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ABSTRACT Detection of acute HIV infection is critical for HIV public health and diag-
nostics. Clinical fourth-generation antigen (Ag)/antibody (Ab) combination (combo) and
p24 Ag immunoassays have enhanced detection of acute infection compared to Ab-
alone assays but require ongoing evaluation with currently circulating diverse subtypes.
Genetically and geographically diverse HIV clinical isolates were used to assess clinical
HIV diagnostic, blood screening, and next-generation assays. Three-hundred-member
panels of 20 serially diluted well-characterized antibody-negative HIV isolates for which
the researchers were blind to the results (blind panels) were distributed to manufactur-
ers and end-user labs to assess the relative analytic sensitivity of currently approved
and preapproved clinical HIV fourth-generation Ag/Ab combo or p24 Ag-alone im-
munoassays for the detection of diverse subtypes. The limits of detection (LODs) of
virus were estimated for different subtypes relative to confirmed viral loads. Analysis
of immunoassay sensitivity was benchmarked against confirmed viral load measure-
ments on the blind panel. On the basis of the proportion of positive results on 300
observations, all Ag/Ab combo and standard sensitivity p24 Ag assays performed
similarly and within half-log LODs, illustrating the similar breadth of reactivity and
diagnostic utility. Ultrasensitive p24 Ag assays achieved dramatically increased sensi-
tivities, while the rapid combo assays performed poorly. The similar performance of
the different commercially available fourth-generation assays on diverse subtypes
supports their use in broad geographic settings with locally circulating HIV clades
and recombinant strains. Next-generation preclinical ultrasensitive p24 Ag assays
achieved dramatically improved sensitivity, while rapid fourth-generation assays per-
formed poorly for p24 Ag detection.
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Detection of HIV in acute infection is critical for many aspects of HIV public health
and clinical diagnostics (1). Diagnosis and early treatment to limit viral replication

and establishment of latent reservoirs (2, 3) are vital. Additionally, the greatest risk of
secondary transmission occurs during acute infection, when the viral load (VL) is high
and HIV-specific binding and neutralizing antibodies (Abs) have not yet been formed
(4). Thus, treatment and transmission intervention are optimal during the preserocon-
version and early postseroconversion window periods, defined as the intervals between
infection and reactivity by routine molecular and serological screening assays (5–8).

Fourth-generation p24 antigen (Ag)/Ab combination (combo) immunoassays de-
tecting HIV p24 Ag, including several assays that discriminate p24 Ag and Ab reactivity,
have narrowed the diagnostic window period from 3 to 4 weeks with Ab-only third-
generation assays to within 2 weeks from the time of infection (2, 5, 9–11). This
significantly enhances the detection of acute infection and reduces the transmission
risk when the VL is the highest and the recently acquired and disseminating transmit-
ted founder variants are most infectious (2, 4, 12). This is highlighted by recent updates
to the Centers for Disease Control and Prevention (CDC) HIV testing guidelines, which
recommend testing for established and acute infection with FDA-approved antigen/
antibody combination immunoassays (13).

The rapid molecular evolution of HIV and the changing global subtype diversity
challenge the accuracy and reliability of detection methods (12, 14), posing serious
challenges for blood donor screening, surveillance, clinical diagnosis, and management
domestically and internationally (14, 15), as these assays generally target specific genes
or proteins, necessitating evaluation of different platforms across subtypes.

Thus, it is important to understand their comparative sensitivities and their ability to
detect acute infection by performing ongoing evaluations of approved commercially
available and preapproved assays (5, 16). The HIV seroconversion panels used in the
development and performance evaluation of most current fourth-generation Ag/Ab
combo assays were created over a decade ago, mainly consisted of subtype B samples,
and are now outdated and thus not reflective of the currently circulating variants and
the increasing proportions of non-B subtype or circulating and unique recombinant
viruses (17). As these subtype-specific differences can affect assay performance, ongo-
ing validation using clinically relevant contemporary viruses is essential (18).

