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Abstract

Objective—Assays for classifying HIV infections as ‘recent’ or ‘non-recent’ 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 (LAg, 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.
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Results—All assays produce high FRRs amongst treated subjects and elite controllers 

(10%-80%). Viral load testing reduces FRRs, but diminishes MDRIs. Context-specific FRRs vary 

substantially by scenario – BioRad Avidity and LAg provided the lowest FRRs and highest 

incidence precision in scenarios considered.

Conclusions—The introduction of a low viral load threshold provides crucial improvements in 

RITAs. However, it does not eliminate non-zero 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.

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 twenty 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 multi-component recent 
infection testing algorithms (RITAs), which are used to classify the HIV infections detected 

in the incidence survey as ‘recently’ or ‘non-recently’ 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 (TPP) [10, 15]. The TPP 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 subjects and elite controllers (ECs) [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 Less-Sensitive (LS) 

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 (IA) and, potentially, a 

viral load (VL) measure. As before, an IA measurement below some chosen IA threshold is 

interpreted as indicative of ‘recent’ infection, although this threshold is now allowed to vary. 
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If supplemental VL testing is included, the VL measurement must additionally be above the 

chosen VL threshold to confirm the ‘recent’ result (which is otherwise changed to ‘non-

recent’).

Two test characteristics are required to translate the incidence survey data, namely counts of 

HIV-negative, ‘recently’ infected HIV-positive and ‘non-recently’ infected HIV-positive 

subjects, 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 post-infection time cut-off 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 

(see supplementary content of [11] for a further discussion of T).

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 IA thresholds and VL 

thresholds, and considering a few values for the cut-off 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 

IA thresholds so that all RITAs produced 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 

and SDC 2).

Methods

The Specimen Set

The CEPHIA specimen repository, previously described [12], currently includes over 25000 

HIV-1 positive specimens (about 12000 of which are plasma) drawn from approximately 

3000 well-characterized subjects. 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 subjects contribute 1 to 13 specimens drawn at different times post infection, and 

subjects 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.
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Laboratory Procedures

All incidence IAs 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 a Normalized Optical Density 

(ODn) [20, 21]; LS-Vitros quantifies the level of HIV antibodies as a Signal-to-Cutoff (S/C) 

value [22]; and Vitros Avidity [22] and BioRad Avidity [23] each measure antibody avidity 

as an Avidity Index (AI), reported as a percentage.

The Architect Avidity and Geenius assays, which have not been previously described, 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 (AI), with 

measurements below 80% conventionally interpreted as representing ‘recent’ infection.

The Geenius HIV 1/2 Supplemental Assay (Bio-Rad Laboratories, Inc.; Hercules; CA) is a 

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 (GI), GI values below 1.5 are 

then interpreted as indicating ‘recent’ infection.

Tunable RITA Parameters

In this analysis, a RITA consists of a single incidence IA and a VL measure: ‘recent’ 

infection is identified by both the IA measurement being below the (tunable) IA threshold 

and the VL measurement being above the (tunable) VL threshold (effectively set to 0 in the 

case of no VL criteria).

Each RITA is defined by specifying which of the seven incidence IAs is used and selecting 

values for the three tunable parameters – the IA threshold, VL threshold and time cut-off T. 

Since the cut-off 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 IA, a large number of IA thresholds 

were investigated, and VL 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 
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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 is stored in a MySQL relational database, and the 

analysis was performed in Matlab (R2014b, the MathWorksInc.).

In this analysis, a subject is considered to be ‘detectably infected’ if testing positive on an 

HIV viral lysate-based western blot assay. For each of the 56% of subjects with sufficient 

data (521 subjects), the subject's testing history was used to obtain the estimated (earliest) 

date of detectable infection (EDDI). These subjects 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]. 5% of these subjects also have 

recorded acute retroviral syndrome onset dates, which were instead used to estimate 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 MDRIs and FRRs 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 assay-confirmed), time 

since infection, VL and CD4+ T-cell count. The Study of the Consequences of the Protease 

Inhibitor Era (SCOPE) [30], which contributed specimens to the Evaluation Panel, 

purposefully recruited subjects who are virally suppressed in the absence of treatment, and 

these ECs were analyzed separately.

The MDRI was estimated by fitting a binomial regression model to the probability of testing 

‘recent’, accounting for the subject-level clustering of data in the bootstrap construction of 

the 95% confidence intervals – see [12] for details. 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  after infection were discarded 

before model fitting, although a data exclusion cut-off of 2 × T was also considered in the 

sensitivity analysis.

A proxy FRR was estimated as the proportion of subjects infected for longer than T who test 

‘recent’, using the majority classification for subjects with multiple results, and reporting 

Clopper-Pearson 95% confidence intervals.

Data Analysis: Context-Specific FRRs and RITA Performance

The FRRs estimated directly from the repository specimens do not represent any particular 

population-level 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. Furthermore, to 
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allow for a fair comparison of the different assays within a scenario, IA 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 IA 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 is reported as the precision of the incidence estimator in chosen 

scenarios.

