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A number of quantitative assays have been developed by using amplification techniques to measure human
immunodeficiency virus type 1 RNA in the plasma of infected individuals. The Virology Committee of the AIDS
Clinical Trials Group in the Division of AIDS, National Institute of Allergy and Infectious Diseases, has
established a quality assurance program (QAP) for quantitative assays of HIV-1 RNA levels in plasma. The
primary objective of the QAP was to ascertain that a laboratory could maintain the precision required to have
a 90% power to detect a fivefold difference in RNA copy number between two samples in the same batch. To
achieve this goal, the QAP required an intra-assay standard deviation of no greater than 0.15 log10 RNA copies
per ml. Panels for proficiency testing consisted of coded replicate samples and a common set of standards. To
date, 41 laboratories have participated in the program and have used both commercial and in-house assays.
We demonstrated that 65% of the laboratories were capable of attaining the necessary level of intra-assay
precision. The fitted regressions indicated that the differences among laboratories that used the same kit were
generally greater than the differences among population-average regressions for the kits themselves. The use
of an external QAP and a common set of standards reduced differences both among laboratories that used the
same kit and among laboratories that used different kits. Thus, use of a common set of standards across
clinical trial protocols would allow for cross-protocol comparisons.

A number of assays are available for the quantitation of
human immunodeficiency virus type 1 (HIV-1) RNA levels in
plasma (1, 11, 16, 20, 23, 25, 26, 30, 33, 35). These assays have
been used to assess antiretroviral activity (4, 15, 34) and more
recently to define aspects of viral pathogenesis, replication
kinetics (3), and antiretroviral drug resistance (19). The prev-
alence of quantifiable levels of HIV-1 RNA in the plasma of
most seropositive patients (26), the inverse correlation be-
tween plasma HIV-1 RNA levels and CD41 cell count (28),
and the ability of HIV-1 RNA levels to independently predict
clinical disease progression (22, 24) suggest that this measure
of viral load may be useful as an alternative endpoint in clinical
trials (5, 17, 24, 38).
These assays differ in their requirements for sample volume

and sample preparation, methods of amplification, and meth-
ods of detection. There are strengths and weaknesses to all of
the assays; thus, there is probably no one assay which is best
suited to all situations. In 1993, a multicenter evaluation of

quantitative HIV-1 RNA detection assays demonstrated that
several of the procedures were sufficiently reproducible so that
an empiric fourfold change could be viewed as being statisti-
cally significant (21). Comparison of the individual assay stan-
dards with a common set of standards showed some disagree-
ment in the assigned nominal copy number values. Since there
were some systematic differences in methodology, it was un-
clear if a common set of standards could prove useful in align-
ing the different measurement assay systems.
Multicenter clinical trials are using a variety of assays to

measure plasma HIV-1 RNA levels; as such, there is a need to
ensure the comparability of the HIV-1 RNA data, within and
among trials, obtained from different sites by various method-
ologies. To address this need, we have developed a quality
assurance program to assess the laboratory and kit perfor-
mance of HIV-1 RNA measurements suitable for clinical stud-
ies.

MATERIALS AND METHODS

Participating laboratories. The participating laboratories consisted of 30 lab-
oratories sponsored by the National Institute of Allergy and Infectious Diseases
(NIAID), 5 Laboratories sponsored by the National Institute of Child Health and
Human Development, the Walter Reed Army Institute of Research (WRAIR)
PCR Laboratory, and 4 commercial laboratories. All of the participating labo-
ratories had prior experience with molecular techniques for the detection of
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HIV-1 RNA in plasma, and in most instances the technicians in the participating
laboratories had undergone training with the specific commercial assay system
that they were using. Nine laboratories participated in the first round of testing,
13 laboratories participated in the second round, and 18, 19, and 38 laboratories
participated in the third, fourth, and fifth rounds, respectively.
HIV-1 RNA detection. Three of the assay procedures, the Amplicor HIV