To address this, well-characterized genetically diverse HIV clinical isolates assembled
by the External Quality Assurance Program Oversight Laboratory (EQAPOL) were used
to develop limit-of-detection (LOD) panels for assessment of the analytic sensitivities
across platforms using p24 Ag-capture components, i.e., HIV fourth-generation diag-
nostic assays, stand-alone p24 Ag enzyme immunoassays (EIAs), novel p24 Ag digital
detection technologies, and rapid point-of-care (POC) p24 Ag and Ab assays, relative to
the analytic sensitivities of VL assays. Twenty isolates were selected from the EQAPOL
Genotype Diversity Panel (19) to represent globally relevant subtypes and circulating
recombinant forms (CRFs) and further characterized to confirm VL and p24 concentra-
tions to ensure that the Ag/RNA ratios were consistent with the expected values (see
Table S1 in the supplemental material). Both manufacturers and clinical and research
labs participated in the comparison study (Table 1). The goals of the LOD study
included (i) determination of the analytic sensitivities of currently approved and novel
fourth-generation, laboratory, and rapid POC p24 Ag/Ab assays on divergent isolates,
(ii) evaluation of the LOD and quantitation of novel ultrasensitive p24 detection assays,
and (iii) demonstration of lab proficiency in detecting diverse isolates.

MATERIALS AND METHODS
Sample selection and panel construction. The two-stage panel distribution included (i) an initial

LOD performance panel of 300 samples, including five-step 10-fold serial dilutions in triplicate of 20
well-characterized viral isolates, and (ii) a 20-sample panel to assess assay specificity that was distributed
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to labs reporting positive results for the LOD panel. This panel included 10 negative controls and serial
dilutions of selected clade B and clade C isolates from the LOD panel. Samples were selected as being
representative from geographically diverse origins as a subset of the EQAPOL Genetic Diversity Panel and
characterized by nearly full-length genome sequencing for subtype and recombination pattern by
single-genome amplification (SGA) at the EQAPOL core laboratory and phylogenetic analysis, as previ-
ously described (see Fig. S1 in the supplemental material) (19). This genetic characterization confirmed
that gag region sequences were consistent with the genotype assignment (see the GenBank accession
number assignments in reference 19). Isolates with a ratio of VL/p24 within the expected range of 20 �
103 to 60 � 103 copies/pg were selected to ensure that the p24 Ag reactivity was attributable to
virion-associated p24 Ag (Table S1) (19, 20). Additional spiking experiments were conducted to establish
that lysed cell debris from infected culture cells would have made an insignificant contribution to
supernatant VL and p24 levels (see Fig. S2 and the Fig. S2 legend).

High-titer viral culture supernatants were generated from preseroconversion (RNA-positive/Ab-
negative) or recently acquired Ab-positive infected subject plasma samples that had been collected with
ethical review and with approval of the collection protocol and informed consent as previously
established for the donor organization’s collection activities (20). Supernatants were serially diluted to
concentrations of �106 to 102 copies/ml (cp/ml) in defibrinated human serum (Gemini Biosciences),
frozen into 1-ml aliquots at �80°C, and assembled into panels for which the researchers were blind to
the results (referred to here as blind panels). Prior to making the final serial dilutions of samples to be
included in the panel, the supernatant concentrations of the 20 selected isolates were quantified by the
Cobas AmpliPrep/Cobas TaqMan HIV-1 test (v2.0) at an intermediate dilution 1 log above the highest
concentration to be included in the panel. To confirm the viral load concentrations of the final dilutions,
the full blind panel was retested (by the Abbott RealTime HIV-1 viral load assay and Hologic Aptima HIV-1
Quant Dx VL assay).

