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The quantification of human immunodeficiency virus type 1 (HIV-1) RNA has facilitated clinical research
and expedited the development of antiretroviral drugs. The branched-DNA (bDNA) assay provides a reliable
method for the quantification of HIV-1 RNA in human plasma and is considered one of the most reproducible
assays ready for use in clinical trials. A series of oligonucleotide probe design and solution changes have been
developed to enhance the sensitivity of the bDNA assay while maintaining its performance characteristics.
Among the changes incorporated into the enhanced-sensitivity bDNA (ES bDNA) assay to reduce the back-
ground level and enhance the signal are the use of shorter overhang sequences of target probes for capture, the
cruciform design of target probes for amplification, and the addition of preamplifier molecules. The ES bDNA
assay is at least 20-fold more sensitive than the first-generation bDNA assay, yet it maintains a high level of
accuracy, linearity, and reproducibility. Further, quantification values obtained with the ES bDNA assay and
the first-generation bDNA assay are highly correlated, thus allowing for meaningful comparisons of HIV-1
RNA levels in specimens tested with either assay. The ES bDNA assay may be useful in determining the
prognostic value of HIV-1 RNA levels of below 10,000 copies per ml and in assessing the clinical benefit of
antiretroviral therapy-induced decreases in plasma HIV-1 RNA sustained at levels of below 10,000 copies per
ml.

The quantification of human immunodeficiency virus type 1
(HIV-1) RNA in human plasma has facilitated clinical re-
search and expedited the development of antiretroviral drugs.
As a direct measure of viral burden, quantification of plasma
HIV-1 RNA meets several requirements for HIV-1 infection
markers. Levels of plasma HIV-1 RNA are associated with
HIV-1 disease stage and progression, have low biological vari-
ability, and are strongly correlated with other known prognos-
tic markers (5, 7, 11, 14, 18, 23). Changes in plasma HIV-1
RNA levels gauge the activity of antiretroviral agents. Plasma
HIV-1 RNA levels decrease in response to antiretroviral ther-
apy (15, 26) and increase upon selection and proliferation of
resistant virus or removal of drug therapy (1, 3, 8).
Recent advances in clinical research and the development of

more potent antiretroviral agents have generated new ques-
tions concerning the clinical relevance of low plasma HIV-1
RNA levels. Multivariate analysis has shown that the presence
of high levels of plasma HIV-1 RNA (greater than 100,000
copies per ml) is the strongest predictor of rapid disease pro-
gression (20), yet the relationship between plasma HIV-1 RNA
levels of below 10,000 copies per ml and disease progression is
less clear. Studies monitoring the responses of subjects with a
wide range of CD41 counts to investigational drugs have
shown reductions in plasma HIV-1 RNA levels over a range of
2 to 3 log10 units (2, 6, 12, 13, 19). However, it is not known
whether these drugs will have a comparable impact on plasma
HIV-1 RNA levels in asymptomatic subjects, in whom pre-
treatment plasma HIV-1 RNA levels tend to be lower. Sensi-
tive assays that measure small amounts of HIV-1 RNA are
needed in the clinical research arena to address these issues.
Branched-DNA (bDNA) technology provides a novel ap-

proach for the quantification of plasma HIV-1 RNA. A signif-
icant departure from target amplification methods (1, 15, 21,
23), the bDNA assay directly measures HIV-1 RNA by boost-
ing the reporter signal and thus avoids the errors inherent in
the extraction and replication of target sequences. The bDNA
assay is based on the hybridization of HIV-1 RNA to oligonu-
cleotide probes complementary to the most conserved regions
of the HIV-1 pol gene and yields highly specific, reproducible
quantification of HIV-1 RNA that is not affected by the se-
quence variability of HIV-1 subtypes (22, 27, 28). Recently
evaluated by the Quantitative Virology Working Group of the
National Institute of Allergy and Infectious Diseases AIDS
Clinical Trials Group (ACTG), the bDNA assay was consid-
ered one of the most reproducible HIV-1 RNA quantification
assays ready for use in clinical trials (17).
Since the development of the first-generation bDNA assay

(Quantiplex HIV RNA 1.0; Chiron Corporation, Emeryville,
Calif.), we have continued to investigate improvements to
bDNA technology. Our goal was to enhance the sensitivity of
the bDNA assay while maintaining its performance character-
istics. In this report, we describe a series of oligonucleotide
probe design changes and concomitant improvements in the
formulation of diluents and wash solutions that have been
incorporated during the development of an enhanced-sensitiv-
ity bDNA (ES bDNA) assay. We analyze the sensitivity, lin-
earity, and reproducibility of the ES bDNA assay and evaluate
the effect of HIV-1 subtype diversity on HIV-1 RNA quanti-
fication. We also demonstrate the potential utility of the ES
bDNA assay in the clinical research arena by monitoring
changes in the virologic status of HIV-1-seropositive subjects
undergoing therapy.