Monitor test (Roche assay; Roche Diagnostic Systems, Inc., Branchburg, N.J.),
the Digene Sharp Signal system (Digene assay; Digene Diagnostics, Inc., Silver
Spring, Md.), and the WRAIR in-house procedure (WRAIR assay), are all
reverse transcriptase PCR-based assays. All three assays use gag-directed primer
pairs and have been described previously (20, 23, 33). Two of the assays (WRAIR
and Digene) use external standard curves, while the Roche procedure uses an
internal standard. Detection of PCR amplification products by the Digene and
Roche assays is carried out in microtiter plates with an enzyme-linked immu-
nosorbent assay format. In the Digene assay, the substrate incubation time can
vary from 1 to 24 h. In the WRAIR assay, PCR products are hybridized with
isotopically labeled oligonucleotide probes and are detected by phosphor image
analysis on acrylamide gels.
The Organon Teknika nucleic acid sequenced-based amplification (NASBA)

system (NASBA assay; Organon Teknika Corporation, Durham, N.C.) uses
isothermal target amplification. The amplification is based on the simultaneous
reaction of three enzymatic activities: avian myeloblastosis virus reverse trans-
criptase, RNase H, and T7 RNA polymerase. The steps of the NASBA process
take place in one reaction tube at a single temperature (418C). Amplification is
achieved through the simultaneous activities of the three enzymes. The primers
used are from a conserved region of the HIV-1 gag gene. Nucleic acid detection
occurs by hybridization analysis with ruthenium-labeled probes; this is followed
by signal quantitation with an electrochemiluminescence reader (35).
Versions 1.0 and 2.0 of the Chiron branched-chain bDNA assay (Chiron assay;

Chiron Corporation, Inc., Emeryville, Calif.) are based on signal amplification
rather than target amplification methods. Genomic nucleic acid is captured onto
a 96-well microtiter plate by a series of specific oligonucleotide target probes
which are complementary to 10 discrete sites on the HIV-1 polymerase gene.
Another set consisting of 39 different target probes is used to hybridize the viral
genome and the branched DNA amplifier. Multiple copies of an alkaline phos-
phatase-labeled probe are hybridized to the amplifiers, resulting in enhancement
of the signal. Detection occurs by the addition of a chemiluminescent substrate
and quantitation of the relative light units (RLUs) emitted by the bound alkaline
phosphatase (25). Although the manufacturer recommends that duplicate assays
be performed to allow for outlier detection, each specimen was assayed only
once. However, outlier detection was still possible because of the replicative
design of the panels.
Quality assurance procedures. (i) HIV-1 RNA stock standard. The HIV-1

RNA standards consisted of uninfected human plasma to which HIV-1 was
added. A zero-copy-number standard was included with each run to ensure the
uninfected nature of the seronegative plasma. These standards were prepared at
the Virology Quality Assurance (VQA) laboratory (Rush-Presbyterian-St.
Luke’s Medical Center). The HIV-1 standards consisted of supernatants ob-
tained by coculturing the peripheral blood mononuclear cells from two HIV-1-
infected patients with seronegative donor peripheral blood mononuclear cells as
described previously (21). Specifically, the cultures were initiated with a standard
volume and were incubated according to the AIDS Clinical Trials Group pro-
tocol for qualitative cultures (8). The cultures were harvested, medium was
added every third day, and medium containing phytohemagglutin-stimulated
peripheral blood mononuclear cells was added once a week. The supernatants
were monitored for HIV-1 p24 antigen levels (Coulter, Miami, Fla.) until all
culture supernatants had a p24 antigen concentration in excess of 400 pg/ml. The
supernatants from the cultures were pooled (approximately 300 ml), distributed
into 1-ml aliquots, and frozen in liquid nitrogen.
(ii) Characterization of the standard. The standard stock was sent to Peter

