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We developed a liquid bead microarray (LBMA) assay for genotyping genital human papillomaviruses
(HPVs) based on the MY09–MY11–HMB01 PCR system and the reverse line blot (RLB) assay probe se-
quences. Using individual HPV plasmids, we were able to detect as few as 50 copies per reaction. In two
separate retrospective studies, the LBMA assay was compared to the RLB assay and to the Hybrid Capture II
(hc2) assay. Testing was performed without knowledge of other assay results. In the first study, 614 cervical
swab samples (enriched for HPV infection) from 160 young women were tested for HPV DNA, and 360 (74.8%)
type-specific HPV infections were detected by both assays, 71 (14.8%) by the LBMA assay only, and 50 (10.4%)
by the RLB assay only. Type-specific agreement for the two assays was excellent (99.1%; kappa � 0.85; 95%
confidence interval [95% CI], 0.82 to 0.88). Samples with discrepant LBMA and RLB test results tended to
have low viral loads by a quantitative type-specific PCR assay. In the second study, cervical swab samples from
452 women (including 54 women with histologically confirmed cervical-intraepithelial neoplasia grade 2 or
worse [>CIN2]) were tested initially by the hc2 and subsequently by the LBMA assay. The estimated
sensitivities for >CIN2 were similar for the LBMA and hc2 assays (98.4% [95% CI, 95.0 to 100%] and 95.6%
[95% CI, 89.2 to 100%], respectively). The percentages of negative results among 398 women without >CIN2
were similar for the LBMA and hc2 assays (45% and 50%, respectively). The repeat test reproducibility for 100
samples was 99.1% (kappa � 0.92; 95% CI, 0.90 to 0.95). We conclude that the new LBMA assay will be useful
for clinical and epidemiological research.

Human papillomavirus (HPV) is the central etiological
agent for virtually all cervical cancers, for a substantial propor-
tion of other anogenital tract cancers, and for a smaller pro-
portion of head and neck cancers (3, 20). Currently, more than
100 different HPV types have been identified, and at least 40
types infect the anogenital epithelium. The risk of cancer is not
the same for all HPV types. High-risk HPV types include HPV
type 16 (HPV-16) and HPV-18, -31, -33, -35, -39, -45, -51, -52,
-56, -58, -59, -68, -73, and -82. Low-risk HPV types include
HPV-6, -11, -40, -42, -43, -44, -54, -61, -70, -72, -81, and
-CP6108. Potentially high-risk types include HPV-26, -53, and
-66 (20, 21). HPV DNA testing has been used (i) for triage of
women with a Papanicolaou (Pap) test finding of atypical squa-
mous cells of undetermined significance (ASC-US), (ii) for
monitoring for recurrence of a precancerous cervical lesion or
cancer after treatment, and (iii) as a primary screening method
for cervical cancer in women 30 years old and older (1, 23, 31).

The only FDA-approved HPV assay for clinical testing, the
Hybrid Capture II (hc2) assay, distinguishes high-risk HPVs
from low-risk HPVs but does not provide individual HPV
genotyping information. HPV type-specific assays are likely to
have a role in the clinical management of the neoplastic dis-

eases associated with HPV infection. Although 60 to 70% of
U.S. women become infected with one or more high-risk gen-
ital types of HPV during their lifetime, most infections are
quickly resolved and without consequence (2, 6, 19). Women
who remain persistently positive for the same high-risk HPV
type for extended periods are at increased risk for progression
to cancer (11, 12). HPV genotyping is needed to differentiate
women who are repeatedly positive for the same high-risk
HPV type from those who are simply sequentially infected with
different high-risk types of HPV. As the use of prophylactic
HPV vaccines becomes more widespread, surveillance for
population-level effectiveness will become an increasingly im-
portant activity that is likely to require the use of an HPV
type-specific assay (10, 27). Estimates of the duration of vac-
cine-induced protection and the potential for herd immunity,
for cross-protection, or for replacement (i.e., an increase in the
prevalence of non-vaccine-type cervical lesions despite a de-
crease in the prevalence of vaccine-type lesions) will require
HPV type-specific testing. Further, with increased coverage of
HPV vaccines and the development of new vaccines that are
likely to target more HPV types, the usefulness and methods of
HPV testing and genotyping in cervical cancer prevention pro-
grams will likely need reevaluation and revision (14). Cur-
rently, HPV genotyping is indispensable for epidemiological
and clinical studies of the transmission, natural history, and
pathogenesis of HPV, and it is likely to have a role in the
management of HPV-related precancerous lesions and cancers
in the future.

