75–103)
(174–213)
(237–273)
(97–124)
(198–235)
(263–296)
(56–85)
(84–118)
(206–247)
(59–88)
(107–140)
(195–229)

88
176
453
173
332
464
220
364
504
138
324
478
133
310
467
86
130
507
110
201
390

(74–105)
(153–200)
(410–497)
(146–202)
(292–375)
(417–513)
(178–265)
(313–416)
(448–560)
(109–169)
(279–373)
(427–531)
(114–153)
(274–347)
(423–514)
(65–109)
(104–158)
(457–556)
(88–134)
(174–229)
(355–426)

LAg, Limiting Antigen; ODn, normalized optical density.
M
Threshold based on developer guidelines.
a
Number of patients (number of data points) used in estimation: 283 (627) for T ¼ 1 year, 397 (965) for T ¼ 2 years, and 408 (1187) for T ¼ 3 years.
b
Measured in copies/ml.

patients, who are all virally suppressed by sample design,
is 0%.
Table 3 provides the context-specific FRRs for selected
values of the MDRI, together with immunoassay
thresholds and the implied precision of incidence
estimation, for Scenarios I to III. Scenario I captures a
recent outbreak of HIV; Scenario II, a sustained epidemic
with some treatment; and Scenario III, declining
incidence and high treatment coverage.

Discussion
As highlighted by earlier work by CEPHIA and other
groups [6–8,10,12,31,32], incidence immunoassays used
in stand-alone form fail to simultaneously achieve usefully
large MDRIs and consistently low FRRs, and produce
high FRRs in virally suppressed subpopulations. Also,
previously proposed assay thresholds, for distinguishing
‘recent’ from ‘nonrecent’ HIV infections, may be
significantly suboptimal; and there is a need to choose
an appropriate postinfection time cutoff Twhich completes
the definition of the required test characteristics.
The work, therefore, investigated the characteristics of
RITAs that identify ‘recent’ infection by an immunoassay
measurement below an immunoassay threshold and viral
load measurement above a viral load threshold, for a

number of values of the tunable parameters. Each of the
first seven assays that have completed a full CEPHIA
evaluation were presented, namely LAg, BED, Lesssensitive Vitros, Vitros Avidity, BioRad Avidity, Architect
Avidity and Geenius. To demonstrate the context
dependence of FRRs and directly compare the assays,
results were also presented as context-specific FRR
estimates, for each of a number of hypothetical scenarios,
with immunoassay thresholds chosen so that all RITAs
have the same MDRI. The context-dependent RITA
performance, as measured by the precision of incidence
estimation, was also shown.
Results highlight that the inclusion of viral load
measurements is essential for moving the current
incidence assays into regimes of utility. The viral load
threshold should be low, as further increasing the
threshold reduces the MDRI with little impact on
the FRR. In practice, the minimum viral loads that are
detectable by available assays would likely drive the choice
of viral load threshold. The reduction in MDRI from
viral load criteria also highlights the importance of
estimating the MDRI consistently with the RITA design
– a point sometimes missed in the focus on FRR
reduction. Although the introduction of viral load
criteria, by repository design, produces a zero FRR in
the virally suppressed subpopulations, nonzero FRRs
persist in the remaining subpopulations, even at high viral
load thresholds.
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Table 2. Estimated False-Recent Rate and 95% confidence interval (%) for each assay – for demonstrative incidence immunoassay thresholds,
viral load thresholds, and values of T; for different subpopulations.
Ta ¼ 2 years

Assay (unit)

Immunoassay
threshold

LAg (ODn)

1.5M

BED (ODn)

3
0.8M

Less-sensitive Vitros
(signal-to-cutoff)

1.2
20M

30
Vitros Avidity
(avidity index as %)

60M

70
BioRad Avidity
(avidity index as %)

30M

60
Architect Avidity
(avidity index as %)

80M

100
Geenius (Geenius
index)

1.5M

1.75

Subgroupb
Not
Tx
EC
Not
Not
Tx
EC
Not
Not
Tx
EC
Not

Tx/EC

No viral load

T ¼ 1 year

Viral load
thresholdc ¼ 75

Viral load
threshold ¼ 1000

T ¼ 3 years

Viral load
threshold ¼ 75

Tx/EC

1.5
58.8
14.3
14.4
9.1
65.9
21.4
14.4
13.1
76.1
46.4
21.2

(0.3–4.4)
(49.2–68.0)
(4.0–32.7)
(9.8–20.1)
(5.5–14.0)
(56.4–74.6)
(8.3–41.0)
(9.8–20.1)
(8.8–18.6)
(67.2–83.6)
(27.5–66.1)
(15.7–27.6)

1.5 (0.3–4.4)
0d
0
13.6 (9.2–19.2)
8.3 (4.9–13.1)
0
0
13.6 (9.2–19.2)
12.4 (8.1–17.8)
0
0
20.5 (15.1–26.8)