MATERIALS AND METHODS

Clinical specimens. Blood was collected by phlebotomy from HIV-1-seropos-
itive and HIV-1-seronegative individuals into tubes containing EDTA and was
stored at room temperature for up to 4 h. Plasma was separated by centrifugation
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of whole blood at 8003 g for 10 min and stored at2708C or lower. All specimens
were coded and tested for HIV-1 RNA in a blinded fashion. Specimens obtained
during an escalating-dose study of VIRACEPT kindly were provided by Agouron
Pharmaceuticals, Inc., and were shipped frozen on dry ice to Chiron Corporation
for testing. Informed consent was obtained from all specimen donors.
HIV-1 RNA transcripts. RNA transcripts containing a 2,829-bp fragment of

the HIV-1 pol gene (nucleotides 2352 to 5181) were prepared by reverse tran-
scription followed by PCR (RT-PCR) from cloned sequences representing
HIV-1 subtypes A to F (28), using the MEGAscript in vitro transcription kit
(Ambion, Austin, Tex.) for large-scale synthesis of RNA. In vitro-transcribed
RNA was purified as described previously (4) and measured by three indepen-
dent analytical methods, including optical density at 260 nm (10), phosphate
determination (32), and hyperchromicity (31). The preparations of HIV-1 RNA
transcripts used in this analysis were .97% pure by DE81 chromatography.
Serial dilutions of transcripts in proteinase K-treated plasma were prepared for
quantification of HIV-1 RNA in the ES bDNA assay.
Preparation of panels of potentially interfering substances. Panels of micro-

organisms were prepared by spiking HIV-1-seronegative plasma with 104 CFU of
bacterial or yeast specimens per ml; the specimens included Bacillus subtilis,
Bacteroides fragilis, Citrobacter freundii, Enterobacter cloacae, Escherichia coli,
Haemophilus influenzae, Klebsiella pneumoniae, Peptostreptococcus magnus, Pep-
tostreptococcus anaerobius, Propionibacterium acnes, Proteus mirabilis, Pseudomo-
nas aeruginosa, Pseudomonas fluorescens, Serratia marcescens, Staphylococcus
aureus, Staphylococcus epidermidis, Streptococcus group B sp., Yersinia enteroco-
litica, and Candida albicans. Panels of viruses included hepatitis B virus DNA-
positive serum (2.7 3 109 hepatitis B virus DNA equivalents per ml), hepatitis C
virus RNA-positive serum (4 3 106 hepatitis C virus RNA equivalents per ml),
and HIV-1-seronegative plasma seeded with cytomegalovirus-infected MRC5
cells (104 infected cells per ml).
Three pools of drugs commonly used in the management of HIV-1-infected

patients were added to HIV-1-seronegative and HIV-1-seropositive plasma spec-
imens. The drugs and their concentrations in plasma for pool 1 were 10 mg of
zidovudine per ml, 10 mg of acyclovir per ml, 40 mg of fluconazole per ml, and 340
mg of trimethoprim-sulfamethoxazole per ml. The drugs and their concentrations
in plasma for pool 2 were 2 mg of zalcitidine per ml, 30 mg of ganciclovir per ml,
350 mg of dapsone per ml, and 2.5 mg of rifabutin per ml. The drugs and their
concentrations in plasma for pool 3 were 15 mg of vidanosine per ml, 20 mg of
foscarnet per ml, 350 mg of ethambutol per ml, and 15 mg of clarithromycin per
ml. All panels of specimens were frozen immediately after preparation and
stored at 2708C until tested.
ES bDNA assay procedure. Plasma specimens, as well as positive and negative