DNA sequencing is the “gold standard” for HPV genotyp-
ing; however, it is costly, time-consuming, and difficult to apply
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to clinical samples, which frequently have multiple infections
and produce nonspecific PCR products. Currently, the most
widely used multiplex HPV genotyping assays are reverse line
blot (RLB) assays (7, 15). These assays are based on solid-
phase hybridization of amplified HPV sequences to a slot blot
membrane. However, RLB assays are labor-intensive, are not
easily automated, have limited reproducibility (because they
rely on a subjective visual readout) (5), and are increasingly
expensive.

Recent reports support the potential use of the liquid bead
microarray (LBMA) assay based on Luminex technology for
HPV genotyping, using either the existing GP5�–GP6� sys-
tem or the PGMY PCR system (13, 26, 28). This assay format
is sensitive and amenable to high-throughput configuration
and potentially can be automated. However, little is known
about the analytical sensitivity and specificity of this new assay
or about how it performs on clinical specimens in comparison
to the other HPV genotyping assays.

In our present study, we developed an LBMA assay based on
the MY09–MY11–HMB01 PCR system for genotyping clini-
cally important HPV types (11, 18). We determined the ana-
lytical sensitivity and specificity of the LBMA assay using in-
dividual HPV plasmids, compared the genotyping results of
the LBMA assay with those of the RLB assay, and estimated
the clinical performance of the LBMA assay in comparison to
that of the hc2 test using archived cervical swab samples.

MATERIALS AND METHODS

HPV LBMA assay development. (i) Probe selection. The previously reported
RLB probe sequences (Roche Molecular Diagnostics, Pleasanton, CA) were
used in the development of our assay (7, 24). As in the RLB assay, two probes
were used for HPV-16, -18, -31, -33, -35, -39, -42, -45, -51, -52, -53, -54, -55, -58,

-59, -61, -62, -66, -67, -68, -69, -71, -72, -73, -81, -82, -83, -83, -IS39, and -CP6108,
while a single probe was used for HPV-6, -11, -26, -40, -56, -64, and -70 (see the
table in the supplemental material).

(ii) Probe conjugation to beads. Thirty-seven Luminex bead sets (sets 17 to 21,
24, 25, 33 to 38, 42 to 47, 51 to 56, 61 to 66, and 72 to 77) were obtained
(MiraiBio, Alameda, CA), and each bead set (approximately 5 � 106 beads/set)
containing an intrinsic fluorescent signature was attached to specific HPV probes
according to the manufacturer’s oligonucleotide coupling protocol. Briefly, each

TABLE 1. Primers and probes for the quantification of HPV loads

HPV type Primer or probe (sequence)a

HPV-6 ........F (GCAACGTTCGACTGGTTGTG)
Probe (6FAM-TGTACAGAAACAGACATCA-MGB)
R (TCCCAACAGAAGCTGTTGCA)

HPV-16 ......F (CGGACAGAGCCCATTACAATATT)
Probe (6FAM-TAACCTTTTGTTGCAAGTGT-MGB)
R (CGCACAACCGAAGCGTAGA)

HPV-39 ......F (ACCATGCAGTTAATCACCAACATC)
Probe (6FAM-ACTACTAGCCAGACGGG-MGB)
R (TTGTGTGACGCTGTGGTTCA)

HPV-52 ......F (TGTGGACCGGCCAGATG)
Probe (6FAM-AGCAGAACAAGCCAC-MGB)
R (CAACTGTGACAATATGTCACAATGTAGTAA)

HPV-53 ......F (GCAGTTGGCTGTTCAGAGTTCA)
Probe (6FAM-AAAGAGCTGCGTATTTT-MGB)
R (TGTGCCCATAAGCATTTGTTG)

HPV-59 ......F (TGAAAAAGATGAACCAGATGGAGTT)
Probe (6FAM-ATCATCCTTTGCTACTAGCTA-MGB)
R (TGTTGTGACGCTGTGGTTCAG)

HPV-66 ......F (GAGTTGGTGGTGCAGTTGGA)
Probe (6FAM-ATTCAGAGTACCAAAGAGG-MGB)
R (AAGCAGCTGTTGTACCACACGTA)

a 6FAM, 6-carboxyfluorescein; MGB, minor groove binder.