In summary of the methodology, scenarios were defined by specifying the (i) percentage of 

the long-infected population on treatment, termed the treatment coverage c; (ii) average 

time, in years, since infection in the untreated long-infected population at the time of the 

survey, m; and (iii) VL threshold used in the RITA (the time cut-off 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 IA threshold): a context-

specific FRR was then calculated as a weighted average of the FRR amongst treated subjects 

(measured directly from the CEPHIA specimens) and FRR amongst untreated subjects 

(estimated by combining CEPHIA data with the times since infection existing in the 

hypothetical population) – see SDC 1 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 subjects, and 

specifying HIV incidence and prevalence values for the scenarios (using the Delta method, 

shown to be highly accurate for this application in [11]). The precision is reported as two 

metrics: (i) the Relative Standard Error (RSE) of the incidence estimator; and (ii) 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.

Due to the relatively simple scenario constructions (see SDC 1), 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 Figure 1; 40% and 53% 

respectively of the specimens drawn within six months of infection are already ‘non-recent’, 

suggesting more transient states of ‘recent’ infection compared to the five previously 

reported assays [12] (at published IA thresholds). Treated subjects and SCOPE ECs 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 
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all values of tunable parameters and subpopulations considered, as well as the MDRI 

sensitivity analyses, are provided in SDC 2.

For T = 2 years, the MDRI estimates reduce by 3%-11% when introducing a VL threshold 

of 75 copies/ml, and by 13%-35% for a VL threshold of 1000 copies/ml. However, FRR 

estimates for the ‘non-challenge’ subpopulation are barely impacted by the introduction of 

any viral load criteria. By repository design, the ‘challenge’ specimens from treated subjects 

and ECs have undetectable, rather than just low, VLs, and therefore there is a dramatic drop 

in FRRs to zero using a VL threshold of 75 copies/ml. These MDRI and FRR results 

together suggest that the optimal VL 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 post-infection time cut-off T, the ‘non-challenge’ FRR estimates 

decrease substantially moving from 1 year to 2 years, with marginal benefit obtained from 

further increases in T. The remainder of the analysis and interpretation considers a cut-off T 
of 2 years, as proposed in earlier CEPHIA reports [12].

The results in Tables 1 and 2 highlight how differently the developer IA thresholds have 

been selected, in terms of the resulting test characteristics. For example, the MDRI and 

‘non-challenge’ FRR estimates for Architect Avidity are 122 days and 1.5% respectively, 

while they are much larger for LS-Vitros at 288 days and 12.4% respectively (for a VL 

threshold of 75 copies/ml) – leading to seemingly very differently behaving incidence 

assays. However, by increasing the Architect Avidity IA threshold and/or decreasing the LS-

Vitros threshold appropriately, one can obtain almost identical test characteristics for the two 

assays (see SDC 2).

Figure 2 shows rough context-specific FRR estimates, as a function of the MDRI (encoding 

IA threshold), for hypothetical Scenarios A-F. Additional scenarios are presented in SDC 1. 

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 VL criteria, illustrate how the 

‘non-challenge’ 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 IA 

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 VL 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 VL criteria, illustrate how the FRR is then 

driven down. Paradoxically, a higher treatment coverage produces a lower overall FRR 
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because the FRR amongst treated subjects, 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 

IA 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 

IAs 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 ‘non-recent’ HIV 

infections, may be significantly suboptimal; and there is a need to choose an appropriate 

post-infection time cut-off T which completes the definition of the required test 

characteristics.

This work therefore investigated the characteristics of RITAs that identify ‘recent’ infection 

by an IA measurement below an IA threshold and VL measurement above a VL 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, LS-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 IA 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 VL measurements is essential for moving the current 

incidence assays into regimes of utility. The VL 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 

VL threshold. The reduction in MDRI from VL criteria also highlights the importance of 

estimating the MDRI consistently with the RITA design – a point sometimes missed in the 

focus on FRR reduction. While the introduction of viral load criteria, by repository design, 

produces a zero FRR in the virally suppressed subpopulations, non-zero FRRs persist in the 

remaining subpopulations, even at high VL thresholds.

Large values of the post-infection time cut-off T generally appear to improve test 

performance, but present a number of practical limitations. For current incidence assays, a 

default value for T of 2 years appears reasonable, subject to review in light of data on any 

specific RITA.

While published studies of incidence assays suggest that they have very different 

characteristics, this analysis shows that sensible tuning of IA thresholds, away from previous 

developer recommendations, reveals relatively similar performance of the assays.
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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.

While 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 subjects who are 

not yet, or failing to remain, virally suppressed – should be considered.

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].

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.

While 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) VL testing provides a crucial advance in the performance of currently 

available RITAs, but this does not eliminate the non-zero FRRs and the MDRI must be 

estimated consistently with the RITA design. (2) Tuning of thresholds is essential for 

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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 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 subjects 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.
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Figure 2. Context-specific FRR, by MDRI value, per assay, for Scenarios A-F
Each scenario has the specified: treatment coverage c, VL threshold used in the RITA 

(copies/ml), and mean years since infection in the untreated population m. For each 

incidence assay, the IA threshold is varied to obtain the chosen MDRI (x-axis), and 

corresponding FRR calculated (y-axis). The circles correspond to developers' proposed IA 

thresholds.
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