controls, were prepared in duplicate for the ES bDNA assay. Aliquots (1.0 ml)
were measured into 1.5-ml conical tubes with O-ring screw cap seals (no. 772-
692-005; Sarstedt, Newton, N.C.) and, after the addition of 50 ml of a 0.1%
suspension of red polystyrene 0.5-mm-diameter beads (Bangs Laboratories, Car-
mel, Ind.) to aid in the visualization of virus pellets, were centrifuged at 23,5003
g for 1 h in a refrigerated microcentrifuge (centrifuge no. 17RS with rotor no.
3753; Heraeus, South Plainfield, N.J.). Supernatants were aspirated carefully,
and the virus pellets either were processed immediately for the ES bDNA assay
or were frozen at 2708C or colder. HIV-1 RNA was liberated from the virus
pellets by addition of 220 ml of specimen diluent (100 mMHEPES [N-2-hydroxy-
ethylpiperazine-N9-2-ethanesulfonic acid] [pH 7.5], 400 mM LiCl, 8 mM EDTA,
1% lithium lauryl sulfate, 12 mg of sonicated salmon sperm DNA per ml, 0.04%
sodium azide, 0.04% Proclin 300 [Supelco, Bellefonte, Pa.], 2.2 mg of proteinase
K per ml, 0.37 fmol of target probe set 1 per ml, 0.62 fmol of target probe set 2
per ml), followed by vortexing and incubation at 538C for 20 min. Processed virus
pellets were vortexed a second time and then held at room temperature for 5 to
15 min.
Capture of the HIV-1 RNA on the microwell surface was accomplished by

adding 200-ml aliquots of each processed virus pellet to the appropriate oligo-
nucleotide-modified microwell (24). For the standard curve which was run on
every assay plate, 50-ml aliquots of standards A to H plus 150 ml of standards
diluent (133 mM HEPES [pH 7.5], 532 mM LiCl, 10.6 mM EDTA, 1.3% lithium
lauryl sulfate, 16 mg of sonicated salmon sperm DNA per ml, 0.04% sodium
azide, 0.04% Proclin 300, 0.49 fmol of target probe set 1 per ml, 0.81 fmol of
target probe set 2 per ml) were added to the appropriate wells on the same
microplate. The microplate then was sealed with high-density polyethylene
sheets under silicon pads and incubated overnight (12 to 16 h) at 538C in a
microwell plate heater (Chiron Corporation). The microwells were allowed to
cool at room temperature for 10 min and then washed twice with wash A (0.13
SSC [13 SSC is 0.15 M sodium chloride plus 0.015 M sodium citrate], 0.1%
sodium dodecyl sulfate). After incubation at 538C for 30 min with a 50-ml volume
of preamplifier/amplifier diluent (prepared by incubating 50% horse serum,
1.3% sodium dodecyl sulfate, 6 mM Tris-HCl [pH 8.0], 53 SSC, and 0.5 mg of
proteinase K per ml for 2 h at 658C and then adding 6 mM phenylmethylsulfonyl
fluoride, 0.05% sodium azide, and 0.05% Proclin 300) containing 0.70 fmol of
preamplifier (described below) per ml, the microwells were cooled and washed as
described above and then incubated at 538C for 30 min with 50 ml of preampli-
fier/amplifier diluent containing 1.0 fmol of bDNA amplifier (29) per ml. After
cooling and washing as described above, the microwells were incubated at 538C
for 15 min with a 50-ml volume of ES label diluent (preamplifier/amplifier diluent
plus 0.85% Brij 35, 0.85 mM ZnCl2, and 17 mM MgCl2) containing 0.40 fmol of

label probe (30) per ml. The microwells were cooled for 10 min and then washed
twice with wash A and twice with wash D (0.1 M Tris-HCl [pH 8.0], 2.5 mM
MgCl2, 0.1 mM ZnCl2, 0.1% Brij 35). A 50-ml volume of dioxetane substrate
(Lumi-Phos Plus; Lumigen, Detroit, Mich.) was added to each microwell, and
after incubation at 378C for 30 min, the luminescent output was measured by
photon counting in a plate reading luminometer (Chiron Corporation).
The amount of HIV-1 RNA in each specimen was quantified by using a