TABLE 2. Characteristics of the women in the two
study populations

Population and characteristic Value

Study population 1
No. of subjects............................................................. 160
Age range (yr) (mean, SD) .......................................18–26 (21.9, 1.7)
No. (%) of the following race/ethnicity:

White ........................................................................ 106 (66.3)
Asian......................................................................... 30 (19.1)
Hispanic.................................................................... 5 (2.9)
Other ........................................................................ 19 (11.7)

No. of cervical swab samples..................................... 614
No. (%) of samples with the following

RLB assay result:
Negative ................................................................... 360 (58.6)
Positive ..................................................................... 254 (41.4)

No. (%) of positive samples with the
following no. of HPV types detected:

1 types....................................................................... 145 (57.1)
2 types....................................................................... 76 (29.9)
3 types....................................................................... 22 (8.7)
4 types....................................................................... 8 (3.2)
5 types....................................................................... 3 (1.2)

No. of persistent infections (no. of positive
samples)................................................................ 107 (315)

No. of transient infections (no. of positive
samples)................................................................ 95 (95)

Study population 2
No. of subjects............................................................. 452
Age range (yr) (mean, SD) .......................................18–47 (24.1, 5.9)
No. (%) of the following race/ethnicity:

White ........................................................................ 335 (74.1)
Black ......................................................................... 40 (8.8)
Hispanic.................................................................... 20 (4.4)
Asian......................................................................... 12 (2.7)
Other ........................................................................ 45 (10.0)

No. (%) with the following cervical hc2
assay result:

Negative ................................................................... 200 (44.2)
Positive ..................................................................... 252 (55.8)

No. (%) with the following histologic
diagnosisa:

Negative ................................................................... 85 (39.5)
Atypia ....................................................................... 40 (18.6)
CIN1 ......................................................................... 30 (14.0)
CIN1 to CIN2.......................................................... 4 (1.9)
CIN2 ......................................................................... 17 (7.9)
CIN2 to CIN3.......................................................... 8 (3.7)
CIN3 or worse......................................................... 29 (13.5)
Insufficient................................................................ 2 (0.9)

No. (%) with the following liquid-based
Pap test resultb:

Negative ................................................................... 295 (65.3)
ASC-US.................................................................... 76 (16.8)
LSIL.......................................................................... 35 (7.7)
HSIL or greater ...................................................... 37 (8.2)
Insufficient................................................................ 9 (2.0)

a A total of 215 subjects had histologically confirmed diagnoses.
b LSIL, low-grade squamous intraepithelial lesion; HSIL, high-grade squa-

mous intraepithelial lesion.
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TABLE 3. Detection of individual HPV plasmids by the LBMA assay

Plasmid (no. of
copies)

Result (RLU) with specific probes of the following type (cutoff)a:

HPV-6
(358)

HPV-11
(293)

HPV-16
(263)

HPV-18
(393)

HPV-33
(367)

HPV-35
(322)

HPV-39
(473)

HPV-45
(418)

HPV-52
(317)

HPV-59
(405)

HPV-66
(312)

HPV-67
(331)

Negative controls:
dH2O 17 18 23 26 24 15 17 24 20 28 27 28
K562 27 18 17 35 27 29 44 34 25 36 24 37

HPV-6
95,722 1,560 23 24 31 25 22 28 35 25 29 28 28
100 763 26 26 41 28 29 35 33 19 32 22 37
50 361 32 29 38 29 26 32 32 21 31 27 38
10 735 23 24 31 25 27 29 34 23 34 26 34

HPV-11
348,786 17 1,515 10 18 19 17 17 18 14 23 12 28
100 14 580 10 21 13 14 22 21 11 26 18 28
50 14 532 13 20 20 14 23 25 13 27 17 30
10 19 145 16 27 21 15 21 27 16 27 23 29

HPV-16
106,476 28 31 1,145 38 41 32 32 54 25 40 30 39
100 45 41 1,991 68 45 43 43 56 45 50 44 51
50 39 33 2,004 36 41 38 35 46 35 48 36 47
10 32 27 1,733 32 41 40 41 41 25 44 33 43

