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Abstract: The early period of infection with human immunodeficiency virus (HIV) has been asso-
ciated with higher infectiousness and, consequently, with more transmission events. Over the last
30 years, assays have been developed that can detect viral and immune biomarkers during the first
months of HIV infection. Some of them depend on the functional properties of antibodies including
their changing titers or the increasing strength of binding with antigens over time. There have
been efforts to estimate HIV incidence using antibody-based assays that detect recent HIV infection
along with other laboratory and clinical information. Moreover, some interventions are based on the
identification of people who were recently infected by HIV. This review summarizes the evolution
of efforts to develop assays for the detection of recent HIV infection and to use these assays for the
cross-sectional estimation of HIV incidence or for prevention purposes.
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1. Introduction

Human Immunodeficiency Virus (HIV) infection remains a major public health is-
sue globally. According to recent estimates from the joint United Nations program on
HIV/AIDS (UNAIDS), approximately 38 million people were living with HIV in 2020,
while more than half a million people died that year because of complications related to the
Acquired Immune Deficiency Syndrome (AIDS) [1]. Nevertheless, major strides have been
made on multiple fronts, and HIV infection has become a manageable chronic condition,
especially due to the advent of very potent antiretroviral drugs [2]. As a matter of fact,
despite disparities in survival rates across population groups and geographical settings,
the expected life span of an HIV-infected person has increased remarkably following the
introduction of antiretroviral treatment (ART), being almost equal to that of a non-infected
person of the same age [3–5].

Apart from condom use and behavioral interventions that have proven prevention
capacity [6], there are also many ART-based interventions that have shown high rates
of effectiveness at reducing the likelihood of HIV transmission including Pre-Exposure
Prophylaxis (PrEP) [7–10] and Treatment as HIV Prevention (TasP) [11–15]. However,
challenges remain because HIV incidence globally still exceeds 1.5 million new infections [1],
with explosive outbreaks on some occasions often created or facilitated by economic, social,
and political crises [16–18]. Moreover, the efforts of the scientific community to develop
effective vaccines have, to a large extent, been disappointing [19]. Currently, as of fall 2022,
only one phase 3 clinical trial on a promising HIV vaccine is ongoing and the results are
expected in 2024 (https://www.avac.org/trial/hpx-3002-hvtn-706-mosaico, accessed on
17 September 2022).

Consequently, further research and efforts are needed in order to accomplish the goal
of putting an end to AIDS as a public health threat by 2030 [20,21]. Of importance, the
diagnosis of HIV infection and the start of ART soon after the transmission event comprise
an essential pillar of the strategy to end AIDS [21].
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2. What Is Recent HIV Infection and Why It Is Important

An HIV infection is considered chronologically recent when it occurred within the last
six to twelve months [22–24]. This recent period is characterized biologically by initially
high levels of HIV replication and concentration of HIV markers in biological sites and
fluids followed by the gradual development of the adaptive immune response [25–29].
It includes acute HIV infection, which refers to the first weeks (2–4 weeks) after HIV
acquisition before the appearance of antibodies [28–32]. During the recent phase, antibodies,
when they emerge, have not yet reached their full developmental and effectiveness potential,
as their production and maturation process evolves gradually over the course of HIV
infection [32,33]. Antibody levels and avidity tend to stabilize approximately one year after
infection. The breadth of antibody reactivity (i.e., the number of unique HIV epitopes that
are targeted) also increases early in the infection but reaches a set point, remaining stable
or decreasing thereafter [34]. By the time the antibody response is effective, it is too late to
prevent the establishment of the infection [27,29,35,36].

The identification of recent HIV infection is important for two main public health
reasons: (i) It helps detect people during a period of increased transmissibility, which can
guide intervention efforts making better use of scarce resources, and (ii) it allows real-time
tracking of trends in new infections at the population level, which helps with the timely
evaluation of prevention efforts [11].

Some newly HIV-infected people, especially if they remain undiagnosed, are likely to
continue risky behavioral practices for a period after their infection that de facto led to their
infection or the infection of their sexual or injecting partners [30,37,38]. The recent period of
HIV infection is likely to interact with the concurrency of sexual partnerships and the high
rates of partner change, amplifying their effect on onward transmissions [39,40]. Beyond
risky behavioral patterns, intense HIV replication and high concentration in biological
fluids likely comprise the primary cause of the higher infectiousness of the acute/recent
period of HIV infection [25,30]. Analyses of cervical secretions of African women showed
higher viral load in the acute phase than subsequently [41]. Similarly, viral concentration in
the semen and blood of African males with acute HIV infection was higher than that among
those with chronic infection [42]. An early epidemiological study using couples whose
partners had different infection statuses provided evidence that HIV viremia was a strong
predictor of HIV transmission [43]. Another study, also in serodiscordant heterosexual
couples, found that the early and late stages of HIV infection were the most infectious [44],
although subsequent analyses argued that the infectivity of the acute phase in that study
had perhaps been overestimated [45]. Other methods of analysis corroborated the role
of recent HIV infection. Phylogenetic research in HIV-infected men who have sex with
men (MSM) in the United Kingdom showed that transmitters were more likely to be in the
recent period of their infection [22]. Likewise, other phylogenetic analyses found that nearly
half of onward transmission events could be from recently HIV-infected people [46,47].
Modelling work has produced interesting but variable findings in this field. An early
mathematical model for MSM attributed approximately one-third of transmissions among
causal partners to the recent phase of HIV infection, but the contribution of recently infected
people to infections that occurred among steady partners was estimated to be considerably
lower [48]. Mathematical models run for Malawi, a generalized HIV epidemic setting,
attributed almost 40% of infections to sexual contact with recently HIV-infected people [49].
Another modelling study for South Africa, however, raised concerns over the contribution
of the early HIV infection period to long-term intervention (TasP) effects [50,51]. Modelling
work for people who inject drugs (PWID) argued that the first months of HIV infection are
more relevant in outbreaks and likely less important in mature epidemics, where a much
lower proportion of all transmissions was attributed to an index case being in his/her early
period of HIV infection [52]. In summary, despite differences in the relative contribution of
the acute and recent stages of HIV infection, a considerable amount of evidence supports
the increased infectiousness of people experiencing acute/recent HIV infection.
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Traditional case-based surveillance often lacks the ability to capture recent transmis-
sion phenomena as it suffers from reporting delays or even fails to include the undiagnosed
fraction of the HIV-infected population [53]. AIDS cases reflect infections that happened
long ago as survival has increased remarkably in the era of ART, while HIV reporting,
despite being more useful than AIDS notification alone, is seriously impacted by patterns
of testing and reporting [53,54]. HIV prevalence studies are extremely useful in measuring
the burden of HIV infection in at-risk sub-populations, including those who have not yet
been diagnosed, but they capture a mixture of both incident and prevalent cases. More-
over, HIV prevalence is likely to increase due to the ART-based improved survival even
when incidence plummets. Therefore, the detection and measurement of recent infections
can serve HIV surveillance by providing a more accurate picture of new transmission
events [54]. Beyond assisting in incidence measurement and serving surveillance purposes,
testing for recency could also help public health personnel identify clusters and geograph-
ical hotspots of recent HIV transmission, and conduct contact tracing [55,56]. All these
pieces of information could be extremely useful for designing and evaluating prevention
interventions [31].