Nara (National Cancer Institute) for particle density determination by electron
microscopy. The estimated copy number by this procedure was 9.8 3 108 HIV-1
RNA copies per ml. The stock had an absolute HIV-1 p24 antigen level of 40,000

pg/ml, which corresponded to an estimated HIV-1 RNA copy number of 4.0 3
108 copies per ml (5). The HIV-1 RNA stock was also sent to Roche Molecular
Systems (Alameda, Calif.) and Chiron Corporation, Inc., for confirmation of the
particle count number as determined from the HIV-1 RNA copy number. The
stock was also quantitated for plasma HIV-1 RNA levels at VQA by both
commercial assays. The results obtained by all methods indicated that the stock
concentration contained an average of 5.4 3 108 HIV-1 RNA copies per ml.
Thus, the absolute HIV-1 RNA copy number for the undiluted stock was as-
sumed to be 5.4 3 108 copies per ml.
(iii) Composition of panels and standards. The compositions of the panels,

sets with unknown HIV-1 RNA copy numbers (Table 1), and standards, sets with
known HIV-1 copy numbers (Table 2), varied among the rounds of the profi-
ciency assessment. In round 1, the panel consisted of five coded samples and
undiluted plasma from an HIV-1-seropositive patient and a 1:5 and 1:25 dilution
of the patient material. In subsequent rounds, only the coded samples described
in Table 1 were used. The standards for the Chiron and NASBA assays were 0,
5,000, 10,000, 15,000, 150,000, and 1,500,000 RNA copies per ml for rounds 1 to
4. For all other assays the standards were 0, 750, 1,500, 15,000, 150,000, and
1,500,000 RNA copies per ml for rounds 1 to 4. The 1,500,000-RNA-copy-
number standard was eliminated for the Roche assays in round 4 and was
replaced with a 750,000-RNA-copy-number standard in round 5, and the 750-
and 1,500-RNA-copy number standards were eliminated. The NASBA standards
for round 5 consisted of 0, 15,000, 150,000, and 1,500,000 RNA copies per ml.
(iv) Evaluation criteria. The primary goal of this initial proficiency certifica-

tion was to determine if laboratories could reliably detect fivefold differences in
RNA copy numbers. The statistical tests of performance were based on the
assumption that the log10 copy number was normally distributed. Two perfor-
mance criteria were established for “certification” by the quality assurance pro-
gram. First, the overall intra-assay standard deviation could not be statistically
significantly greater than 0.15 log10 copy number. This standard deviation pro-
vided a 90% power to detect a fivefold difference in RNA copy number between
two samples in the same assay batch at a type 1 error rate of 0.05. Second, the
estimates of RNA copy number for samples which differed by fivefold in actual
copy number had to be sufficiently different, and the estimates for samples with
identical copy numbers had to be sufficiently similar (21). The criteria for com-
paring estimates are given below. Laboratories performed acceptably by meeting
the two criteria given above. If they performed acceptably, they were considered
certified to perform HIV-1 RNA quantitation assays. Those laboratories which
did not perform acceptably on their initial attempt were allowed to participate in
two subsequent rounds of testing to obtain an acceptable result.
Statistical analysis. (i) Estimates of RNA copy numbers per milliliter. Per-

TABLE 1. Coded panel composition for RNA proficiency panels 2, 3, 4, and 5

Panel round 2 Panel round 3 Panel round 4 Panel round 5

No. of RNA
copies/ml No.a No. of RNA

copies/ml No. No. of RNA
copies/ml No. No. of RNA

copies/ml No.b

1,500,000 3 1,375,000 4 1,500,000 2 1,500,000 6/5/5/0
300,000 3 275,000 4 300,000 5 300,000 6/5/5/6
60,000 3 55,000 4 60,000 5 60,000 6/5/5/6
12,000 3 11,000 4 12,000 5 12,000 6/5/5/6
2,400 3 2,200 2 2,400 2 2,400 0/4/4/6
480 3

a Number of replicates.
b Replicates are given for Chiron/Digene/NASBA/Roche.