Assays performed. To assess the performance of the viral load Ag/Ab combo and Ag-alone assays,
identical panels were tested by 10 platforms at 11 sites. Viral load assays included the Hologic Aptima
HIV-1 Quant Dx VL (21) and Abbott RealTime HIV-1 VL assays (22). HIV Ag/Ab combo fourth-generation
assays included the Abbott Architect HIV Ag/Ab combo EIA (23), Ortho Clinical Diagnostics Vitros HIV
combo assay, Bio-Rad GS HIV combo Ag/Ab EIA (catalog no. 26218), and Bio-Rad BioPlex 2200 HIV Ag-Ab
combo assay. We also evaluated the Bio-Rad Genscreen HIV-1 p24 Ag assay (catalog no. 71120).
Ultrasensitive preclinical p24 assays included the MesoScale Discovery (MSD) p24 Ag (24) and Quanterix
Simoa p24 Ag (25) assays. Rapid POC immunochromatographic assays included the Alere Determine
HIV-1/2 Ag/Ab combo and SD Bioline HIV Ag/Ab combo assays. Three assay platforms (the Bio-Rad GS
HIV combo Ag/Ab EIA, Abbott Architect HIV Ag/Ab combo EIA, and Bio-Rad Genscreen HIV-1 p24 Ag
platforms) were tested by both the manufacturer and an end user clinical lab. The participating sites and
assays performed are summarized in Table 1. The assays were performed according to the manufacturers’
package insert specifications and summarized assay methods, and the basis for cutoff determinations is
included in the supplemental material.

Viral load comparison and Bland-Altman plot. Methods for graphically comparing VL assays (the
Hologic and Abbott assays) included a scatterplot comparing the results of the two assays and a
Bland-Altman plot where the Hologic Aptima assay was designated the reference assay (26).

Logistic modeling process. A logistic model was created with detection above the cutoff set by the
manufacturer using the outcome (0 � no detection, 1 � detection) for each sample. The independent
variables considered were sample VL (log10 scale), assay type, virus subtype, and the interaction of assay
and virus subtype. A forwards and backwards modeling process was used with a criterion of a Wald’s
chi-square P value of �0.01 for parameter inclusion. A main effects logistic model with parameters for
the log10 VL, assay, and virus subtype was fit. In the second model, the interaction of assay and virus
subtype was included. Given the significance of all the terms (P � 0.001) in the main effects model and
the lack of significance of the interaction term, the modeling process was completed. Graphics showing
the probability of virus detection for the different assays and subtypes relative to the log10 viral load
based upon the main effects model were generated. In the first analysis, the functions of the different
assays using subtype C as the reference are shown. In the second analysis, the functions of the different
subtypes using the Bio-Rad GS HIV combo Ag/Ab EIA as the reference are shown.

TABLE 1 Participant sites and assays

Site Assay(s) run

Abbott Architect HIV Ag/Ab combo EIA
Ortho Clinical Diagnostics Vitros HIV combo assay
Bio-Rad Bio-Rad GS HIV combo Ag/Ab EIA, Bio-Rad Genscreen HIV-1 p24 Ag assay
Walter Reed Army Institute of Research Bio-Rad GS HIV combo Ag/Ab EIA, Bio-Rad Genscreen HIV-1 p24 Ag assay, Alere

Determine HIV-1/2 Ag/Ab combo, SD Bioline HIV Ag/Ab combo assay (RU0)
University of Washington Architect HIV Ag/Ab combo EIA, Abbott RealTime HIV viral load assay
Public Health England Bio-Rad BioPlex 2200 HIV Ag-Ab combo assay
EQAPOL IVQACa PerkinElmer p24 Ag assay
MSD Ultrasensitive p24 Ag assay
Quanterix Ultrasensitive Simoa p24 Ag assay
FDA Alere Determine HIV-1/2 Ag/Ab combo assay
Hologic Aptima HIV-1 Quant Dx VL assay
aIVQAC, The Immunology Virology Quality Assessment Center.
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Demonstrated viral load at the manufacturer’s cutoff. The logistic regression model used to
estimate the VL for each assay at the manufacturer’s positivity threshold value used maximum likelihood
and included a separate cubic trajectory of the signal-to-cutoff (S/CO) ratio value for each lab/assay
combination. Since the S/CO values were log transformed and, thus, the threshold value was zero, this
permitted simply using the intercept parameter and the confidence intervals for each laboratory/assay
combination as the estimator for the VL at the assay threshold.