3. Identification and Diagnosis of Acute/Recent HIV Infection

Symptoms during recent HIV infection are lacking or are not specific enough to attract
clinical suspicion and facilitate diagnosis. There are, however, several serological and
non-serological biomarkers that indicate recent HIV infection including HIV RNA, HIV
protein 24 (p24), and antibodies [25,31,32] (Figure 1). Assays have been created to detect
and/or measure these biomarkers (Table 1) [31].
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Table 1. Assays that have been used for the detection of recent HIV infection.

Assay Period Biomarker Example-Technique

Antigen-based test Pre-seroconversion
(0–4 weeks) Viral protein (p24)

Fourth generation
antibody/antigen

combination assay [28]

Nucleic acid
amplification test

(NAT)

Pre-seroconversion
(0–4 weeks) Viral genome HIV RNA PCR test [28]

Detuned: Post-seroconversion
Host marker—rising
antibody titer after

seroconversion

Sensitive/less sensitive
EIA (first generation

EIA) [58–62]

BED-EIA: Post-seroconversion

Host
marker—Relative

ratio of HIV specific
IgG to total IgG

Capture enzyme
immunoassay using a

multi-peptide from
subtypes B and D, and

Circulating
Recombinant Form_01

AE [62,63]

Avidity EIA: Post-seroconversion

Host
marker—Avidity of

antibodies with
antigens

Limiting Antigen
Avidity assay

(LAg-EIA) [64–66]

Other methods/new
technologies

- Based on the genetic diversity of HIV (people with recent HIV infection
probably have less genetic diversity than people with long-term HIV
infection) [67–69]
- Based on “HIV serosignature” (measuring antibody reactivity to a
panel of peptides associated with recent HIV infection) [34]
- Gold nanocluster immunoassay (gold nanoclusters conjugated with
streptavidin are used as ultrasensitive fluorescent sensors for the
detection of HIV antigens) [70]

Abbreviation: EIA: Enzyme Immunoassay; PCR: Polymerase Chain Reaction.

HIV has two subtypes: HIV-1 and HIV-2. HIV-1 is the dominant subtype globally and
is further classified into groups M, N, O, and P. Infection by HIV subtype 2 is endemic in
West Africa and characterized by slower progression to advanced disease [71,72]. HIV-2
infection is suspected in people of West African origin, those who have had sexual contact
with or who have shared injection equipment with people of West African origin, and
people who live in countries with strong socioeconomic connections with West Africa (for
example, Spain, Portugal, France).

The presence in plasma/serum of viral markers such as HIV RNA or p24, with-
out the detection of antibodies, is an indication of acute infection (pre-seroconversion
period) [22,28]. However, the measurement of HIV RNA (nucleic acid amplification
test—NAT) is expensive while the presence of free p24 is transient, since it rapidly binds to
developing antibodies forming immunocomplexes and cannot be detected unless the rele-
vant assay is able to disrupt the bond [28]. Beyond antibody-antigen disruption, the failure
of tests to detect p24 has also been associated with HIV subtypes, use in low-prevalence or
resource-poor settings, and stability of test components and targets [32]. Testing for HIV
RNA in pooled samples negative for antibodies has been used as a method to improve the
detection of acute infection and decrease costs [28,29].

Modern diagnostic strategies aim to maximize the efficiency and accuracy of the
diagnosis of acute HIV infection. They involve an initial combination fourth-generation
assay that simultaneously detects p24 and antibodies [28,57,73]. If the combination assay
is reactive, an antibody differentiation test is used. In case the differentiation assay does
not react to HIV-1 or HIV-2 antibodies or the result is indeterminate, NAT follows, which,
if positive, indicates acute HIV infection [28,57]. If recent exposure to HIV is suspected
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or conducted, NAT is used even when the initial combination assay is non-reactive. HIV
screening using a combination assay following a rapid negative test in a high-prevalence
setting showed promising results detecting more than 80% of acute infections that were
identified by pooled NAT [30]. Fifth-generation immunoassays have also been developed,
which are able to distinguish p24 and antibodies to HIV-1 or HIV-2 in a single test without
needing an antibody differentiation assay [31,57,74].

The new diagnostic algorithm, mentioned above, considers HIV-2 infection. The
Geenius HIV 1/2 Supplemental Assay, which uses a closed lateral flow cartridge with a
dual-path platform to detect antibodies against recombinant or synthetic peptides for HIV-1
and HIV-2, has received approval to differentiate HIV-1 infection from HIV-2 infection [31].
When the HIV-2 test on the HIV-1/HIV-2 differentiation immunoassay gives an indetermi-
nate result, HIV-2 NAT (information here: https://www.wadsworth.org/programs/id/
bloodborne-viruses/clinical-testing/hiv-2-nucleic-acid, accessed on 17 September 2022) is
recommended because HIV-1 NAT does not reliably detect or quantify HIV-2 RNA [75].
It is important to mention, however, that more than one-third of people who are HIV-2
infected and ART-naïve have undetectable HIV-2 RNA levels [75,76]. Therefore, a negative
HIV-2 NAT does not rule out HIV-2 infection [75].

A salient characteristic of recent HIV infection (post-seroconversion period) is the
immaturity of the evolving antibody response [33]. This initial immaturity includes
lower levels/titers of IgG antibodies, reduced avidity of antibodies with antigens, and
fewer IgG antibodies specifically against HIV compared to the overall IgG amount [31].
Specific assays take advantage of the quantitative and qualitative characteristics of the
evolution of the antibody response and are able to detect recent infections in the post-
seroconversion period [55,77]. The first effort of this kind was based on using sensitive/less
sensitive (detuned) enzyme immunoassays (EIA) on specimens that had been collected
cross-sectionally [58]. The concept of the method was that antibody titers are expected
to be lower during recent HIV infection. Therefore, using this method, an infection was
considered recent if the specimen was reactive on the sensitive EIA but the result became
non-reactive when a modified, less sensitive version of that EIA was used. This method
showed variability within runs and laboratories, was cumbersome requiring multi-step
dilution, and did not perform well with HIV subtypes other than B [31,59,63]. Similar
assays were developed later but their performance also varied considerably across HIV
subtypes and have not thus been widely used [60,61].

The IgG-capture BED-EIA was another recency test that was based on the produced
number of IgG antibodies directed against the HIV glycoprotein 41 (gp41), as a proportion
of total IgG, with that proportion increasing over time following seroconversion [31,63,78].
To overcome a suboptimal subtype-dependent performance, BED uses a trimeric branched
peptide from the immunodominant region of the gp41 of HIV-1 subtype B, a Circulated
Recombinant Form (CRF_01 AE), and subtype D [33]. The three peptides gave the name
BED to the assay. BED-EIA classifies an HIV infection as recent when the ratio of HIV-
specific IgG to total IgG in the blood is low, which corresponds to a normalized optical
density (ODn) below a pre-set threshold (0.8) [79]. This approach has been used widely but
suffers from limitations including performance variability across populations and therefore
needs adjustments when applied for incidence estimations [80–91].