standard curve. The assay standard consisted of a single-stranded DNA mole-
cule, encoding the gag and pol genes of HIV-1SF2 (25), inserted into a phagemid
vector which was assigned a value by comparison with quality level 1 HIV-1 RNA
reference material as described previously (4). The single-stranded DNA stan-
dard was serially diluted in recalcified plasma from HIV-1-seronegative subjects
(Base Matrix; Boston Biomedica, Inc., Boston, Mass.) to generate an eight-point
standard curve, as follows (values are HIV-1 RNA copies per milliliter): standard
A, 1.63 106; standard B, 5.33 105; standard C, 1.83 105; standard D, 5.93 104;
standard E, 2.03 104; standard F, 6.63 103; standard G, 2.23 103; and standard
H, 7.0 3 102. A calibration curve was generated from a least-squares quadratic
polynomial fit in which the dependent variable was the log10 of the signal minus
noise and the independent variable was the log10 of the HIV-1 RNA quantifi-
cation value assignment for each standard. Signal-minus-noise values for both
the test samples and standards were calculated by subtracting the geometric
mean relative luminescence of two wells containing only Base Matrix from the
relative luminescence of each well containing either a sample or a standard.
HIV-1 RNA quantification values for each test sample were determined by
calculating the mean log10 of the signal-minus-noise value, solving the quadratic
equation for the log10 of the HIV-1 RNA quantification value, and then inverting
back to the arithmetic scale. HIV-1 RNA quantification values were expressed in
copies, where one copy was defined as the amount of HIV-1 RNA in a sample
that generates a level of light emission equivalent to that generated by one copy
of quality level 1 HIV-1 RNA reference material (4).
Synthesis of preamplifier molecules. Two preamplifier molecules, preamp I

and preamp II, which differ only in the sequences complementary to target probe
set 2, were synthesized. Preamp I consists of 237 bases and was constructed by
enzymatic ligation of three oligomers (86, 79, and 73 bases) by using synthetic
linkers. Preamp II consists of 239 bases and was constructed in a manner iden-
tical to that used for preamp I synthesis, with the exception that an 88-base
oligomer was substituted for the 86-base oligomer. Hybridization and ligation
were carried out overnight with T4 ligase (Pharmacia, Piscataway, N.J.) under
standard conditions, and full-length products were purified by 10% denaturing
polyacrylamide gel electrophoresis. Each preamplifier contains a site for hybrid-
ization with sequential overhang sequences of target probe set 2 and eight sites
for hybridization with bDNA amplifier (29). The preamplifier used in the ES
bDNA assay consists of an equimolar mixture of preamp I and preamp II.
Nucleic acid sequences. The nucleic acid sequences of the target probes in sets

1 and 2 which hybridize to the pol region of HIV-1 RNA are identical to those
of the first-generation bDNA assay for HIV-1 RNA quantification described
previously (22). The overhang sequences of the target probe sets have been
shortened such that the target probes in set 1 contain a common 16-base over-
hang sequence (59-CTCTTGGAAAGAAAGT-39) and the target probes in set 2
contain 15-base overhang sequences that hybridize to the preamplifier molecules
(see “Principles of the ES bDNA assay” in Results). The sequences of the
preamplifier molecules are as follows: preamp I, 59-AGGCATAGGACCCGTG
TCTTTTTTAGGCATAGGACCCGTGTCTTTTTTAGGCATAGGACCCGT
GTCCGTGGATGTTTGAGGCATAGGACCCGTGTCTTTTTTAGGCATA
GGACCCGTGTCTTTTTTAGGCATAGGACCCGTGTCGCGTAGTGACT
GAGGCATAGGACCCGTGTCTTTTTTAGGCATAGGACCCGTGTCTTTT
TTCATATTCAAACTTTCGAGCCAGAAACTCAGT-39; preamp II, 59-AGG
CATAGGACCCGTGTCTTTTTTAGGCATAGGACCCGTGTCTTTTTTAG
GCATAGGACCCGTGTCCGTGGATGTTTGAGGCATAGGACCCGTGTC
TTTTTTAGGCATAGGACCCGTGTCTTTTTTAGGCATAGGACCCGTGT
CGCGTAGTGACTGAGGCATAGGACCCGTGTCTTTTTTAGGCATAGG
ACCCGTGTCTTTTTTAGGTAGGTAGGTAGGTGACTGACTGACTGAC
T-39.
Statistical analysis. The percent coefficient of variance (CV) was based on a

pooled variance estimate across operators. The variance estimates were calcu-
lated by using analysis-of-variance techniques as described previously (28). The
95% prediction limits were calculated by using a linear model (9).