RESULTS
Confirmation and comparison of viral load assays with the LOD panel. To

confirm the concentrations of serially diluted samples and compare the performance of
quantitative FDA-approved VL assays, the full blind panel was tested by the Abbott
RealTime HIV VL assay and the Hologic Aptima HIV-1 Quant Dx VL assay. The Aptima
and Abbott VL data correlated well, with a Pearson’s r of 0.98 (Fig. 1). There appeared
to be a mean shift which varied by subtype, with the Aptima assay giving 0.36 log10

higher values, on average (Fig. 1, left), with an apparent downward trend toward
greater differences at higher concentrations (Fig. 1, right); however, the results were
within the expected assay variability.

Proportion of positive results of p24 and HIV Ag/Ab combo assays with the
LOD panel. The proportion of positive results for each lab was based on the percent-
age of 300 samples in the initial performance panel reported positive by each assay
(Table 2). Qualitatively, the assay results clustered into three tiers: (i) the next-
generation preclinical ultrasensitive p24 assays from MSD and Quanterix performed
with the highest sensitivity, with �70 to 99% of the samples being reactive; (ii) the
FDA-approved Ag/Ab combo and CE-marked (approved for use by the Council of
Europe) stand-alone p24 assays all performed similarly, with 31 to 40% of samples
being reactive; and (iii) rapid detection assays yielded negative results with all samples.
Table 2 also includes the estimated average VL across subtypes at the manufacturers’
cutoffs for assays reporting reactive results for p24 Ag detection. These VLs ranged from

FIG 1 Comparison and confirmation of viral load. (Left) Correlation between Abbott RealTime HIV viral load assay results (performed by the University of
Washington) and the Hologic Aptima HIV-1 Quant Dx VL assay results (Aptima viral load). (Right) The difference in viral loads between the Aptima and Abbott
assays. Each dot represents a sample, with the total number being 300. The color denotes the HIV subtype of the sample. Pearson’s r correlation was determined
to be 0.98.
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4.41 log10 cp/ml (95% confidence interval [CI], 4.32, 4.50 log10 cp/ml) for the Bio-Rad
Genscreen HIV-1 p24 Ag assay to 5.06 log10 cp/ml (95% CI, 4.96, 5.15 log10 cp/ml) for
the Vitros HIV combo assay. For the ultrasensitive p24 Ag assays, the sensitivity was
reported as the median and minimum-maximum VLs at the manufacturer’s cutoff for all
subtypes, due to outliers (see Fig. 6a and b), which violate the model assumptions and
would lead to spurious results if they were included in the model.

Predicted proportion of viral subtype C isolates detected across Ag/Ab combo
and Ag assays. Figure 2 (left) presents the model-based predicted VL at the cutoff for
samples detectable by each assay utilizing HIV subtype C to illustrate the relative rank
order performance with reactive S/CO by VL among the four FDA-approved Ag/Ab
combo assays and one CE-marked p24 Ag assay. The Bio-Rad GS combo Ag/Ab EIA,
Bio-Rad Genscreen HIV-1 p24 Ag assay and Abbott Architect Ag/Ab combo EIA coupled
closely, detecting 50% of panel samples with VLs of between 4.4 and 4.6 log10

copies/ml. The Ortho Vitros HIV combo and BioPlex 2200 HIV Ag-Ab assays had similar

TABLE 2 Proportion of positive results and VLs at the cutoff by assay and laba

Assay category Assay Lab

Proportion positive
on performance
panel (n � 300)

Estimated VL at the
manufacturer’s
cutoffb

Proportion positive
on specificity panel
(n � 20)

Fourth-generation
HIV Ag/Ab

Bio-Rad GS HIV combo Ag/Ab EIA BR 0.40 4.71 (4.61, 4.80) 0

WR 0.33 4.88 (4.79, 4.97) ND
Abbott Architect HIV Ag/Ab combo EIA ABT 0.37 4.70 (4.62, 4.79) 0

UW 0.37 4.60 (4.52, 4.69) ND
Vitros HIV combo assay OCD 0.32 5.06 (4.96, 5.15) 0
Bio-Rad BioPlex 2200 HIV Ag-Ab combo

assay
PHE 0.31 4.91 (4.77, 5.06) ND

HIV p24 Bio-Rad Genscreen HIV-1 Ag assay BR 0.40 4.41 (4.32, 4.50) 0
WR 0.40 4.60 (4.50, 4.69) ND