Avidity assays comprise a rather reliable approach in the field of laboratory detection
of recent HIV infection that is based on a functional property of antibodies, i.e., the strength
of their binding with antigens. Early in HIV infection, the bond is not strong enough,
which allows the easier dissociation of antigen–antibody complexes [31]. As antibodies
mature, they become more resistant to disruption treatment and the avidity index (AI)
increases. The AI is calculated in two-well assays as a ratio of OD values from one well
treated with a reagent to dissociate low-avidity antibodies and a control well that remains
without treatment. A commercial assay of this kind is the BioRad avidity test [79]. It is
a modified version of an HIV-1/HIV-2 EIA and involves the testing of samples with and
without diethylamine. The AI of that assay is calculated by dividing the reactivity of the

https://www.wadsworth.org/programs/id/bloodborne-viruses/clinical-testing/hiv-2-nucleic-acid
https://www.wadsworth.org/programs/id/bloodborne-viruses/clinical-testing/hiv-2-nucleic-acid
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treated over the untreated aliquot with values below 40% indicating a recently acquired
HIV infection. In a similar concept, Architect avidity is a modified version of a combination
assay where each specimen is tested in the presence and absence of guanidine [92]. The AI
of that assay is the reactivity ratio of treated to untreated aliquots with values below 80%
indicating recent HIV infection. Another assay that has been used in practice and calculates
AI, as a ratio of signal-to-cutoff (S/C) values of the sample incubated in guanidine to the
S/C of the sample incubated in phosphate-buffered saline, is Vitros Avidity [93]. Generally,
assays that calculate AI have limitations including the need for automated systems and
two wells, with the latter contributing to heightened variability [31]. There is also the
immunochromatographic assay Geenius HIV 1/2 Supplemental Assay that measures the
intensity of bands specific for antibodies to HIV-1 and HIV-2 antigens and for total IgGs to
a control protein. A Geenius Index (GI) has been developed that is defined as the sum of
the intensities of gp41, gp160, and p31 bands divided by the intensity of the control band,
with a value below 1.5 interpreted as indicating recent HIV infection [94].

Limiting Antigen (LAg) avidity assay (LAg-EIA) is the primary representative of
the avidity-based approach to distinguishing recent and long-standing HIV infections.
Although a two-well system had also been developed, the currently available commercial
assay is a single-well approach with equally good, if not better, performance [64]. The
well of LAg-EIA is coated with a limiting amount of antigen that is expected to permit
the binding of only highly avid antibodies, while a low-PH buffer is also used to further
dissociate weaker, low-avidity antibodies. LAg-EIA employs a chimeric recombinant gp41
that covers multiple subtypes and CRFs of HIV-1 group M [31,64,65]. A LAg-EIA ODn of
less than 1.5 represents recent HIV infection [66,79]. Despite its strengths and dominance in
the field, LAg-EIA was less than optimal when used alone in assessing and distinguishing
recent and long-term infections, and in incidence estimations [79,82,95].

Point-of-care (POC) testing offers an easy-to-perform and less expensive diagnostic
capacity at the community level and, in general, in settings where centralized reference
laboratory facilities are usually absent. Rapid tests for recent infection could be useful for
surveillance and intervention purposes with real-time identification of HIV transmission
events and the associated risk factors, and fast implementation and evaluation of targeted
prevention programs including contact tracing [96]. A rapid test to simultaneously confirm
HIV diagnosis and identify recent infection that is based on the method of limiting antigen
has already been developed [31,97]. It is a strip-test that includes an additional line with the
antigen at a limiting concentration to differentiate recent from long-standing HIV infection.
The test uses the same peptide of the LAg-EIA but in a rapid test format and has both visual
and reader-based interpretation [97,98]. According to the visual reading, the presence of
all three lines (control line (CL), positive verification line (PVL), and long-term line (LTL))
indicate long-term HIV infection; the presence of the two lines CL and PVL indicate recent
HIV infection; and the presence of only CL supports the absence of HIV infection. The strip
reader measures the intensity of the three lines (in intensity units-IU). A recent analysis
of specimens representing multiple subtypes and diverse geographic origins showed that
the sensitivity and specificity of that rapid recency test for HIV diagnosis were higher than
99% and 98.5%, respectively, an overall agreement with LAg-EIA higher than 91%, and a
high-level concordance between visual and strip reader-based results [31,98].

In general, the performance of serological assays for detecting recent HIV infection in
the post-seroconversion period depends on the HIV infection stage, receipt of antiretrovirals
as treatment or prevention, variability associated with HIV subtypes, and individual
variability in immune response [33,55,79]. In particular, the wrong classification of long-
term infections as recent increases in HIV-infected people with low CD4 T-cell counts or in
HIV-infected people on antiretrovirals, including those who started ART soon after their
infection [79,88,89,93,99–101]. Increased rates of misclassification have also been observed
in elite controllers who naturally suppress HIV viral load [79,102]. The misclassification of
longstanding infections as recent seems also to be increased in people with subtype D HIV
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infection, which could be attributed to the weaker antibody response at the beginning of
infection with subtype D that remains over its course [103–106].

4. Use of Recency Assays in HIV Incidence Estimations

Assays developed to detect a marker of recent HIV infection have been used to estimate
HIV incidence [31,55]. This practice is being increasingly promoted within conventional
surveillance systems [54,107]. Traditionally, in epidemiology, cohort studies comprise the
primary research design to estimate incidence [108,109]. A group of HIV-free individuals is
followed over time and tested periodically to detect seroconversions. Incidence is easily
calculated by dividing the number of new infections by the total person-time of observation.
Adjustments could be made regarding the hypothetical time of infection often assumed to
have occurred in the middle between two successive HIV tests (negative result followed by
a positive result). However, prospective cohort studies are demanding in terms of logistics,
and they are also expensive and time consuming [31,54]. Alternatively, HIV incidence can
be calculated indirectly if age-specific and/or repeated cross-sectional estimates of HIV
prevalence are known [110–114]. This approach, however, still requires substantial and
sometimes longitudinal epidemiological information across multiple age groups and may
give poor proxies of recent incidence [105]. Prevalence, mortality, ART data, AIDS and/or
HIV cases, and CD4 T-cell counts could also feed mathematical models in order to produce
incidence estimates [54,114–117]. Estimates of mathematical modelling, however, could be
potentially biased if incorrect model assumptions are made or unreliable input data are
used, while the methodology is too complex for the average public health practitioner to
comprehend. Moreover, the retrospective modelling estimations of incidence are perhaps
not available on time, and this delay is not helpful when immediate interventions along
with their evaluations are needed.

In this context, laboratory assays based on antibody detection in cross-sectional speci-
mens remain attractive, offering an alternative, less expensive, and conceptually simple
method of estimating incidence [118]. Of course, testing for viral markers could also
be of use for incidence estimates using cross-sectional designs [119]. However, the pre-
seroconversion period is short, introducing significant variability in the estimation of the
mean period of acute infection and thus impacting the precision of the incidence esti-
mates. Furthermore, even areas with very high HIV prevalence would require HIV RNA or
p24-based testing of a vast amount of specimens to achieve the appropriate confidence in
the incidence estimates [31,91]. This creates logistical and practical issues, while the cost
increases considerably.