RESULTS

Principles of the ES bDNA assay. An ES bDNA assay was
developed by modifying the Quantiplex HIV RNA 1.0 assay
originally described by Pachl et al. (22) to reduce the back-
ground level and increase the number of bDNA amplifier
molecules used to generate the signal. This was accomplished
through the addition of preamplifier molecules which require
specific alignment of oligonucleotide sequences and contain
eight bDNA amplifier hybridization sites. Like the Quantiplex
HIV RNA 1.0 assay, the ES bDNA assay uses a solution-phase
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sandwich assay format in which HIV-1 RNA is hybridized in
solution with oligonucleotide target probes containing a
unique 33-base sequence that hybridizes to a conserved region
of the HIV-1 pol gene. A total of 45 target probes were de-
signed, including 10 to mediate binding of the HIV-1 RNA to
capture probes on the microwell surface (target probe set 1)
and 35 to mediate binding of the HIV-1 RNA to preamplifier
molecules (target probe set 2). Figure 1A illustrates the place-
ment of the target probes by position, where each position
represents a unique 33-base sequence. The first position starts
at nucleotide 244 and the last position ends at nucleotide 2833
in the pol gene of model HIV strain SF2 described by Gerald
Myers (Los Alamos sequence database). Each of target probes
in set 1 contains a common 16-base overhang sequence that
hybridizes to the capture probes on the microwell surface. As
shown in Fig. 1B, the design of target probe set 2 is such that
two target probes must be bound to adjacent regions of the
HIV-1 RNA for efficient hybridization to the preamplifier mol-
ecule to occur. The longer sequence established by the binding
of two sequential overhang sequences of target set 2 stabilizes
the hybridization of the preamplifier molecule into a cruciform
hybrid resembling a Holiday junction noted during DNA re-
combination. By design, hybridization of the preamplifier to a
shorter overhang sequence alone is thermodynamically unsta-
ble. Two preamplifier molecules were designed to bridge
neighboring target probes. They contain the same repeat se-
quence and differ only in the sequences that hybridize to the

sequential overhang regions of target probe set 2 (preamp I,
59-CATATTCAAACTTTCGAGCCAGAAACTCAGT-39;
preamp II, 59-AGGTAGGTAGGTAGGTGACTGACTGAC
TGACT-39). The 35 probes in target probe set 2 can bind up to
14 preamp I molecules and 14 preamp II molecules. As shown
in the magnified view in Fig. 1C, each preamplifier molecule
can bind up to eight bDNA amplifier molecules by hybridiza-
tion to complementary 18-base sequences, and each bDNA
amplifier molecule contains 15 branches, each of which can
bind three alkaline phosphatase-conjugated label probes.
Thus, at the end of the hybridization steps, each captured
HIV-1 RNA molecule may be decorated with as many as
10,080 separate alkaline phosphatase-conjugated label probes.
Analytical quantification limit and linearity. The analytical

quantification limit of the ES bDNA assay was determined by
testing twofold serial dilutions of assay standard A in recalci-
fied HIV-1 seronegative plasma (Base Matrix). Four replicates
of each dilution as well as a negative control, Base Matrix
without added standard A, were tested within one assay run.
The relative luminescence obtained for the negative control
was subtracted from the relative luminescence obtained for
each dilution (signal minus noise), and the resulting relation-
ship is shown in Fig. 2A. A one-tailed Dunett’s t test indicated
that the lowest concentration that could be distinguished as
significantly different from the negative control (P , 0.05) was
390 copies per ml.
The linearity of the ES bDNA assay was evaluated by testing

FIG. 1. Schematic representation of the ES bDNA assay for quantification of HIV-1 RNA. (A) Target probes hybridize to unique 33-base sequences at different
positions along the conserved region of the HIV-1 pol gene. Target probe set 1 mediates capture of the HIV-1 RNA to the microwell surface, whereas target probe
set 2 mediates preamplifier binding. (B) Neighboring target probes are bridged by preamplifier molecules (preamp I and preamp II). (C) Enhancement of the signal
is accomplished by the binding of up to eight bDNA amplifier molecules to each preamplifier and of 45 alkaline phosphatase-conjugated label probes to each bDNA
amplifier molecule.
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fourfold serial dilutions of an HIV-1-seropositive plasma spec-
imen prepared in HIV-1-seronegative plasma. Four replicates
of each dilution were tested during the same assay run, and the
results are shown in Fig. 2B. The relationship between HIV-1
RNA quantification values and dilutions can be defined by the
equation y 5 5.54 1 0.87x. An r2 value of 0.986 was calculated
by linear regression analysis, indicating that ;99% of the ob-
served variation can be explained by the linear relationship
between dilutions of HIV-1 RNA-positive specimens and
quantification values. These results also demonstrated that the
ES bDNA assay yielded accurate quantification values for all
dilutions tested, which covered most of the dynamic range of
the standard curve.
Reproducibility. The reproducibility of the ES bDNA assay