Ultrasensitive HIV
p24

Quanterix ultrasensitive Simoa p24 assay QT 0.99 2.34 (1.45, 4.15)c 0

MesoScale Discovery p24 assay MSD 0.69 2.68 (1.45, 3.77)c 0
POC rapid assays Alere Determine HIV-1/2 Ag/Ab combo

assay
FDA 0 NA ND

WRd 0 NA ND
SD Bioline HIV Ag/Ab combo assay WRd 0 NA ND

aABT, Abbott; UW, University of Washington; BR, Bio-Rad; OCD, Ortho Clinical Diagnostics; PHE, Public Health England; MSD, MesoScale Discovery; QT, Quanterix; FDA,
U.S. Food and Drug Administration; WR, Walter Reed Army Institute of Research; ND, not determined; NA, not applicable.

bThe values represent the viral load (95% CI), unless indicated otherwise. The VL (log10 number of copies per milliliter) is based on quantification of the blind panel
tested by the Hologic Aptima HIV Quant Dx assay.

cPreclinical assays; not FDA approved. The values represent the median (minimum, maximum).
dThe first 243 samples were negative or invalid; testing was discontinued.

FIG 2 Model-based proportion detected by assay for subtype C and by viral subtype detected by the Bio-Rad GS HIV combo Ag/Ab EIA. (Left) Predicted
proportion of samples detectable by each of the four FDA-approved Ag/Ab combo assays and the one CE-marked p24 Ag-alone assay utilizing HIV subtype
C to illustrate the relative rank order of performance with reactive S/CO by VL. (Right) Predicted proportion of viral subtypes detectable by the Bio-Rad GS HIV
combo Ag/Ab EIA, which was used as a representative of the relative rank order performance with reactive S/CO by VL.
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performance, detecting 50% of samples with VLs of between 4.7 and 4.8 log10 copies/
ml. Although there were small differences, only the extremes of proportions detected
by the assays likely have biologically relevant differences, as the 50% LODs of all assays
are clustered between 4.4 and 4.8 log10 copies/ml and a half-log difference in VLs was
required to infer clinically meaningful changes in VLs. Subtype C was chosen as a
reference category, as it is a prevalent circulating subtype and was represented by two
samples in the panel, providing informative subtype replicates. The assays had a similar
relative rank order performance for detection of the other subtypes.

Predicted proportion of viral subtypes detected. The Bio-Rad GS HIV Ag/Ab EIA
results are shown in Fig. 2 (right) as an illustrative example to present representative
sensitivities across subtypes with our model analysis. Among the subtypes tested, the
p24 Ag of the URF-BF, A1, and D subtypes was the most difficult to detect, and p24 of
recombinant subtype URF-BC was detected at the highest frequency. Other fourth-
generation assays yielded similar findings and had the same rank order of detection
across diverse isolates. The breadth of reactivity, i.e., the difference in detection among
subtypes, was similar among all assays, with no evidence that one platform had
significantly better detection among the different subtypes by these models.

Quantitative results. S/CO data were used to refine the proportion of samples
detected to infer the LOD for the HIV p24 Ag signal relative to the VL (Table 2 and Fig.
3). Overall, HIV Ag/Ab combo and Ag-alone assays demonstrated similar performance
with diverse subtypes. There was evidence for small differences in detection by subtype
by the Abbott Architect HIV Ag/Ab combo EIA for subtype CRF02, the Vitros HIV combo
assay for subtype C, and the MSD assay for subtypes CRF01 and URF-BF, but these
differences were likely not clinically meaningful. The Quanterix assay appeared to have
the greatest outlier issue for the detection of subtype O virus (see Fig. 6, right),
although to maintain a logistically manageable panel size, each of these subtypes was
represented by a single isolate in the panel, and it is possible that these differences
were due to sample variability rather than differential subtype detection.

Due to logistical constraints, only 100 samples representing each isolate in singlet
were run on the Bio-Rad BioPlex platform, but the assay appeared to perform similarly
for all subtypes (Fig. 4a).