The calculation of incidence from cross-sectional designs using assays to detect recent
HIV infection considers two important parameters that are closely related to the sensitivity
and specificity of a classification procedure: The mean duration of recent infection (MDRI)
and the False Recent Ratio (FRR). MDRI is the average time a person stays in a recent state
within time T after he/she got infected (2 years is recommended for T) [106,120]. Ideally,
for statistical robustness, the MDRI should be at least six months in duration with low
context-related variability. It seems, however, that it does vary across different contexts with
divergent subtypes [66,121]. The calculation of MDRI needs repeated measurements of re-
cency biomarkers in panels of HIV seroconverters and specific statistical methods including
linear and non-linear mixed models and techniques of survival analysis [105,120,122,123].
FRR is the proportion of people who are not recent in reality but the result of a relevant
assay indicated recent HIV infection (i.e., similar to 1 minus specificity in individual diag-
nostics) [120]. Ideally, it should be calculated in a representative sample of people whose
duration of HIV infection is longer than T, the selected time boundary of recency.

Incidence can be calculated using the following simple estimator (snapshot):
I = R / (µ × N), where R is the number of HIV-positive and recently infected people (based
on a recency test), N represents HIV-negative people, and µ is the average duration of
infection among recently infected people [124,125]. It is suggested that the snapshot es-
timator is unbiased when the incidence does not change over the period of time that
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precedes a cross-sectionally collected sample. Moreover, it assumes that the duration-
specific test-recent probability function goes to zero, indicating zero test-recent probability
for a subject infected long enough [125]. On most occasions, however, FRR is not 0, showing
variability across demographic and epidemiological contexts [23]. Therefore, relying on a
cross-sectional sample of people who were tested for HIV and subsequently for recent infec-
tion, if found HIV-positive, the average incidence (I) over a pre-specified time T following
the infection with HIV can be calculated using a generally adjusted estimator, as follows:
I = (R – ε × P)/[(ΩT – ε × T) × N] where R is the number of HIV infections classified as
recent, ε is the probability that the recency test classifies as recently HIV infected a person
with a duration of HIV infection longer than T (i.e., FRR), ΩT is the MDRI, and P and N are
the numbers of HIV-positive and HIV-negative participants in the sample [105,122,126]. For
the adjusted estimator, the assumption is that the duration-specific test-recent probability
function is constant in the tail, which allows for a non-zero test-recent probability of a
long-term infected subject. In other words, the false-recent test probability is not associ-
ated with the duration of the infection. The assumptions and statistical properties of the
two above-mentioned estimators have recently been described in detail [125]; when the
assumptions on the constant incidence and recency test characteristics do not hold, the
adjusted estimator is more robust than the snapshot estimator.

Stand-alone assays fail to achieve simultaneously sufficient MDRI (>6 months) and
low FRR in all contexts (ideally 0 but certainly less than 2%) [106]. Therefore, combina-
tions of serological and non-serological assays and other information have been used to
improve the performance of incidence estimations (Recent Infection Test Algorithm—RITA)
(Figure 2) [127,128].

1 

 

 
Figure 2. Example of the flow of a recent infection test algorithm.
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Testing algorithms often include information on viral load in particular but also
on ART and have given quite reliable results in many settings [83,91,92,95,106,129–131]
(Table 2). Of interest, in a very large household-based study of more than 18,000 individuals
in a high-prevalence setting (Swaziland), a RITA based on Lag (≤1.5 ODn) and viral load
(≥1000 copies/mL), along with NAT testing of HIV-negative people for acute infection,
produced very similar estimates of incidence (2.6%) compared to that based on the follow-
up observation and testing of the same individuals (2.4%) [108,132]. More recent work
has studied multiple-assay algorithms (MAAs), with various combinations of a greater
number of assays, for population-level cross-sectional estimations of HIV incidence. For
instance, an MMA that involved LAg-Avidity < 2.8 ODn, BioRad-Avidity < 95%, and viral
load > 400 copies/mL performed well, providing a precise and accurate estimate of HIV
incidence in a setting where HIV subtype C was prevalent [128]. The statistical analysis of
that work included the estimation of the proportion of samples classified as MMA-positive
as a function of time after seroconversion (ϕ(t)). This function ϕ(t) was used to estimate the
mean window period (the average time someone was classified as MAA-positive) and the
shadow, which tells us how far back in time incidence is measured. Although the MDRI
and mean window period are both estimated as areas under the probability curve, they
may differ since the MDRI curve is usually truncated at 2 years after seroconversion [128].
Recent research has also presented a new incidence estimator for RITA in the context
of cross-sectional surveys that depends only on reference FRR and MDRI, i.e., external
parameters calculated in a population of undiagnosed, non-elite controllers, and without
receiving treatment or having developed AIDS [133].

Table 2. Examples of testing algorithms for recent HIV infection (criteria for recency) that have been
used in various settings.

RITA Recency
Test 1

Recency
Test 2

Viral Load
(Copies/mL) ART

Another
Marker/Condition
(Cells/mm for CD4

T-Cell Count)

Reference

A LAg Avidity-EIA
(<1.5 ODn) NA >1000 NA NA [56,66,95]

B LAg Avidity-EIA
(<1.5 ODn) NA >1000 NA NAT for HIV

seronegative people [132]

C LAg Avidity-EIA
(<1.5 ODn) NA >1000 No ART NA [107,131]

D LAg Avidity-EIA
(<1.5 ODn) NA >1000 No ART CD4 T-cell > 200 and no

AIDS [129]

E Avidity test
(<80%)

BED-EIA
(<1 ODn) >400 NA CD4 T-cell > 200 [130]

F LAg Avidity-EIA
(<2.8 ODn)

BioRad-avidity
(<95%) >400 NA NA [127,128]

Abbreviations: AIDS: Acquired Immune Deficiency Syndrome; ART: Antiretroviral treatment (based on drug
testing, clinical records or self-report); BED-EIA: An assay whose name originates from the trimeric branched
peptide that it uses—from the immunodominant region of the gp41 of HIV-1 subtype B, a Circulated Recom-
binant Form (CRF_01 AE), and subtype D; EIA: Enzyme Immunoassay; LAg Avidity-EIA: Limiting Antigen
Avidity assay; NA: Not applicable; NAT: Nucleic Acid Amplification Test; RITA: Recent Infection Test Algorithm;
ODn: Normalized Optical Density.