was established by testing replicates of specimen panels in 30
separate assay runs by five different operators (Table 1). The
specimen panels included five HIV-1-seropositive specimens
with HIV-1 RNA levels that spanned the range of the standard
curve. The CV ranged from 17 to 39% for overall assay pre-
cision. These values reflect assay reproducibility encountered
in real-time testing when specimens are tested on different
days by different operators. As expected, lower CV values,
ranging from 12 to 25%, were observed for within-assay pre-
cision. These values reflect the assay reproducibility encoun-
tered in batch testing, such as that commonly used in longitu-
dinal clinical trials of antiviral agents. In this analysis, the
variability was largest near the quantification limit, which is
consistent with the criteria used to establish such a limit.
Reproducibility also was evaluated independently by using

the ES bDNA assay to test panels of HIV-1 culture isolates
diluted into HIV-1-seronegative serum provided by the ACTG
Viral Quality Assurance Program (proficiency panel 03) (Ta-
ble 2, panel A) and a panel of naturally occurring specimens
provided by Bill Schleiff, Merck and Co., Inc., West Point, Pa.
(Table 2, panel B). Samples were blinded at the time of testing,
and the specimens were run in replicates of two to four. Re-
sults were reported to the ACTG Viral Quality Assurance
Laboratory (Rush Presbyterian Hospital, Chicago, Ill.) and
Merck, where they were decoded and analyzed. In these inde-
pendent evaluations, the assay reproducibility was consistent
with that reported in Table 1. Analysis of these data to calcu-
late the 95% prediction limits demonstrated that the repro-
ducibility of the ES bDNA assay is sufficient to discern two-
and threefold changes in HIV-1 RNA levels as statistically
significant for tests in batch and real-time modes, respectively.
Correlation with Quantiplex HIV RNA 1.0 assay. As shown

in Fig. 3, the relationship between quantification values mea-
sured with the Quantiplex HIV RNA 1.0 assay and those
measured with the ES bDNA assay was explored by testing
multiple plasma specimens. The Pearson’s correlation coeffi-
cient (r value) was calculated to be 0.96, indicating that the
quantification values measured with the Quantiplex HIV RNA
1.0 and ES bDNA assays were highly correlated.
The correlation between the two assays also was evaluated

by testing serial dilutions of HIV-1-seropositive plasma in
HIV-1-seronegative plasma. Three replicates of each of four
dilutions, covering a range of approximately 2 log10 units, were

FIG. 2. (A) Twofold dilution series evaluating the analytical quantification
limit of the ES bDNA assay. (B) Fourfold dilution series evaluating the linearity
of the ES bDNA assay.

TABLE 1. Reproducibility of the ES bDNA assay

Specimen
no.

HIV-1 RNA copies/ml
(geometric mean)

Assay precision (% CV)

Within
runa

Within
dayb Overallc

1 1,400 25 37 39
2 5,500 19 20 23
3 25,000 13 16 17
4 72,000 14 18 18
5 190,000 12 17 19

a Two determinations per plate, one plate, one operator, one day.
b Two determinations per plate, two plates, one operator, one day.
c Two determinations per plate, six plates, five operators, three days.

TABLE 2. Independent evaluation of the reproducibility of the ES
bDNA assay

Panela and
specimen no.

No. of
replicates

HIV-1 RNA
copies/ml
(mean)

Precisionb

(% CV)

A
1 3 1,400 6
2 3 5,900 6
3 3 28,200 11
4 3 135,800 11
5 3 632,800 12

B
1 3 830 14
2 2 2,900 34
3 2 10,100 11
4 2 11,200 2
5 4 33,200 7

a Panel A was provided through the ACTG Virology Quality Assurance Pro-
gram; panel B was provided by Merck and Company, Inc.
b All specimens were tested in the batch mode.
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tested with the Quantiplex HIV RNA 1.0 and ES bDNA assays
(data not shown). In this experiment, an r value of 0.995 was
calculated, further supporting a high degree of correlation
between the quantification values measured with the Quanti-
plex HIV RNA 1.0 and ES bDNA assays.
Effect of potentially interfering substances. To test whether