TABLE 2. Known VQA standard compositions for proficiency
panels 2, 3, 4, and 5

No. of RNA
copies/ml

Assaya

Panel round 2 Panel round 3 Panel round 4 Panel round 5

1,500,000 C, D, N, R C, R N C, D, N
750,000 R
150,000 C, D, N, R C, R N, R C, D, N, R
15,000 C, D, N, R C, R N, R C, D, N, R
10,000 C, N C N C
5,000 C, N C N C
1,500 D, R D, R R
750 D, R D, R R
0 C, D, N, R C, R N, R C, D, N, R

a C, Chiron; D, Digene; N, NASBA; R, Roche.
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formance was assessed by using estimates of RNA copy number that were
adjusted to the VQA standards. For panels 1 and 2, estimates of the RNA
concentration for the Chiron assay were obtained from the VQA standard curve
by using a log-log point-to-point regression. For panel 2, the last line segment
was extended beyond the standard at 1,500,000 RNA copies per ml to obtain
estimates for samples with RLUs that exceeded the RLU for that standard. The
curve was not extended below the standard at 10,000 RNA copies per ml. For
panels 3 and 4, estimates of the RNA concentration for the Chiron assay were
obtained from the VQA standard curve by using a log-log quadratic regression
of the mean of the two RLUs per standard on the nominal copy number. Mean
RLUs for the negative standards were subtracted from the RLUs for each
positive standard prior to curve fitting. VQA-adjusted estimates for all other kits
tested in the study were obtained from log-log regressions of estimated copy
number on the nominal copy number for the VQA standards. For the Roche
assay, estimates were obtained by combining the VQA standards from three
plates and by looking at each plate independently. The NASBA assay allowed for
the assessment of 10 samples per batch, so a minimum of three batches was
necessary to assess the proficiency panel and VQA standards. For panel 4, all
laboratories included the full set of standards in the first batch and various
subsets in other batches. The standards from the first batch were therefore used
to construct the VQA curves.
(ii) Calculation of standard deviations. A standard deviation of the log10 copy

number was calculated for each set of replicates in each laboratory. The intra-
assay standard deviation was estimated from the mean square error of a one-way
analysis of variance in which nominal copy number was the predictor. Samples
which were not in the dynamic range of the assay were not used for the calcu-
lation. The estimated standard deviation was compared against the target of 0.15
log10 copy number by a chi-square test.
(iii) Fivefold error determinations. The error resulting from the failure to

discern a fivefold difference between two values that did differ by fivefold was
designated the true difference undetected (TDU). The error that resulted from
finding an excessively large difference between the estimates for two samples
with the same underlying concentration was designated the false difference
detected (FDD). TDUs and FDDs were detected by using Z scores, in which Z5
log10 (y1/y2)/(0.15 z 21/2), where y1 was the estimate for the sample with the higher
nominal RNA concentration and y2 was the estimate for the sample with the
lower nominal RNA concentration. Under the null hypothesis of no difference in
concentrations, Z was normally distributed with a mean of zero and a variance of
1 (32). A TDU was declared if Z was ,1.96 for two samples with nominal
concentrations that differed by fivefold. For FDDs the two nominal RNA con-
centrations were the same. A FDD was declared if Z was $1.96 or Z was
#21.96. TDUs and FDDs were tabulated for each laboratory, and the totals
were compared against the maximum allowed values. The number of FDD and
TDU errors that can occur by chance alone is a function of the intra-assay
standard deviation and the design of the panel. Simulations were used to deter-
mine the maximum allowed error rates. Each simulation consisted of a random
sample from a multivariate normal distribution with a standard deviation of 0.15
log10 copy number for all observations. The sample size and the expected values
for the sample matched those of the design of the panel in question. The
numbers of TDUs and FDDs were tabulated for each randomly selected panel,
and the distributions of the error rates were estimated from the rates of TDUs
and FDDs for 5,000 simulated panels. The maximum acceptable error rates were
defined as the rates that were exceeded no more than 5% of the time in the
simulations.
(iv) Interlaboratory and interkit estimates of variation. Analysis of covariance