1.5 (0.3–4.4)
0
0
12.4 (8.1–17.8)
7.6 (4.3–12.2)
0
0
12.6 (8.3–18.1)
10.6 (6.7–15.8)
0
0
17.9 (12.9–24.0)

4.7 (2.7–7.5)
0
0
24.4 (19.9–29.4)
13.4 (9.9–17.5)
0
0
23.5 (19.0–28.4)
16.7 (12.9–21.2)
0
0
27.0 (22.3–32.1)

1.7 (0.2–5.8)
0
0
7.0 (3.2–13.1)
5.4 (2.1–11.0)
0
0
9.5 (4.9–16.2)
10.3 (5.5–17.2)
0
0
17.8 (11.4–25.8)

Not Tx/EC
Tx
EC
Not Tx/EC

9.8
72.6
32.1
17.4

(6.1–14.9)
(63.4–80.5)
(15.9–52.4)
(12.4–23.4)

9.1 (5.5–14.0)
0
0
16.7 (11.8–22.6)

8.1 (4.7–12.8)
0
0
14.1 (9.6–19.8)

13.3 (9.8–17.4)
0
0
24.7 (20.2–29.7)

10.3 (5.5–17.2)
0
0
15.7 (9.7–23.4)

Not Tx/EC
Tx
EC
Not Tx/EC

7.1
42.4
10.7
18.2

(3.9–11.6)
(33.1–52.1)
(2.3–28.2)
(13.1–24.3)

6.6 (3.5–11.0)
0
0
17.4 (12.4–23.4)

6.6 (3.5–11.0)
0
0
16.9 (12.0–22.9)

11.9 (8.6–15.9)
0
0
25.6 (21.0–30.7)

3.3 (0.9–8.2)
0
0
13.2 (7.8–20.6)

Not Tx/EC
Tx
EC
Not Tx/EC

1.5
33.6
10.7
33.3

(0.3–4.4)
(25.0–43.1)
(2.3–28.2)
(26.8–40.4)

1.5 (0.3–4.4)
0
0
32.1 (25.6–39.1)

1.5 (0.3–4.4)
0
0
30.6 (24.2–37.5)

2.6 (1.1–4.9)
0
0
34.6 (29.5–40.0)

2.9 (0.7–7.7)
0
0
34.3 (25.9–43.5)

Not Tx/EC
Tx
EC
Not Tx/EC

6.1
66.4
33.9
13.6

(3.2–10.3)
(56.9–75.0)
(17.2–54.2)
(9.2–19.2)

5.1 (2.4–9.1)
0
0
12.9 (8.6–18.4)

5.1 (2.4–9.1)
0
0
11.4 (7.3–16.6)

6.5 (4.1–9.7)
0
0
17.0 (13.1–21.5)

7.0 (3.2–13.1)
0
0
11.6 (6.5–18.7)

Tx/EC
Tx/EC

Tx/EC
Tx/EC

EC, elite controller; LAg, Limiting Antigen; ODn, normalized optical density; Tx, treated.
M
Threshold based on developer guidelines.
a
Number of patients (number of data points) used in estimation: 332 (873) for subgroup ‘Not Tx/EC’, 140 (247) for ‘Tx’ 28 (86) for ‘EC’ for T ¼ 1 year;
198 (448), 112 (185) and 28 (82), respectively, for T ¼ 2 years; 121 (226), 91 (144), and 28 (72), respectively, for T ¼ 3 years.
b
‘Not Tx/EC’: excludes treated patients and SCOPE elite controllers; ‘Tx’: patients have had at least 3 months of uninterrupted treatment; ‘EC’:
contains elite controllers identified in the SCOPE cohort.
c
Measured in copies/ml.
d
FRRs among ‘Tx’ and ‘EC’ subgroups are zero, by repository design, once a viral load threshold is introduced.

Large values of the postinfection time cutoff T generally
appear to improve test performance, but present a number
of practical limitations. For current incidence assays, a
default value for Tof 2 years appears reasonable, subject to
review in the light of data on any specific RITA.
Although published studies of incidence assays suggest
that they have very different characteristics, this analysis
shows that sensible tuning of immunoassay thresholds,
away from previous developer recommendations, reveals
relatively similar performance of the assays.

Although a general approach for better understanding
the characteristics and utility of assays in the real
world is presented in this work, in the analysis of
real cross-sectional data obtained at substantial cost,
more sophistication should be applied in blending
available data into context-specific FRRs with a
credible uncertainty estimate. Additionally, data on
subpopulations currently not in the CEPHIA repository – such as treated patients who are not yet, or
failing to remain, virally suppressed – should be
considered.

The context-specific FRRs, when constructing the
RITAs to have similar MDRIs, and precision of incidence
estimation, suggest that BioRad Avidity and LAg appear
to be the frontrunners, although performance is context
dependent and other assays can follow closely.