5. Interventions Based on Assays to Detect Recent HIV Infection

Beyond applications for the cross-sectional estimation of HIV incidence, the knowledge
of recent acquisition of HIV helps detect and understand hot spots of viral transmission
and implement prevention programs. The number of this type of analysis and intervention
has been increasing. For example, targeting a cohort of MSM in Thailand who had recently
acquired HIV and getting them linked to care resulted in huge reductions in their viral
load and, consequently, decreases in the estimated number of transmissions in the first
year of their infection from 27.3 without intervention to 5.9 [134]. Another group in China
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used various testing algorithms based on biomarkers of early infection and found that
recent HIV transmission was significantly associated with MSM and a young group of 15 to
24 years old [56]. In an Indian setting, researchers implemented a LAg-EIA-based RITA
and found a high prevalence of recent HIV infection among female sex workers, MSM,
and PWID [135]. Researchers in Kenya tested more than 1000 HIV-positive specimens for
recent infection and found that living in certain areas including the capital city of Nairobi,
being currently married or widowed, having more than two sexual partners in the last
year, having condomless sex, coinfection with another sexually transmitted pathogen, and
being younger than 30 years old with a lack of male circumcision were associated with
recent infection [136]. The Transmission Reduction Intervention Project was a remarkable,
multi-site effort (Athens, Greece; Odessa, Ukraine; Chicago, United States) to prevent HIV
transmission by focusing on recently HIV-infected people [137–140]. The project staff used
LAg-EIA and other clinical and laboratory information to identify recent HIV infections
among PWID and contacted network-based contact tracing [129,141]. This network-based
intervention focusing on recent HIV infection was successful in identifying more people
who had acquired HIV recently, linking them to care, and reducing their viral load to
almost undetectable levels [142]. Without any evidence of serious stigmatizing phenomena
or other adverse events, the yield of new recent and undiagnosed HIV infections was
higher in the networks of recently HIV-infected participants who were used as seeds
in the intervention than in the networks of a control group consisting of participants
with long-term HIV infection who also served as seeds for the network-based contact
tracing [141,143]. The efforts to identify and intervene timely with recently HIV-infected
people would perhaps further be facilitated if recency assays were to assure appropriate
assessments at the individual level, thus allowing the provision of diagnostic information
to a single person. In this respect, many research groups try to improve the properties of
MAAs. For instance, a recent study used, in different combinations, two avidity assays
(LAg-EIA and BioRad avidity), a LAg version for rapid recency testing, a multi-drug assay
to identify uptake of ART among seroconvertors, and viral load in an attempt to identify
an MAA for optimal individual-level assessment [127]. All MAAs in that study showed
low FRRs (0.2–1.3%) but the True Recent Ratio (TRR or sensitivity in individual-level
diagnostics) was less than 50%.

6. Conclusions

It has been now more than 25 years since the first publications related to HIV incidence
estimation using an assay that was based on the early period of HIV infection [58,144].
Since then, several innovative recency assays have been developed, which have, however,
exhibited suboptimal performance when used alone. Other diverse approaches are also
being investigated, including circulating cellular microRNAs in plasma as biomarkers of
HIV infection, the detection of recent HIV infection based on naturally inspired synthetic
oligomers, antibody reactivity to a panel of different HIV peptides that can better predict
the duration of HIV infection, studying the genetic diversity of HIV during the early period
of infection, which is expected to be less than that in later stages, POC rapid testing of
HIV-1 RNA or DNA using new technologies, the use of gold nanocluster immunoassays,
etc. [31,34,67–70,145–150]. The World Health Organization (WHO) long ago set up a techni-
cal group on HIV incidence assays. The Consortium for the Evaluation and Performance of
HIV Incidence Assays (CEPHIA) was also established, which, among others, regularly vali-
dates and evaluates the characteristics of existing assays [23,24,147]. Therefore, profound
knowledge and experience have been accumulated. The above-mentioned scientific groups
should continue their work and receive the appropriate support and funding. In terms of
incidence calculations, estimators are available, which need to consider MDRI and FRR
specific to the epidemic context, and a couple of MMAs seem to work satisfactorily in a
variety of settings. There is also a strong move towards incorporating the monitoring of
recent HIV infections in routine surveillance and using recency assays for the identification
of transmission hotspots and for prevention interventions. The great challenge, however,
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remains the development of an MAA with optimal characteristics for the diagnosis of recent
HIV infection on an individual patient basis. This challenge is gaining momentum as it will
allow physicians and public health practitioners to formally inform recently HIV-infected
people of their status and consequently enhance partner notification and counseling in
order to help these people make behavior changes and break networks of HIV transmission.

Author Contributions: Conceptualization, G.K.N.; writing—original draft preparation, G.K.N.;
writing—review and editing, G.K.N. and A.G.T. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Joint United Nations Programme on HIV/AIDS. UNAIDS Data 2021; Joint United Nations Programme on HIV/AIDS: Geneva,

Switzerland, 2021.
2. Nikolopoulos, G.; Bonovas, S.; Tsantes, A.; Sitaras, N.M. HIV/AIDS: Recent Advances in Antiretroviral Agents. Mini-Rev. Med.

Chem. 2009, 9, 900–910. [CrossRef] [PubMed]
3. Bhatta, D.N.; Adhikari, R.; Karki, S.; Koirala, A.K.; Wasti, S.P. Life Expectancy and Disparities in Survival among HIV-Infected

People Receiving Antiretroviral Therapy: An Observational Cohort Study in Kathmandu, Nepal. BMJ Glob. Health 2019, 4, e001319.
[CrossRef] [PubMed]

4. Smiley, C.L.; Rebeiro, P.F.; Cesar, C.; Belaunzaran-Zamudio, P.F.; Crabtree-Ramirez, B.; Padgett, D.; Gotuzzo, E.; Cortes, C.P.;
Pape, J.; Veloso, V.G.; et al. Estimated Life Expectancy Gains with Antiretroviral Therapy among Adults with HIV in Latin
America and the Caribbean: A Multisite Retrospective Cohort Study. Lancet HIV 2021, 8, e266–e273. [CrossRef]

5. Trickey, A.; May, M.T.; Vehreschild, J.-J.; Obel, N.; Gill, M.J.; Crane, H.M.; Boesecke, C.; Patterson, S.; Grabar, S.; Cazanave, C.; et al.
Survival of HIV-Positive Patients Starting Antiretroviral Therapy between 1996 and 2013: A Collaborative Analysis of Cohort
Studies. Lancet HIV 2017, 4, e349–e356. [CrossRef]

6. Giannou, F.K.; Tsiara, C.G.; Nikolopoulos, G.K.; Talias, M.; Benetou, V.; Kantzanou, M.; Bonovas, S.; Hatzakis, A. Condom Effec-
tiveness in Reducing Heterosexual HIV Transmission: A Systematic Review and Meta-Analysis of Studies on HIV Serodiscordant
Couples. Expert Rev. Pharm. Outcomes Res. 2016, 16, 489–499. [CrossRef]

7. Nikolopoulos, G.; Tsiodras, S.; Bonovas, S.; Hatzakis, A. Antiretrovirals for HIV Exposure Prophylaxis. Curr. Med. Chem. 2012, 19,
5924–5939. [CrossRef]

8. Nikolopoulos, G.K.; Christaki, E.; Paraskevis, D.; Bonovas, S. Pre-Exposure Prophylaxis for HIV: Evidence and Perspectives. Curr.
Pharm. Des. 2017, 23, 2579–2591. [CrossRef]

9. Molina, J.M.; Charreau, I.; Spire, B.; Cotte, L.; Chas, J.; Capitant, C.; Tremblay, C.; Rojas-Castro, D.; Cua, E.; Pasquet, A.; et al.
Efficacy, Safety, and Effect on Sexual Behaviour of on-Demand Pre-Exposure Prophylaxis for HIV in Men Who Have Sex with
Men: An Observational Cohort Study. Lancet HIV 2017, 4, e402–e410. [CrossRef]