HPV-18
1,187,373 24 23 27 2,098 25 32 30 28 27 33 26 33
100 27 26 18 2,359 21 24 34 32 16 38 26 41
50 32 30 21 1,740 24 26 30 35 25 29 25 37
10 30 25 26 41 29 20 31 40 26 34 24 38

HPV-33
25,395 29 35 19 35 2,499 28 29 38 24 39 33 43
100 26 24 28 35 2,608 31 28 33 21 38 30 34
50 26 21 18 26 2,660 25 18 32 18 32 26 32
10 22 17 21 27 2,658 18 27 26 20 34 28 29

HPV-35
568,041 33 19 36 30 27 2,310 27 33 23 39 30 42
100 42 33 31 43 37 2,566 41 52 31 50 34 45
50 35 37 29 47 34 2,158 43 50 32 46 37 55
10 35 36 35 38 35 122 37 46 36 43 34 45

HPV-39
20,766 33 36 32 44 17 28 1,678 36 30 34 31 43
100 15 14 14 22 15 16 449 20 12 22 15 21
50 17 13 11 23 15 16 490 22 13 24 17 21
10 13 12 12 21 12 14 50 21 11 24 17 22

HPV-45
311,229 38 29 30 35 20 24 30 782 32 39 31 38
100 28 26 22 31 29 30 27 2,044 21 32 30 31
50 26 16 19 37 26 25 26 1,991 22 34 28 32
10 20 23 22 29 28 23 29 40 29 33 27 43

HPV-52
476,139 31 26 28 29 35 34 31 43 1,616 38 32 36
100 39 39 34 54 33 28 36 46 1,108 41 36 53
50 45 41 43 55 50 41 46 51 722 51 40 50
10 29 30 26 39 27 22 24 38 27 31 26 36

HPV-59
102,762 44 29 39 45 43 38 36 39 44 1,534 45 46
100 29 25 27 43 32 19 30 40 23 1,099 21 34
50 27 31 24 30 30 18 30 35 28 1,065 21 34
10 15 21 12 23 22 13 26 24 20 210 24 27

HPV-66
107,706 19 23 22 38 28 15 23 33 18 24 2,121 37
100 27 23 16 29 29 29 22 28 23 36 1,655 36
50 24 24 20 25 24 25 32 29 16 34 1,266 32
10 23 21 17 30 25 22 26 25 20 30 1,585 37

HPV-67
248,838 25 15 12 27 134 18 28 26 19 30 21 1,703
100 36 20 11 22 20 18 46 34 16 33 20 1,082
50 22 15 14 23 26 17 37 27 15 31 16 1,259
10 21 14 12 16 22 12 28 26 9 24 14 517

a Values for positive samples are in boldface. The cutoff for each HPV type is calculated as 10 times the mean RLU for 12 negative-control samples.
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bead set and its specific amine-substituted probes were first incubated with
freshly prepared 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) at
room temperature for 30 min and then washed and resuspended in Tris-EDTA
at 50,000 beads/�l. All conjugated beads were pooled in suspension to form the
37-plex HPV-LBMA assay mixture (1,350 beads/set/�l).

HPV plasmids. Plasmids of 12 HPV types (HPV-6, -11, -16, -18, -33, -35, -39,
-45, -52, -59, -66, and -67) were available for the study. Nine of these (HPV-6, -11,
-16, -33, -45, -52, -59, -66, and -67) contain full-length HPV genomes, while the
remaining three (HPV-18, -35, and -39) contain a partial L1 open reading frame
that encompasses the MY09–MY11–HMB01 amplicon (kindly donated by
Denise Galloway). The concentrations of purified plasmids were determined
with a UV spectrometer and were converted to copies per microliter. The
plasmids were diluted, and 1 to 106 copies were mixed with 30 ng of purified
K562 genomic DNA and amplified using MY09–MY11–HMB01 primers.

Amplification of the HPV L1 fragment. MY09–MY11–HMB01 primers were
used to amplify the HPV L1 fragment under the following conditions: 95°C for
9 min; 40 cycles of 95°C for 30 s, 55°C for 1 min, and 72°C for 1 min; and a 5-min
extension at 72°C. The ramp speed was set at 1°C/s (29). The presence of the
correct PCR product was confirmed by gel electrophoresis; then the product was
purified with a QIAquick PCR purification column (Qiagen, Valencia, CA) to
remove the remaining excess primers.