FIG 3 All S/CO data by viral load. S/CO data by viral load were based on viral subtypes (left) and assay platform (right).
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Comparison of performance by manufacturer and clinical lab. Blind panels were
tested in parallel by the manufacturer and an end user lab on three platforms: the
Abbott Architect HIV Ag/Ab combo, the Bio-Rad GS HIV combo Ag/Ab EIA, and Bio-Rad
Genscreen HIV-1 p24 Ag assay platforms. The Abbott Architect assay performed simi-
larly when it was performed by the manufacturer and the clinical lab on the basis of
both the percentage of reactive samples (0.37) and quantitative analysis of S/CO and VL
values to yield LODs (Fig. 5, left). The demonstrated VL at the cutoff across all subtypes
was similar for the manufacturer and the clinical lab, with values of 4.70 log10 cp/ml
(95% CI, 4.62, 4.79 log10 cp/ml) and 4.60 log10 cp/ml (95% CI, 4.52, 4.69 log10 cp/ml),
respectively. The Bio-Rad GS HIV combo Ag/Ab EIA had a slightly higher proportion of
positive results when it was performed by the manufacturer (0.40) than when it was
performed by the clinical lab (0.33), and there was a small but statistically significant

FIG 4 S/CO relative to viral load for the BioPlex 2200 HIV Ag-Ab assays and the Ortho Clinical Diagnostics Vitros HIV combo assay. (Left) Results of the Bio-Rad
2200 HIV BioPlex Ag-Ab assay run at Public Health England (PHE); (right) results of the Vitros HIV combo assay run at Ortho Clinical Diagnostics (OCD).

FIG 5 Comparing assays run in both manufacturer and clinical labs. (Left) The Abbott Architect HIV Ag/Ab combo assay was performed at the University of
Washington (UW) and at Abbott (ABT; the manufacturer’s lab). (Middle) The Bio-Rad GS HIV combo Ag/Ab EIA was performed at Bio-Rad (the manufacturer’s
lab) and at WRAIR (WR). (Right) The Bio-Rad Genscreen HIV-1 p24 Ag assay was performed at WRAIR and at Bio-Rad (the manufacturer’s lab). Blue, the
manufacturer’s lab; red, the clinical lab.
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difference in the demonstrated VL at the cutoff, with the manufacturer providing a VL
at the cutoff of 4.71 log10 cp/ml (95% CI, 4.61, 4.80 log10 cp/ml) and the clinical lab
providing a VL at the cutoff of 4.88 log10 cp/ml (95% CI, 4.79, 4.97 log10 cp/ml). The
Bio-Rad Genscreen HIV-1 p24 Ag assay performed slightly better when it was run by the
manufacturer than when it was run by the clinical lab, on the basis of the percentage
of reactive samples (0.40 versus 0.33), although quantitative analysis of the S/CO
relative to the VL showed a tighter distribution across all samples with a plateau in the
signal at a higher S/CO (Fig. 5, right). This was observed in the signal below the
manufacturer’s cutoff and likely does not affect the interpretation of positivity.

Next-generation HIV Ag assays. The Quanterix Simoa p24 and MSD p24 Ag assay
results (Table 2 and Fig. 6) illustrated the relationship between the VL and the Ag signal
intensity and supported the conclusion that these newer-generation preclinical p24 Ag
detection platforms achieved enhanced sensitivity relative to the currently approved
fourth-generation Ag/Ab combo and stand-alone p24 Ag assays.

POC assays. The rapid detection assays Alere Determine HIV-1/2 Ag/Ab combo and
SD Bioline HIV Ag/Ab combo yielded no positive results, and testing on the Bioline
platform was discontinued after 243 negative results. Follow-up studies were con-
ducted at two participating laboratories, which demonstrated that this was not due to
inhibition of the diluent since virus was readily detected by both assays in the samples
with higher virus concentrations used to produce the panel.

Performance of specificity panel. Assays returning positive results with the per-
formance LOD panel were reassessed for specificity using a second panel. All assays
evaluated demonstrated excellent specificity, with no false-positive results being re-
ported (Table 2).