10. Antoni, G.; Tremblay, C.; Delaugerre, C.; Charreau, I.; Cua, E.; Rojas Castro, D.; Raffi, F.; Chas, J.; Huleux, T.; Spire, B.; et al.
On-Demand Pre-Exposure Prophylaxis with Tenofovir Disoproxil Fumarate plus Emtricitabine among Men Who Have Sex with
Men with Less Frequent Sexual Intercourse: A Post-Hoc Analysis of the ANRS IPERGAY Trial. Lancet HIV 2020, 7, e113–e120.
[CrossRef]

11. Cohen, M.S.; Chen, Y.Q.; McCauley, M.; Gamble, T.; Hosseinipour, M.C.; Kumarasamy, N.; Hakim, J.G.; Kumwenda, J.;
Grinsztejn, B.; Pilotto, J.H.S.; et al. Prevention of HIV-1 Infection with Early Antiretroviral Therapy. N. Engl. J. Med. 2011, 365,
493–505. [CrossRef]

12. Eisinger, R.W.; Dieffenbach, C.W.; Fauci, A.S. HIV Viral Load and Transmissibility of HIV Infection: Undetectable Equals
Untransmittable. JAMA 2019, 321, 451–452. [CrossRef]

13. Rodger, A.J.; Cambiano, V.; Bruun, T.; Vernazza, P.; Collins, S.; van Lunzen, J.; Corbelli, G.M.; Estrada, V.; Geretti, A.M.;
Beloukas, A.; et al. Sexual Activity without Condoms and Risk of HIV Transmission in Serodifferent Couples When the HIV-
Positive Partner Is Using Suppressive Antiretroviral Therapy. JAMA 2016, 316, 171–181. [CrossRef]

14. Rodger, A.J.; Cambiano, V.; Phillips, A.N.; Bruun, T.; Raben, D.; Lundgren, J.; Vernazza, P.; Collins, S.; Degen, O.;
Corbelli, G.M.; et al. Risk of HIV Transmission through Condomless Sex in Serodifferent Gay Couples with the HIV-Positive
Partner Taking Suppressive Antiretroviral Therapy (PARTNER): Final Results of a Multicentre, Prospective, Observational Study.
Lancet 2019, 393, 2428–2438. [CrossRef]

http://doi.org/10.2174/138955709788681609
http://www.ncbi.nlm.nih.gov/pubmed/19601885
http://doi.org/10.1136/bmjgh-2018-001319
http://www.ncbi.nlm.nih.gov/pubmed/31179033
http://doi.org/10.1016/S2352-3018(20)30358-1
http://doi.org/10.1016/S2352-3018(17)30066-8
http://doi.org/10.1586/14737167.2016.1102635
http://doi.org/10.2174/0929867311209065924
http://doi.org/10.2174/1381612823666170329145053
http://doi.org/10.1016/S2352-3018(17)30089-9
http://doi.org/10.1016/S2352-3018(19)30341-8
http://doi.org/10.1056/NEJMoa1105243
http://doi.org/10.1001/jama.2018.21167
http://doi.org/10.1001/jama.2016.5148
http://doi.org/10.1016/S0140-6736(19)30418-0


Diagnostics 2022, 12, 2657 12 of 17

15. Bavinton, B.R.; Pinto, A.N.; Phanuphak, N.; Grinsztejn, B.; Prestage, G.P.; Zablotska-Manos, I.B.; Jin, F.; Fairley, C.K.; Moore, R.D.;
Roth, N.; et al. Viral Suppression and HIV Transmission in Serodiscordant Male Couples: An International, Prospective,
Observational, Cohort Study. Lancet HIV 2018, 5, e438–e447. [CrossRef]

16. Nikolopoulos, G.K.; Sypsa, V.; Bonovas, S.; Paraskevis, D.; Malliori-Minerva, M.; Hatzakis, A.; Friedman, S.R. Big Events in
Greece and HIV Infection among People Who Inject Drugs. Subst. Use Misuse 2015, 50, 825–838. [CrossRef]

17. Friedman, S.R.; Mateu-Gelabert, P.; Nikolopoulos, G.K.; Cerdá, M.; Rossi, D.; Jordan, A.E.; Townsend, T.; Khan, M.R.; Perlman, D.C.
Big Events Theory and Measures May Help Explain Emerging Long-Term Effects of Current Crises. Glob. Public Health 2021, 16,
1167–1186. [CrossRef]

18. Friedman, S.R.; Jordan, A.E.; Perlman, D.C.; Nikolopoulos, G.K.; Mateu-Gelabert, P. Emerging Zoonotic Infections, Social
Processes and Their Measurement and Enhanced Surveillance to Improve Zoonotic Epidemic Responses: A “Big Events”
Perspective. Int. J. Environ. Res. Public Health 2022, 19, 995. [CrossRef]

19. Kim, J.; Vasan, S.; Kim, J.H.; Ake, J.A. Current Approaches to HIV Vaccine Development: A Narrative Review. J. Int. AIDS Soc.
2021, 24, e25793. [CrossRef]

20. Cohen, J. A Campaign to End AIDS by 2030 Is Faltering Worldwide. Science 2018. [CrossRef]
21. Fauci, A.S.; Redfield, R.R.; Sigounas, G.; Weahkee, M.D.; Giroir, B.P. Ending the HIV Epidemic. JAMA 2019, 321, 844. [CrossRef]
22. Fisher, M.; Pao, D.; Brown, A.E.; Sudarshi, D.; Gill, O.N.; Cane, P.; Buckton, A.J.; Parry, J.V.; Johnson, A.M.; Sabin, C.; et al.

Determinants of HIV-1 Transmission in Men Who Have Sex with Men: A Combined Clinical, Epidemiological and Phylogenetic
Approach. AIDS 2010, 24, 1739–1747. [CrossRef] [PubMed]

23. Murphy, G.; Pilcher, C.D.; Keating, S.M.; Kassanjee, R.; Facente, S.N.; Welte, A.; Grebe, E.; Marson, K.; Busch, M.P.; Dailey, P.; et al.
Moving towards a Reliable HIV Incidence Test-Current Status, Resources Available, Future Directions and Challenges Ahead.
Epidemiol. Infect. 2017, 145, 925–941. [CrossRef] [PubMed]

24. WHO/UNAIDS. When and How to Use Assays for Recent Infection to Estimate HIV Incidence at Population Level; WHO/UNAIDS:
Geneva, Switzerland, 2011.