Generation of a biotin-labeled single-stranded PCR product. Biotin-labeled
single-stranded HPV PCR products were generated from the PCR-amplified
HPV L1 fragment by using biotin-labeled MY11 in place of MY09–MY11–
HMB01 and the cycle conditions described above, except that only 20 cycles
were run.

Hybridization assay. One hundred nanograms of biotin-labeled PCR products
or one-third of the second round of PCR products was mixed with conjugated
beads, denatured at 95°C for 10 min, and hybridized at 55°C in 1.5� TMAC
(tetramethyl ammonium chloride) solution for 30 min according to the Luminex
oligonucleotide hybridization and DNA buffer protocols. After hybridization, the
beads were washed twice with 1� TMAC using a 96-well filter plate (Qiagen,
Valencia, CA) and then incubated with 4 �g/ml phycoerythrin-conjugated
streptavidin (diluted in 1� TMAC; BD Pharmingen) at 55°C for 30 min. Finally,
the beads were washed again with 1� TMAC and resuspended in 100 �l 1�
TMAC for detection on the LiquiChip system (the Luminex 100 platform)
according to the manufacturer’s protocol (Qiagen, Valencia, CA). For each assay
run, four HPV-negative controls (genomic DNA isolated from the K562 cell line)
were included, and the background RLU was determined as the average for
these four negative controls. A sample was considered to be weakly positive or

positive for a specific HPV type if the RLU was greater than 7 or 10 times the
background RLU, respectively, for that specific HPV.

HPV DNA load analysis by quantitative PCR. Type-specific TaqMan assays
were designed for HPV-6, -16, -39, -52, -53, -59, and -66 based on the HPV E7
gene. Primers and probe sequences are listed in Table 1. The quantitative PCR
assays were performed on an ABI Prism 7900 sequence detection system (ABI,
Foster City, CA). Relative quantification (RQ) was determined by the 2���CT

method. For each HPV type, the RQ of the sample with the highest viral load
was set at 1.

Clinical samples. Archived cervical swab specimens collected in specimen
transport medium (STM) from two different NIH-funded research projects were
used in this study. Both sets of specimens were enriched for the detection of
high-risk HPV infections. The first set of specimens consisted of 614 cervical
swab samples from 160 female university students participating in a longitudinal
study of the natural history of HPV infections (30). HPV genotyping by an RLB
assay had been performed previously, and all RLB assay-positive cervical spec-
imens, all RLB assay-negative cervical specimens for which a corresponding
vulvar/vaginal or self-collected vaginal specimen was positive, and a random
sample of the negative cervical specimens were included in this analysis. The
second group of specimens consisted of cervical swab samples from 452 women
enrolled in a cervical cancer screening study that included HPV DNA screening
by the hc2 assay (16). The selected group of women was enriched for those with
histologically confirmed diagnoses and included 54 women with cervical intra-
epithelial neoplasia grade 2 or worse (�CIN2). The protease K-digested ar-
chived clinical samples, stored at �20°C, were used for reextraction via a
QIAamp column according to the manufacturer’s protocol (Qiagen, Valencia,
CA) for the LBMA assay and the type-specific quantitative PCR assay. All
LMBA assays were performed without knowledge of prior laboratory or clinical
test results. The demographic characteristics of both study populations are listed
in Table 2.

Statistical analysis. The first group of archived cervical swab samples was used
to assess the concordance of type-specific HPV DNA detection between the
LBMA and RLB assays by using an unweighted kappa statistic to determine the
percentage of agreement beyond that expected by chance. To account for cor-
relation within subjects, 95% confidence intervals (95% CI) were computed
using percentile bootstrap methods with 1,000 repetitions. By using data from the
second group of cervical swab samples, different cervical cancer screening strat-
egies were defined based on the use of LBMA, hc2, and/or cytology tests.
Because only 13 HPV types (HPV-16, -18, -31, -33, -35, -39, -45, -51, -52, -56, -58,
-59, and -68) are included in the high-risk hc2 assay, samples were considered