was used to assess differences in the estimated RNA concentrations among
laboratories that used the same kit. A log-log regression of the estimated con-
centration on the nominal concentration was fitted to the data from each labo-
ratory. Differences among kits were assessed by using a random effects model,
under which the laboratory-specific slopes and intercepts were assumed to be
normally distributed. The expected values of the regression parameters define
the population-average regression for each kit (9). Differences among kits were
detected by testing for differences among the estimated population-average
regressions. Both parts of these analyses were limited to the shared dynamic
ranges of the assays (10,000 to 1,000,000 RNA copies per ml) and only included
data from certified laboratories. A statistical analysis software was used for all
data analyses.

RESULTS

Panel composition and assays and laboratories evaluated.
The types of HIV-1 RNA assays used by the laboratories and
the number of laboratories using each assay are given in Table
3 for each round of proficiency testing. A total of six assays
were assessed by 41 laboratories. The composition of the pro-
ficiency panel was modified from round to round (Tables 1 and
2) as more information was gained about the performance
characteristics of each assay type. For example, the RNA con-
centrations in the proficiency panels and the VQA standards

were modified to accommodate the dynamic range of each
assay. Some of this information was used by the manufacturers
to make modifications in their assays prior to the subsequent
rounds of testing. In round 1 of the proficiency testing, fivefold
dilutions of plasma from a seropositive donor were also in-
cluded; however, the limited supply of this specimen made it
impractical for testing at multiple centers, and it was elimi-
nated from subsequent rounds of testing. Round 1 was consid-
ered a quality assurance pilot run and was not used for certi-
fication purposes; however, the information gained from this
round was used to modify the range of copy numbers for the
coded samples in round 2.
One of the first observations in the study was the need to

adjust the compositions of the standards and the coded sam-
ples to reflect the dynamic range of the assays. The problem
encountered for some of the assays when either the standards
or the panel was not consistent with the dynamic range was an
inability to discern fivefold differences (TDU). For some assays
(Chiron and NASBA), this problem was encountered at the
lower copy numbers, while for other assays (Roche and
WRAIR), this was a problem in the higher-copy-number
ranges. Values outside of the dynamic range for a particular
assay were not included in the analysis for certification. We
determined the values outside the dynamic range using the
proficiency panels provided (Tables 1 and 2). Thus, for these
specific RNA copy numbers per milliliter assessed, the linear
ranges of the assays were determined to be as follows: (i)
Chiron version 1.0, 11,000 to 1,500,000 RNA copies per ml; (ii)
Chiron version 2.0, 2,400 to 1,500,000 RNA copies per ml; (iii)
Digene, 2,400 to 1,500,000 RNA copies per ml; (iv) NASBA,
4,000 to 1,500,000 RNA copies per ml; (v) Roche, 480 to
750,000 RNA copies per ml; and (vi) WRAIR, 2,400 to 750,000
RNA copies per ml.
Another difficulty encountered in establishing the same pro-

ficiency panel for multiple assay formats was how and when to
use the common external standards. The Chiron assay format
could accommodate the six VQA standards and the coded
samples in the same 96-well plate when the kit standards were
replaced with the VQA standards. Thus, the RNA concentra-
tions were determined from standard curves based on the
VQA standards rather than the kit standards. The Roche assay
with its internal standard could accommodate the panel and
additional standards only when three assay plates were used.
The VQA assay standards were included on all three plates.