25. Miller, W.C.; Rosenberg, N.E.; Rutstein, S.E.; Powers, K.A. Role of Acute and Early HIV Infection in the Sexual Transmission of
HIV. Curr. Opin. HIV AIDS 2010, 5, 277–282. [CrossRef] [PubMed]

26. Fiebig, E.W.; Wright, D.J.; Rawal, B.D.; Garrett, P.E.; Schumacher, R.T.; Peddada, L.; Heldebrant, C.; Smith, R.; Conrad, A.;
Kleinman, S.H.; et al. Dynamics of HIV Viremia and Antibody Seroconversion in Plasma Donors: Implications for Diagnosis and
Staging of Primary HIV Infection. AIDS 2003, 17, 1871–1879. [CrossRef] [PubMed]

27. Tomaras, G.D.; Haynes, B.F. HIV-1-Specific Antibody Responses during Acute and Chronic HIV-1 Infection. Curr. Opin. HIV
AIDS 2009, 4, 373–379. [CrossRef]

28. US Centers for Disease Control and Prevention; Association of Public Health Laboratories. Laboratory Testing for the Diagnosis of
HIV Infection. Updated Recommendations; Centers for Disease Control and Prevention: Atlanta, GA, USA, 2014.

29. Cohen, M.S.; Shaw, G.M.; McMichael, A.J.; Haynes, B.F. Acute HIV-1 Infection. N. Engl. J. Med. 2011, 364, 1943–1954. [CrossRef]
30. Peters, P.J.; Westheimer, E.; Cohen, S.; Hightow-Weidman, L.B.; Moss, N.; Tsoi, B.; Hall, L.; Fann, C.; Daskalakis, D.C.;

Beagle, S.; et al. Screening Yield of HIV Antigen/Antibody Combination and Pooled HIV RNA Testing for Acute HIV Infection
in a High-Prevalence Population. JAMA J. Am. Med. Assoc. 2016, 315, 682–690. [CrossRef]

31. Parekh, B.S.; Ou, C.Y.; Fonjungo, P.N.; Kalou, M.B.; Rottinghaus, E.; Puren, A.; Alexander, H.; Cox, M.H.; Nkengasong, J.N.
Diagnosis of Human Immunodeficiency Virus Infection. Clin. Microbiol. Rev. 2019, 32, e00064-18. [CrossRef]

32. Gray, E.R.; Bain, R.; Varsaneux, O.; Peeling, R.W.; Stevens, M.M.; McKendry, R.A. P24 Revisited: A Landscape Review of Antigen
Detection for Early HIV Diagnosis. AIDS 2018, 32, 2089–2102. [CrossRef]

33. Murphy, G.; Parry, J. V Assays for the Detection of Recent Infections with Human Immunodeficiency Virus Type 1. Eurosurveillance
2008, 13, 18966. [CrossRef]

34. Eshleman, S.H.; Laeyendecker, O.; Kammers, K.; Chen, A.; Sivay, M.V.; Kottapalli, S.; Sie, B.M.; Yuan, T.; Monaco, D.R.;
Mohan, D.; et al. Comprehensive Profiling of HIV Antibody Evolution. Cell Rep. 2019, 27, 1422–1433. [CrossRef]

35. Wei, X.; Decker, J.M.; Wang, S.; Hui, H.; Kappes, J.C.; Wu, X.; Salazar-Gonzalez, J.F.; Salazar, M.G.; Kilby, J.M.; Saag, M.S.; et al.
Antibody Neutralization and Escape by HIV-1. Nature 2003, 422, 307–312. [CrossRef]

36. Tomaras, G.D.; Yates, N.L.; Liu, P.; Qin, L.; Fouda, G.G.; Chavez, L.L.; Decamp, A.C.; Parks, R.J.; Ashley, V.C.; Lucas, J.T.; et al.
Initial B-Cell Responses to Transmitted Human Immunodeficiency Virus Type 1: Virion-Binding Immunoglobulin M (IgM)
and IgG Antibodies Followed by Plasma Anti-Gp41 Antibodies with Ineffective Control of Initial Viremia. J. Virol. 2008, 82,
12449–12463. [CrossRef]

37. Colfax, G.N.; Buchbinder, S.P.; Cornelisse, P.G.A.; Vittinghoff, E.; Mayer, K.; Celum, C. Sexual Risk Behaviors and Implications for
Secondary HIV Transmission during and after HIV Seroconversion. AIDS 2002, 16, 1529–1535. [CrossRef]

38. Fox, J.; White, P.J.; Macdonald, N.; Weber, J.; McClure, M.; Fidler, S.; Ward, H. Reductions in HIV Transmission Risk Behaviour
Following Diagnosis of Primary HIV Infection: A Cohort of High-Risk Men Who Have Sex with Men. HIV Med. 2009, 10, 432–438.
[CrossRef]

39. Eaton, J.W.; Hallett, T.B.; Garnett, G.P. Concurrent Sexual Partnerships and Primary HIV Infection: A Critical Interaction. AIDS
Behav. 2011, 15, 687–692. [CrossRef]

http://doi.org/10.1016/S2352-3018(18)30132-2
http://doi.org/10.3109/10826084.2015.978659
http://doi.org/10.1080/17441692.2021.1903528
http://doi.org/10.3390/ijerph19020995
http://doi.org/10.1002/jia2.25793
http://doi.org/10.1126/science.aau9595
http://doi.org/10.1001/jama.2019.1343
http://doi.org/10.1097/QAD.0b013e32833ac9e6
http://www.ncbi.nlm.nih.gov/pubmed/20588173
http://doi.org/10.1017/S0950268816002910
http://www.ncbi.nlm.nih.gov/pubmed/28004622
http://doi.org/10.1097/COH.0b013e32833a0d3a
http://www.ncbi.nlm.nih.gov/pubmed/20543601
http://doi.org/10.1097/00002030-200309050-00005
http://www.ncbi.nlm.nih.gov/pubmed/12960819
http://doi.org/10.1097/COH.0b013e32832f00c0
http://doi.org/10.1056/NEJMra1011874
http://doi.org/10.1001/jama.2016.0286
http://doi.org/10.1128/CMR.00064-18
http://doi.org/10.1097/QAD.0000000000001982
http://doi.org/10.2807/ese.13.36.18966-en
http://doi.org/10.1016/j.celrep.2019.03.097
http://doi.org/10.1038/nature01470
http://doi.org/10.1128/JVI.01708-08
http://doi.org/10.1097/00002030-200207260-00010
http://doi.org/10.1111/j.1468-1293.2009.00708.x
http://doi.org/10.1007/s10461-010-9787-8


Diagnostics 2022, 12, 2657 13 of 17

40. Zhang, X.; Zhong, L.; Romero-Severson, E.; Alam, S.J.; Henry, C.J.; Volz, E.M.; Koopman, J.S. Episodic HIV Risk Behavior Can
Greatly Amplify HIV Prevalence and the Fraction of Transmissions from Acute HIV Infection. Stat. Commun. Infect. Dis. 2012,
4, 1041. [CrossRef]

41. Morrison, C.S.; Demers, K.; Kwok, C.; Bulime, S.; Rinaldi, A.; Munjoma, M.; Dunbar, M.; Chipato, T.; Byamugisha, J.;
Van Der Pol, B.; et al. Plasma and Cervical Viral Loads among Ugandan and Zimbabwean Women during Acute and Early
HIV-1 Infection. AIDS 2010, 24, 573–582. [CrossRef]

42. Pilcher, C.D.; Joaki, G.; Hoffman, I.F.; Martinson, F.E.A.; Mapanje, C.; Stewart, P.W.; Powers, K.A.; Galvin, S.; Chilongozi, D.;
Gama, S.; et al. Amplified Transmission of HIV-1: Comparison of HIV-1 Concentrations in Semen and Blood during Acute and
Chronic Infection. AIDS 2007, 21, 1723–1730. [CrossRef]