the ES bDNA assay was specific for RNA from HIV-1 and did
not react with nucleic acids or components of other viruses or
other microorganisms which might be found in blood, hepatitis
B virus DNA-positive serum specimens, hepatitis C virus
RNA-positive serum specimens, HIV-1-seronegative plasma
specimens seeded with cytomegalovirus-infected MRC5 cells,
and a multitude of bacterial and yeast cultures were tested. In
all cases the quantification values produced were below the
quantification limit of the ES bDNA assay. To further evaluate
the effect of potentially interfering microorganisms, HIV-1-
seropositive and HIV-1-seronegative plasma specimens seeded
with cultures of bacteria commonly associated with HIV-1
disease were tested with the ES bDNA assay (Table 3). Quan-
tification values below the limit of the ES bDNA assay were
observed for all HIV-1-seronegative specimens tested. HIV-1-
seropositive specimens with and without added bacteria

showed similar HIV-1 RNA levels. A paired t-test analysis
showed no significant difference in quantification values be-
tween samples (P . 0.05).
The performance of the ES bDNA assay in the presence of

therapeutic and prophylactic drugs commonly used in the man-
agement of HIV-1-infected patients was evaluated (Table 3).
The drugs were combined into three pools and added to HIV-
1-seronegative and HIV-1-seropositive plasma specimens at
concentrations that exceed pharmokinetic peak levels in
plasma by fivefold. All HIV-1-seronegative specimens pro-
duced quantification values below the limit of the ES bDNA
assay, and comparable HIV-1 RNA levels were measured in
HIV-1-seropositive specimens with and without added drugs.
No significant difference in quantification values between sam-
ples was indicated by paired t-test analysis.
Effect of HIV-1 genotypic variation. The effect of HIV-1

genotypic variation on HIV-1 RNA quantification by the ES
bDNA assay was assessed by testing serial dilutions of quality
level 2 RNA transcripts (4) representing pol gene sequences
from HIV-1 subtypes A to F. As shown in Fig. 4, HIV-1 RNAs
from all six subtypes were quantified equally by the ES bDNA
assay over a range of at least 2 log10 units. A 1.4-fold difference
in quantification, between HIV-1 subtypes B and E, was the
maximum variance observed. This level of accuracy has been
difficult to attain with other methodologies (27).
Quantification of HIV-1 RNA in patients undergoing ther-

apy. The ES bDNA assay was used to monitor plasma HIV-1
RNA levels in six patients treated with VIRACEPT (AG1343;
nelfinavir mesylate), a novel HIV protease inhibitor (Fig. 5). A
rapid decrease in HIV-1 RNA levels was observed by day 4
after the initiation of therapy, with the peak response occur-
ring at days 7 and 14. The response was substantial: a decrease
in plasma HIV-1 RNA levels of 2 to 2.5 log10 units was noted
in all patients. Also, plasma HIV-1 RNA levels were driven to
below 500 copies per ml in all patients at some time during
therapy, irrespective of baseline plasma HIV-1 RNA levels.
Further, the response was sustained throughout the monitor-
ing period: plasma HIV-1 RNA levels remained low in four
patients monitored to 28 days and in two patients monitored to
60 days.

DISCUSSION

With the development of new antiretroviral agents used to
treat patients with HIV-1 infection, new questions have
emerged concerning the clinical relevance of low plasma

FIG. 3. Correlation between quantification values obtained with the Quan-
tiplex HIV RNA 1.0 assay and those measured with the ES bDNA assay (r 5
0.96).

TABLE 3. Effect of common microorganisms and drugs on the
performance of the ES bDNA assay

Microorganism or drug pool

HIV-1 RNA copies/ml
(geometric mean)a in:

HIV-1-
seronegative
plasma

HIV-1-
seropositive
plasma

Alone Seeded Alone Seeded

Microorganisms
Cryptococcus neoformans ,500 ,500 2,800 2,700
Mycobacterium avium ,500 ,500 3,400 3,400
Streptococcus pneumoniae ,500 ,500 2,800 2,800

Drug poolsb

1 ,500 ,500 3,100 3,200
2 ,500 ,500 4,100 4,000
3 ,500 ,500 3,400 3,500

a In each case, the difference between the values for seeded and unseeded
samples was not significant (P . 0.05).
b The compositions of the drug pools are given in Materials and Methods.