DISCUSSION

The EQAPOL Viral Diversity Program was established to develop repositories for
validation of diagnostic tools relevant to the evolving HIV genetic diversity, including
newly circulating recombinant forms (CRFs) and drug resistance mutations (20). These
well-characterized isolates of dynamic global HIV populations enabled rigorous evalu-
ation and comparative analysis of the LODs of the p24 Ag detection components of
fourth-generation Ag/Ab combo assays relative to those of stand-alone HIV p24 Ag
assays. These are relevant for diagnostic and blood donor screening settings, where

FIG 6 Ultrasensitive p24 Ag assay signal intensity compared to viral load. (Left) MSD ultrasensitive p24 assay; (right) Quanterix Ultrasensitive Simoa assay.
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testing relies on the sensitivity of assays to identify new infections that are within the
Ab-negative window period of acute viremia.

Confirmation of the concentrations of serially diluted HIV RNA on multiple VL
platforms allowed a comparison of the performance of quantitative viral load assays
from Abbott and Hologic, both of which are FDA-approved assays with excellent
sensitivities and well-documented performance with genotype variants (27–30). The
results demonstrated excellent correlations across the range of viral loads for all
subtypes for both assays, validated the concentrations of HIV RNA in the panel itself,
and provided additional evidence of the comparability of the results when the assays
were performed on different p24 Ag detection platforms.

The commercially available p24 Ag/Ab and Ag stand-alone assays were demon-
strated to have similar sensitivities across most clades and recombinant forms. The rank
order of detection of different subtypes using comparable assays was consistent, with
similar relative levels of detection across subtypes. There was evidence for differences
in subtype detection for some assays, but the differences were small. The sequences
within gag were consistent with the genotype assignment for each isolate, and no
mutations that could explain differential subtype detection were detected (see the
GenBank accession numbers in reference 19 for access to gag sequences); furthermore,
small sequence differences likely do not affect the p24 tertiary structure and, hence, the
capacity of monoclonal Abs to detect p24 Ag binding in immunoassays. Due to
logistical constraints in the number of samples distributed in the panels, most of the
subtypes were represented by a single isolate in the panel; consequently, it is possible
that these differences were due to sample variation rather than systematic differences
in subtype detection, although if this were the case, these sample differences would
likely have been demonstrated across all assays.

For the 300 samples tested, 31 to 40% were detectable with overlapping confidence
intervals, indicating no significant difference in performance among the assays. When
comparing the performance of Ag/Ab combo assays to that of Ag assays, the propor-
tion of positive results was nearly identical according to the range of positive results,
indicating that the addition of Ag detection to Ab detection did not impact assay
performance. When analyzed to estimate LODs, all FDA-approved Ag/Ab combo and
Ag assays had detectable signal within a half-log VL of each other, illustrating the
similar diagnostic utilities of all assays. Considering the diversity of the panel, the similar
performance across platforms demonstrates the utility of these assays in broad geo-
graphic settings.

Although samples were evaluated for positivity on the basis of the manufacturers’
reported S/CO cutoff, we found that several Ag/Ab combo and Ag assays had a
dynamic range of signal and LODs that were lower than the manufacturers’ cutoff
values. For example, the Vitros, Architect, and Bio-Rad combo assays appeared to have
the potential for enhanced sensitivity with a continued dynamic range below the
labeled S/CO threshold. The Vitros and Abbott Architect assays demonstrated a signal
dynamic range and a calculated limit of blanks �1 log below the manufacturers’ S/CO
cutoff. To a lesser degree, the Bio-Rad Genscreen HIV-1 p24 Ag assay also had a
capability of detection lower than that currently being utilized. This suggests that the
signal detected below the FDA’s assigned cutoff for licensed assays could enable
detection of viremia earlier in infection. The manufacturer’s claimed LODs, based on
FDA criteria, may be more conservative than the assay is capable of detecting, given the
necessity to balance LOD sensitivity with avoiding false-positive results and preserving
optimal specificity.