43. Quinn, T.C.; Wawer, M.J.; Sewankambo, N.; Serwadda, D.; Li, C.; Wabwire-Mangen, F.; Meehan, M.O.; Lutalo, T.; Gray, R.H. Viral
Load and Heterosexual Transmission of Human Immunodeficiency Virus Type 1. Rakai Project Study Group. N. Engl. J. Med.
2000, 342, 921–929. [CrossRef]

44. Hollingsworth, T.D.; Anderson, R.M.; Fraser, C. HIV-1 Transmission, by Stage of Infection. J. Infect. Dis. 2008, 198, 687–693.
[CrossRef] [PubMed]

45. Bellan, S.E.; Dushoff, J.; Galvani, A.P.; Meyers, L.A. Reassessment of HIV-1 Acute Phase Infectivity: Accounting for Heterogeneity
and Study Design with Simulated Cohorts. PLoS Med. 2015, 12, e1001801. [CrossRef] [PubMed]

46. Brenner, B.G.; Roger, M.; Routy, J.-P.; Moisi, D.; Ntemgwa, M.; Matte, C.; Baril, J.-G.; Thomas, R.; Rouleau, D.; Bruneau, J.; et al.
High Rates of Forward Transmission Events after Acute/Early HIV-1 Infection. J. Infect. Dis. 2007, 195, 951–959. [CrossRef]
[PubMed]

47. Marzel, A.; Shilaih, M.; Yang, W.-L.; Böni, J.; Yerly, S.; Klimkait, T.; Aubert, V.; Braun, D.L.; Calmy, A.; Furrer, H.; et al. HIV-1
Transmission During Recent Infection and During Treatment Interruptions as Major Drivers of New Infections in the Swiss HIV
Cohort Study. Clin. Infect. Dis. 2016, 62, 115–122. [CrossRef] [PubMed]

48. Xiridou, M.; Geskus, R.; de Wit, J.; Coutinho, R.; Kretzschmar, M. Primary HIV Infection as Source of HIV Transmission within
Steady and Casual Partnerships among Homosexual Men. AIDS 2004, 18, 1311–1320. [CrossRef]

49. Powers, K.A.; Ghani, A.C.; Miller, W.C.; Hoffman, I.F.; Pettifor, A.E.; Kamanga, G.; Martinson, F.E.; Cohen, M.S. The Role of Acute
and Early HIV Infection in the Spread of HIV and Implications for Transmission Prevention Strategies in Lilongwe, Malawi: A
Modelling Study. Lancet 2011, 378, 256–268. [CrossRef]

50. Eaton, J.W.; Hallett, T.B. Why the Proportion of Transmission during Early-Stage HIV Infection Does Not Predict the Long-Term
Impact of Treatment on HIV Incidence. Proc. Natl. Acad. Sci. USA 2014, 111, 16202–16207. [CrossRef]

51. Powers, K.A.; Kretzschmar, M.E.; Miller, W.C.; Cohen, M.S. Impact of Early-Stage HIV Transmission on Treatment as Prevention.
Proc. Natl. Acad. Sci. USA 2014, 111, 15867–15868. [CrossRef]

52. Escudero, D.J.; Lurie, M.N.; Mayer, K.H.; Weinreb, C.; King, M.; Galea, S.; Friedman, S.R.; Marshall, B.D.L. Acute HIV Infection
Transmission among People Who Inject Drugs in a Mature Epidemic Setting. AIDS 2016, 30, 2537–2544. [CrossRef]

53. UNAIDS/WHO. Guidelines on Surveillance among Populations Most at Risk for HIV; UNAIDS/WHO: Geneva, Switzerland, 2011.
54. Buthelezi, U.E.; Davidson, C.L.; Kharsany, A.B.M. Strengthening HIV Surveillance: Measurements to Track the Epidemic in Real

Time. African J. AIDS Res. 2016, 15, 89–98. [CrossRef]
55. Facente, S.N.; Grebe, E.; Maher, A.D.; Fox, D.; Scheer, S.; Mahy, M.; Dalal, S.; Lowrance, D.; Marsh, K. Use of HIV Recency Assays

for HIV Incidence Estimation and Other Surveillance Use Cases: Systematic Review. JMIR Public Health Surveill. 2022, 8, e34410.
[CrossRef]

56. Zhu, Q.; Wang, Y.; Liu, J.; Duan, X.; Chen, M.; Yang, J.; Yang, T.; Yang, S.; Guan, P.; Jiang, Y.; et al. Identifying Major Drivers of
Incident HIV Infection Using Recent Infection Testing Algorithms (RITAs) to Precisely Inform Targeted Prevention. Int. J. Infect.
Dis. 2020, 101, 131–137. [CrossRef]

57. Lorenzo-Redondo, R.; Ozer, E.A.; Achenbach, C.J.; D’Aquila, R.T.; Hultquist, J.F. Molecular Epidemiology in the HIV and
SARS-CoV-2 Pandemics. Curr. Opin. HIV AIDS 2021, 16, 11–24. [CrossRef]

58. Janssen, R.S.; Satten, G.A.; Stramer, S.L.; Rawal, B.D.; O’Brien, T.R.; Weiblen, B.J.; Hecht, F.M.; Jack, N.; Cleghorn, F.R.;
Kahn, J.O.; et al. New Testing Strategy to Detect Early HIV-1 Infection for Use in Incidence Estimates and for Clinical and
Prevention Purposes. J. Am. Med. Assoc. 1998, 280, 42–48. [CrossRef]

59. Parekh, B.S.; Hu, D.J.; Vanichseni, S.; Satten, G.A.; Candal, D.; Young, N.L.; Kitayaporn, D.; Srisuwanvilai, L.O.; Rakhtam, S.;
Janssen, R.; et al. Evaluation of a Sensitive/Less-Sensitive Testing Algorithm Using the 3A11-LS Assay for Detecting Recent HIV
Seroconversion among Individuals with HIV-1 Subtype B or E Infection in Thailand. AIDS Res. Hum. Retrovir. 2001, 17, 453–458.
[CrossRef]

60. Young, C.L.; Hu, D.J.; Byers, R.; Vanichseni, S.; Young, N.L.; Nelson, R.; Mock, P.A.; Choopanya, K.; Janssen, R.; Mastro, T.D.; et al.
Evaluation of a Sensitive/Less Sensitive Testing Algorithm Using the BioMérieux Vironostika-LS Assay for Detecting Recent
HIV-1 Subtype B’ or E Infection in Thailand. AIDS Res. Hum. Retrovir. 2003, 19, 481–486. [CrossRef]

61. Rawal, B.D.; Degula, A.; Lebedeva, L.; Janssen, R.S.; Hecht, F.M.; Sheppard, H.W.; Busch, M.P. Development of a New Less-
Sensitive Enzyme Immunoassay for Detection of Early HIV-1 Infection. J. Acquir. Immune Defic. Syndr. 2003, 33, 349–355.
[CrossRef]
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