FIG. 4. Dilutions of RNA transcripts representing HIV-1 subtypes A (F), B
(E), C (■), D (h), E (}), and F ({), measured with the ES bDNA assay.
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HIV-1 RNA levels. Reliable and sensitive assays to measure
low plasma HIV-1 RNA levels are needed to address impor-
tant clinical research issues. For example, assays yielding ac-
curate quantification of HIV-1 RNA at below 10,000 copies
per ml may be useful in clinical research to evaluate the rela-
tionship between low plasma HIV-1 RNA levels and disease
progression. Studies examining the impact of investigational
drugs on plasma HIV-1 RNA levels in asymptomatic patients
also may benefit from the availability of more sensitive, quan-
titative assays.
We have developed a number of oligonucleotide probe de-

sign and solution changes for the bDNA assay to reduce the
background level and to enhance the signal for quantification
of HIV-1 RNA in plasma. Among the changes incorporated
into the ES bDNA assay are the shorter overhang sequences of
target probes for capture (target probe set 1), the cruciform
design of target probes for amplification (target probe set 2),
and the addition of preamplifier molecules. The shorter over-
hang sequences of target probe set 1 decrease the Tm for
hybridization of target probe set 1 to HIV-1 RNA by ;128C.
By relying on the concatenation of nearby probes hybridized to
the HIV-1 RNA to increase the Tm, nonspecific hybridization
of the target probes is diminished and background noise is
reduced. The assay background level is decreased further by
the cruciform design of target probe set 2. The overhang se-
quences of target probe set 2 are 15 or 16 bases in length and
individually cannot efficiently bind to the preamplifier. How-
ever, when the overhang sequences of two target probes are
adjacent, the Tm increases, thereby stabilizing the hybridization
of the preamplifier. In addition to the reduction of background
noise, the signal generated by the specific binding of HIV-1
RNA is increased by including preamplifier molecules, each of
which contains eight sites for hybridization with bDNA ampli-
fier molecules.
In designing the ES bDNA assay, accuracy was of para-

mount importance. Models for the prediction of disease pro-
gression and likelihood of response to therapy are based on
studies of populations of patients in which HIV-1 RNA levels
are measured. Thus, to be clinically meaningful, it is imperative
that HIV-1 RNA quantification values be accurate. The ES
bDNA assay therefore includes standards run in duplicate on
each plate that are assigned values in comparison with HIV-1
RNA reference standards aligned with the U.S. National In-

stitute of Standards and Technology phosphate standard (4).
Positive and negative controls also are run on each plate to
verify preset quantification limits. In addition, specimens are
run in duplicate so that outliers can be readily identified. An-
other important consideration in designing the ES bDNA assay
was ease of use in a clinical setting. In the ES bDNA assay, the
second centrifugation step of the Quantiplex HIV RNA 1.0
assay has been eliminated, thus simplifying the procedure and
enabling a high throughput. With the ES bDNA assay, one
person can run three plates yielding 126 determinations within
24 h.
Our results show that the ES bDNA assay is at least 20-fold

more sensitive than the Quantiplex HIV RNA 1.0 assay yet
maintains the performance characteristics of the Quantiplex
HIV RNA 1.0 assay with regard to accuracy, linearity, and
reproducibility. Further, our results demonstrate that the
quantification values obtained with the ES bDNA assay and
the Quantiplex HIV RNA 1.0 assay are highly correlated. The
high degree of correlation between quantification values allows
for meaningful comparisons of HIV-1 RNA levels in speci-
mens measured with either bDNA assay. For example, it may
be appropriate first to test all specimens with the Quantiplex
HIV RNA 1.0 assay and then to retest only those specimens
with HIV-1 RNA levels of below 10,000 copies per ml with the
ES bDNA assay. The specimen volume requirement of the ES
bDNA assay (1 ml) may be limiting for studies involving low-
volume specimens. Ongoing experiments are aimed at lower-
ing the specimen volume requirement of the ES bDNA assay.
In preliminary experiments, we have tested 50-ml specimen
volumes without centrifugation in the ES bDNA assay by add-
ing plasma directly to the microplate wells and have obtained
excellent HIV-1 RNA recovery and quantification compared
with those for the 1-ml assay format. With the 50-ml format,
however, comes a concomitant 20-fold decrease in assay sen-
sitivity on a per-milliliter basis. Nevertheless, this 50-ml format
for the ES bDNA assay may be especially useful for the low-
volume specimens in retrospective studies as well as for studies
using specimens from newborns (16).
The use of the ES bDNA assay to monitor plasma HIV-1

RNA levels in patients undergoing therapy in this and other
studies (12, 19, 33) illustrates the potential utility of this assay
in clinical research to evaluate the effectiveness of antiretrovi-
ral agents. With the lower clinical quantification limit, this
assay may be useful in determining the prognostic value of
HIV-1 RNA levels of below 10,000 copies per ml and in as-
sessing the clinical benefit of antiretroviral therapy-induced
decreases in plasma HIV-1 RNA sustained at levels of below
10,000 copies per ml.
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