TABLE 3. Number of laboratories certified by round and combined
results for laboratories that were certified

Assay

No. of laboratories
certified/total no. in

round:

Combined results for all certified
laboratories for all roundsa

2 3 4 5
No. of
certified
laboratories

SD %
FDD

%
TDU

Chiron bDNA,
version 1.0

2/4 6/6 NTb 3/6 11 0.08 0 0

Chiron bDNA,
version 2.0c

1/1 1/1 NT NT 1 0.06 0 0

NASBA 0/1 0/2 5/7 6/9 11 0.15 1.7 6.5
Roche 2/4 3/9 10/12 15/21 30 0.13 5.0 8.0
Digene 1/1 NT NT 0/2 1 0.09 0 0
WRAIR 1/1 NT NT NT 1 0.10 0.04 0.04

a Values for the standard deviation, FDD, and TDU are medians across
certified laboratories.
b NT, not tested.
c The Chiron bDNA, version 2.0, was assayed two times by the manufacturer.
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The initial assumption was that the standard curves would not
vary significantly from plate to plate; however, variation from
plate to plate was seen for some, but not all, laboratories (data
not shown). The net result was that some laboratories had
higher standard deviations when the data from the plates were
combined while others had higher standard deviations when
the plates were analyzed separately. The TDU and FDD error
rates also differed, depending on how the standards were an-
alyzed. Certification was determined by using the standard
measurements with the lowest standard deviations. The
NASBA assay format is based on a single tube, with a batch
composed of 10 to 20 single-tube assays. The VQA standards
were assayed by all laboratories by this assay for the first batch

of 10 samples and were then assayed intermittently throughout
the other batches needed to accommodate the test panel. The
data from the first batch were used to calculate the RNA copy
number for analysis.
Panel results. The median of the standard deviations, the

percent TDUs, and the percent FDDs for all laboratories
meeting the certification criteria are presented in Table 3 for
each of the respective assays for each round of proficiency
testing. The number of laboratories meeting the certification
requirements among those participating in a round of profi-
ciency testing is also given in Table 3. Forty-one laboratories
participated in the five rounds of testing, for a total of 88
laboratory performance evaluations, of which 56 evaluations
(65%) met the specified certification criteria.
The fitted regressions indicated that the differences among

laboratories that used the same kit were generally greater than
the differences among the population-average regressions for
the three commercial kits. Tests for differences in the slopes
and intercepts of the log-log regressions of the estimated RNA
copy number on the nominal copy number among laboratories
that used each kit are provided in Table 4, and fitted regres-
sions are plotted in Fig. 1. Statistically significant interlabora-
tory variation in either the slope or the intercept of the regres-
sion lines was identified in rounds 3, 4, and 5, but not in round
2 and not for all kits in each round. Tests for differences among
the population-average regressions for the kits are provided in
Table 5. The test for differences in slope and intercept in
rounds 3, 4, and 5 was based on VQA standard-adjusted esti-
mates of the RNA concentration. The test for differences in
round 2 was based on kit standard-generated estimates be-
cause the statistical package failed to converge to a solution
with the VQA standard-adjusted data. No significant differ-

FIG. 1. Fitted regressions of log10 estimated RNA concentration on log10 nominal concentration for all laboratories that used the same kit for all panel rounds. (A
to C) Chiron assay for rounds 2, 3, and 5, respectively. (D and E) NASBA assay for rounds 4 and 5, respectively. (F to I) Roche assay for round 2, 3, 4, and 5, respectively.

TABLE 4. Interlaboratory variability: statistical tests of differences
in slopes and intercepts among laboratories that used the same kit

Round Kit No. of
laboratories

P value
r2

Slope Intercept

2 Chiron 2 0.90 0.95 0.96
Roche 2 0.27 0.21 0.99

3 Chiron 4 ,0.01 ,0.01 0.98
Roche 3 0.21 0.40 0.94

4 NASBA 4 0.18 0.08 0.95
Roche 10 ,0.001 ,0.001 0.98

5 Chiron 3 0.12 ,0.001 0.97
NASBA 7 ,0.001 ,0.001 0.97
Roche 18 0.14 0.27 0.95
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ences in slopes and intercepts among the population-average
regressions were observed.
The effect of using a common set of standards was to reduce

assay variation both between laboratories (Table 4) and be-
tween kits (Fig. 2). Population-average regressions for the kit
standard-based estimates are presented in Fig. 2A, and those
for the VQA standard-adjusted estimates are presented in Fig.
2B. Differences among the predicted values for the population-
average regressions for the VQA standard-adjusted data were
,0.25 log10 RNA copies per ml in all rounds and ,0.1 log10
RNA copies per ml for most rounds. Differences among the
predicted values on the basis of the kit-based estimates were
twofold higher (,0.5 log10 RNA copies per ml).