Performance reproducibility among end users was assessed through parallel testing
by the manufacturer and a research lab by the Abbott Architect HIV Ag/Ab combo,
Bio-Rad GS HIV Ag/Ab combo, and Bio-Rad Genscreen HIV-1 p24 Ag assays (Fig. 5). The
proportions of positive results returned by the manufacturer and testing lab were
identical for the Abbott Architect HIV Ag/Ab combo assay. The Bio-Rad GS HIV Ag/Ab
combo assay performed by the manufacturer showed a slightly higher proportion of
positive results and a lower VL at the cutoff (Table 2) but a similar distribution of signals
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across all samples (Fig. 5b). The disparity in the detection by the Bio-Rad GS HIV Ag/Ab
combo assay between the manufacturer and lab, although it minimally reached the
level of significance, suggests that differences or inconsistencies in assay execution may
affect assay performance.

Next-generation preclinical ultrasensitive HIV Ag detection assays, such as the MSD
and Quanterix Simoa digital p24 Ag assays, achieved sensitivities dramatically better
than those of the current commercially available assays. These assays could provide a
mechanism to detect acute HIV infection with minimal sample handling and a short
turnaround time to best facilitate patient intervention. Of note, the Quanterix Simoa
p24 Ag immunoassay does not perform immune complex dissociation; while this is not
pertinent to the performance of the assays using this panel of serially diluted RNA-
positive/Ab-negative plasma-derived culture supernatants, testing of clinical samples
for VL would require the addition of an Ab dissociation step, potentially impacting the
performance demonstrated here. However, simply testing clinical samples for early HIV
infection would not require an Ab dissociation step, as is the case with the combo
assays, wherein early detection is accomplished with p24 reactivity, while chronic
infection is detected through reactivity for HIV antibodies.

The immunochromatographic rapid tests from Bioline and Alere did not perform
well with this panel. Our data show that the Alere Determine HIV-1/2 Ag/Ab combo and
SD Bioline HIV Ag/Ab combo assays were less sensitive for the detection of HIV p24
than the other laboratory-based Ag/Ab combo and Ag assays tested. We cannot say
that these POC assays are not capable of detecting p24 Ag in plasma during acute
infections, since we only tested dilutions of cultured virus and not early infection
clinical specimens. In fact, the Alere product insert shows that the Alere (p24 Ag
component) assay detected 19 of the 28 seroconversion panels earlier than an FDA-
licensed anti-HIV-1/2 EIA (31). Another study of serum samples reported sensitivities of
the Alere assay of 95% and the SD Bioline assay of 91%; the p24 Ag component of the
Alere test detected 10 of 13 acute infection samples (RNA positive, antibody negative),
while the SD Bioline assay detected only 1 (32). However, in our study, these assays did
not detect samples from the panel at any dilution, indicating either that the Ag
component of these assays is not sensitive enough to detect the concentrations tested
or that there was inhibition in the assay particular to the preparation of these panels.
Further studies conducted at the Walter Reed Army Institute of Research (WRAIR) and
FDA to determine if there was inhibition demonstrated detection of representative
diverse HIV isolates in our panel at higher concentrations and no inhibition by the
diluent used to construct the original study panels. Of note, the Alere Determine
HIV-1/2 Ag/Ab combo assay that was evaluated in this study is the FDA-approved test
distributed in the United States, but there is an enhanced Alere HIV combo rapid test
that is CE marked and commercially available outside the United States that has
demonstrated improved sensitivity for the detection of p24 Ag during acute HIV
infection (33). POC assays provide a result at the time of testing and thus are broadly
relied on for clinical diagnosis in field settings and, in particular, in resource-limited
settings to identify HIV infection for treatment initiation and public health intervention.
Although POC tests enable expanded access to testing, their limited performance in
detecting acute HIV infection in clinical samples has been reported and must be
considered (34, 35).

In conclusion, the development and comparative testing of diverse blind panels are
essential to assess the relative performance of commercially available and preclinical
assays. We confirmed similar performance across subtypes between currently FDA-
approved fourth-generation and stand-alone p24 assays, demonstrated the enhanced
sensitivity of next-generation p24 digital detection platforms, and observed the poor
performance of POC assays. The EQAPOL diversity panel brings a unique sample set to
the evaluation of diagnostic and research assays to allow unbiased assessment of
performance and will be essential in the development and validation of new diagnostic
tools for identifying future recombinant strains of HIV.
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