Numerous such details remain to be further explored –
including test refinements from possible combinations
of serological or other markers in addition to viral load.
This is part of ongoing work within and beyond CEPHIA
[33,34].
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Fig. 2. Context-specific FRR, by MDRI value, per assay, for Scenarios a - f. Each scenario has the specified: treatment coverage c,
viral load threshold used in the RITA (copies/ml), and mean years since infection in the untreated population m. The circles
correspond to developers’ proposed immunoassay thresholds. FRR, False-Recent Rate; MDRI, Mean Duration of Recent Infection;
RITA, recent infection testing algorithm.

The importance of viral load as a marker of HIV infection
is not just limited to its use in incidence estimation. The
greater care required in the handling of specimens for
reliable viral load determination, and the increased need
for well preserved specimens in advanced studies, such as
next generation sequencing, reinforces that specimens
should be processed quickly after collection and stored
appropriately.
Although this surveillance approach offers solutions to
some of the obstacles posed by traditional incidence
estimation methods, this work highlights that there

remains a number of conceptual complexities and
nuances to be understood by users. Further promise of
this approach arises from the potential use of these assays
to both diagnosis HIV infection as well as provide
information on the staging of infection, using the
same specimen.
In conclusion, (1) viral load testing provides a crucial
advance in the performance of currently available RITAs,
but this does not eliminate the nonzero FRRs and the
MDRI must be estimated consistently with the RITA
design. (2) Tuning of thresholds is essential for the

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.

LAg
BED
Less-sensitive Vitros
Vitros Avidity
BioRad Avidity
Architect Avidity
Geenius
LAg
BED
Less-sensitive Vitros
Vitros Avidity
BioRad Avidity
Architect Avidity
Geenius

200

1.7
0.5
11.3
49.0
14.7
89.6
1.5
2.5
0.8
19.9
61.6
32.0
95.6
1.7

Immunoassay
threshold
0.9
2.8
6.3
4.8
1.2
5.6
5.6
4.3
6.2
8.0
7.7
2.8
12.8
8.5

FRR
(%)
13.8
15.3
18.5
17.0
14.0
17.8
17.8
12.4
13.2
14.0
13.8
11.8
16.7
14.2

RSE
(%)a
77.1
72.5
63.4
67.3
76.5
65.1
65.0
82.2
79.5
76.6
77.1
84.2
68.3
75.9

Within
0.5% (%)b
1.9
0.5
12.5
50.9
15.6
90.3
1.6
2.5
0.8
20.8
62.8
35.7
96.2
1.7

Immunoassay
threshold
0.2
0.9
1.7
1.5
0.4
1.9
1.7
1.3
1.8
2.3
2.2
0.8
4.3
2.5

FRR
(%)
17.4
18.8
20.5
20.0
17.8
20.9
20.6
15.3
15.9
16.4
16.2
14.8
18.6
16.6

RSE
(%)a
84.8
81.5
77.7
78.8
84.1
76.9
77.6
89.8
88.5
87.3
87.6
90.9
82.1
86.8

Within
0.5% (%)b

Scenario II:
treatment coverage c ¼ 20%,
viral load threshold ¼ 75 copies/ml,
mean time infected m ¼ 10 years,
incidence ¼ 2% per person year,
prevalence ¼ 20%

FRR, false-recent rate; MDRI, mean duration of ‘recent’ infection; RSE, relative standard error.
a
The SD of the incidence estimator divided by its mean.
b
The probability of a single incidence estimate lying within 0.5% (in absolute terms) of the true incidence value.

300

Assay

MDRI

Scenario I:
no treatment,
no viral load,
mean time infected m ¼ 5 years,
incidence ¼ 3% per person year,
prevalence ¼ 12%

1.9
0.5
12.5
50.9
15.6
90.3
1.6
2.5
0.8
20.8
62.8
35.7
96.2
1.7

Immunoassay
threshold

0.2
0.6
1.1
1.0
0.3
1.2
1.2
0.9
1.2
1.6
1.5
0.6
2.8
1.7

FRR
(%)

30.2
36.7
43.8
41.9
31.8
44.8
44.0
29.7
32.1
34.6
33.9
27.5
42.7
35.4

RSE
(%)a

90.2
82.7
74.6
76.7
88.4
73.5
74.4
90.8
88.0
85.2
86.0
93.1
75.8
84.3

Within
0.5% (%)b

Scenario III:
treatment coverage c ¼ 80%,
viral load threshold ¼ 75 copies/ml,
mean time infected m ¼ 5 years,
incidence ¼ 1% per person year,
prevalence ¼ 40%

Table 3. Context-specific False-Recent Rates and precision of incidence estimation, for demonstrative Mean Duration of Recent Infection values (with corresponding immunoassay thresholds), per
assay, in hypothetical Scenarios I-III.
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balanced comparison of assays and the optimization of
RITA performance. (3) The translation of FRR
estimates, measured directly from samples of specimens,
into context-specific FRR estimates greatly changes their
magnitudes and is critical for the application of the assays.
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