DISCUSSION

This report describes the first quality assurance program for
assays for the quantification of HIV-1 RNA levels in plasma
for laboratories participating in HIV-1 clinical trials. We have
established such programs for HIV-1 coculture (14), p24 and
immune complex dissociated p24 antigen detection (10), and,
most recently, qualitative HIV-1 DNA PCR (18). Others have
indicated that without such programs the sensitivities, specific-
ities, and reproducibilities of these types of assays are poor (2,
6, 31). The primary goal of our study was to ensure laboratory
proficiency and provide a set of HIV-1 RNA standards and
controls which could be used for all assays. For the purposes of
these preliminary proficiency testing rounds, we defined labo-

ratory proficiency as the ability of a laboratory to perform an
assay within the linear range of each assay with an acceptable
standard deviation of #0.15 log10 copy number. We also spec-
ified that a laboratory must be able to precisely determine
fivefold differences in plasma HIV-1 RNA levels in testing
well-characterized spiked plasma samples.
Over the course of four rounds of testing involving 41 lab-

oratories, 56 of 88 (65%) laboratory evaluations resulted in
acceptable performance by using these criteria. There were
differences in the ability of the laboratories to achieve the
proficiency goal, in part because of the kits used and the ex-
perience of the laboratory technologists. In general, for each
successive round of testing, there was an increase in the per-
centage of laboratories certified.
There were many difficulties associated with the establish-

ment of a single proficiency testing panel for diverse assay
formats. The inherent differences in the assays may have biased
the results that were observed. For example, for two of the
assays (Roche and NASBA), the proficiency panel superim-
poses an external standard curve on a kit-specific internal stan-
dard. For both of these assays, the use of internal standards
was specifically selected to control for differential enzymatic
activity, yet we essentially circumvented that control by at-
tempting to relate the results to a separately assayed external
standard. It is not surprising that the Chiron assay gave the
most consistent results with the external standards, because it
used an external standard curve as the standard for the kit.
What was remarkable was that the performance of the other
two assay formats was so reproducible compared with that of
kits that used an external standard. The variation seen in the
Roche assay between plates and in the NASBA assay between
tubes was not consistent for all laboratories and therefore may
have reflected operator bias more than assay bias. We could
not determine plate variation for the Chiron assay. However,
the implication of these findings for the analysis of multiple
samples supports batch testing of all samples from the same
patient on the same plate (Roche and Chiron) or in the same
batch run (NASBA). We recognize that this may not be pos-
sible for real-time individual patient management; thus, inter-
pretation of changes in viral load by these assays for individual
patients should probably include the outer variability limits of
the assays, minimally, .0.5 log10, exclusive of patient variabil-

FIG. 2. Population-average regressions (see Materials and Methods) of log10 estimated RNA concentration on log10 nominal concentration for all panel rounds.
(A) Kit standard-estimated concentrations. (B) VQA standard-adjusted estimated concentrations. ——, Roche (n 5 4); – – –, Chiron (n 5 3); . . . ., NASBA (n 5 3).

TABLE 5. Interassay variability: statistical tests of differences in
population-averaged slopes and intercepts among kits

Rounda Kits
P value

Slope Intercept

2 Chiron, Roche 0.10 0.13
2 Chiron, Roche, Digene 0.06 0.10
3 Chiron, Roche 0.75 0.74
4 NASBA, Roche 0.82 0.88
5 Chiron, NASBA, Roche 0.17 0.16

a Round 2, test of kit standard values; rounds 3, 4, and 5, tests of VQA
standard-adjusted values.
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ity, and should be assessed by more than one measurement
over time.
The observation that interkit variation when using a com-

mon set of standards was not significant allows for flexibility in
the selection of a methodology to accommodate the strengths
of the assays and the needs of the clinical setting. Thus, use of
a common set of standards across clinical trial protocols would
allow for cross-protocol comparisons. The significantly differ-
ent values obtained by different laboratories with the same kit,
however, suggests that the certification criteria for the present
study were inadequate for assessing individual patient HIV-1
RNA levels obtained from more than one laboratory.
In many of the certification runs there were clusters of errors

(either TDUs or FDDs) at either end of the dynamic range for
each assay. This resulted in imprecise assessment of copy num-
bers which were not realized when the errors were averaged
for the entire dynamic range. For example, in one certified
laboratory, there was a 22% TDU error rate in values from
2,400 to #12,000 RNA copies per ml, a 0% TDU error rate in
values from .12,000 to #60,000 RNA copies per ml, and a
33% TDU error rate in values from .60,000 to #300,000
RNA copies per ml. Thus, one in three pairs of samples with
RNA copy numbers of .60,000 or ,300,000 would have been
viewed as having the same value. We are in the process of
evaluating other statistical methods to define the accuracy of a
given value at a given nominal concentration.
The proficiency testing that we have implemented is based

on a semiannual determination of the ability of a laboratory to
perform the assay accurately enough to detect a fivefold dif-
ference in plasma HIV-1 RNA levels averaged over the dy-
namic range of the assay. The proficiency testing does not,
however, account for the ability of a laboratory to give an
absolute value to a standard on either a one-time or ongoing
basis. Knowledge of this accuracy for all the assays is a neces-
sary prerequisite for real-time sequential testing of patient
plasma specimens. An accurate measurement of HIV-1 RNA
copy number is also necessary for defining the levels of RNA
associated with an increased risk of disease progression (12, 13,
22) and vertical transmission (7, 36). The lack of a common set
of standards for use in either diagnostic or clinical research
laboratories to account for interlaboratory or interassay com-
parisons and the lack of standard specimen collection and
anticoagulant usage make the assignment of absolute HIV-1
RNA levels difficult at present. The assignment of an absolute
HIV-1 RNA level should be based on quality assurance and
extensive understanding of assay performance.
We used only purified stocks for performance evaluation in

the present studies. We have not assessed variability owing to
individual patient variation over time (37) or factors which may
be present in individual patient plasma which would influence
assay performance. The abilities of the various kits to deter-
mine the same HIV-1 RNA concentration in patient samples
have been addressed with a small number of patients (27, 29).
The data suggested that there may be variations among kits in
assessing the values for an individual patient but that these kit
variations are not consistent among patients. Larger studies
are needed to validate this finding and its impact on individual
patient management and the outcomes of clinical trials. Fur-
thermore, we have evaluated the assays only with regard to the
HIV-1 subtype B found primarily in the United States and
Europe, and the results may not apply to other viral subtypes.
We are in the process of acquiring that information so that our
results may be more generalizable to the worldwide AIDS
epidemic. Our estimates of variation, precision, and accuracy
reflect the very best circumstances, and caution should be used

in the interpretation of any one value for any individual patient
at a single point in time.
In summary, we have established a quality assurance pro-

gram necessary for defining performance standards of opera-
tion for the quantification of HIV-1 RNA levels in plasma.
Multiple laboratories using several different types of assays
were capable of analyzing coded samples with minimal varia-
tion, supporting the use of each assay in multicenter clinical
trials. Use of a common set of standards allowed for direct
kit-to-kit and laboratory-to-laboratory comparisons. Varia-
tions among laboratories in some cases were significant,
whereas variations among kits were not. Additional methods
for assessing proficiency performance and assessment of clin-
ical samples from patients are needed before ascertaining the
accuracy of any given assay performed by a given laboratory.
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