TABLE 4. HPV type-specific agreement on cervical swab samples

HPV type
No. of results

Total % Agreement Kappa (95% CI)
RLB� LBMA� RLB� LBMA� RLB� LBMA� RLB� LBMA�

HPV-6 18 2 2 592 614 99.4 0.90 (0.78–0.98)
HPV-11 1 0 0 613 614 100 1
HPV-16 55 2 5 552 614 98.9 0.93 (0.88, 0.97)
HPV-18 19 0 6 589 614 99.0 0.86 (0.74, 0.96)
HPV-26 0 0 9 605 614 98.5 0
HPV-31 10 0 2 602 614 99.7 0.91 (0.75–1)
HPV-33 11 1 1 601 614 99.7 0.92 (0.76–1)
HPV-35 2 1 0 611 614 99.8 0.80 (0–1)
HPV-39 27 10 2 575 614 98.1 0.81 (0.67–0.90)
HPV-45 11 2 1 600 614 99.5 0.88 (0.71–1)
HPV-51 42 0 16 556 614 97.4 0.83 (0.74–0.90)
HPV-52 13 6 1 594 614 98.9 0.78 (0.60–0.93)
HPV-53 24 3 1 586 614 99.4 0.92 (0.82–0.98)
HPV-56 12 3 13 599 614 97.4 0.59 (0.39–0.75)
HPV-58 6 0 2 606 614 99.7 0.86 (0.56–1)
HPV-59 21 3 0 590 614 99.5 0.93 (0.84–1)
HPV-66 21 6 1 586 614 98.9 0.85 (0.72–0.94)
HPV-68 2 0 0 612 614 100 1
HPV-73 7 1 0 606 614 99.8 0.93 (0.75–1)
HPV-82 9 0 2 603 614 99.7 0.90 (.71–1)
HPV-83 6 0 0 608 614 100 1
HPV-84 43 10 7 554 614 97.2 0.82 (0.73–0.90)

All types 360 50 71 13,027 13,508 99.1 0.85 (0.82–0.88)
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positive for the LBMA assay only if 1 or more of those 13 HPV types were
detected. Detection of other HPV types was considered a negative result for
HPV for the purposes of this analysis. The strategies were evaluated for their
sensitivities in detecting histologically confirmed �CIN2. Since this population
was enriched for women with histologically confirmed disease, it was not possible
to estimate meaningful measures of specificity for the four screening strategies
based on the LBMA assay, the hc2 assay, and/or cytology. Instead, an indication
of the relative specificities (and of the relative percentages of results that were
“false positive” for �CIN2) of the LMBA and hc2 assays for a group of women
without �CIN2 was provided by the calculated percentage of this group that is
negative for high-risk HPV DNA by the LBMA or hc2 assay. Estimates of
sensitivity were corrected for verification bias by using a previously described
inverse probability weighting method (16). Ninety-five percent confidence inter-
vals were computed using the 2.5th and 97.5th percentiles of the bootstrap
distribution of weighted estimates of sensitivity. Weights were applied using the
pweights command in Stata (StataCorp LP, TX). All statistical analyses were
performed using STATA, version 10.0 (StataCorp LP, TX).

RESULTS

Analytical sensitivity and specificity of the LBMA assay. We
determined the detection limits of the assay using HPV plas-
mids. As shown in Table 3, the LBMA assay was able to detect
as few as 50 copies of each HPV plasmid mixed with genomic
DNA. The assay had high analytical specificity for each HPV

type when tested with high copy numbers of plasmids (105 to
106 copies/reaction).

Agreement of the LBMA assay and the RLB assay. The
performance of the LBMA assay was evaluated using 614 ar-
chived cervical swab samples from 160 subjects. These speci-
mens had previously been genotyped using the RLB assay for
27 HPV types. Because HPV-57 was not included in the
LBMA assay, and there are four low-risk HPV types (HPV-40,
-42, -54, and -55) that appear to be clinically insignificant, we
restricted all comparisons to 22 genotypes (HPV-6, -11, -16,
-18, -26, -31, -33, -35, -39, -45, -51, -52, -53, -56, -58, -59, -66,
-68, -73, -82, -83, and -84). Of the 614 cervical swab samples,
254 (41.4%) were positive for one or more of these types of
HPV by the RLB assay and 254 (41.4%) were positive by the
LBMA assay. By the two assays together, a total of 481 type-
specific HPV infections were detected. Overall, 74.8% of type-
specific HPV infections were detected by both assays, 14.8%
were detected by the LBMA assay only, and 10.4% were de-
tected by the RLB assay only. By pooling across HPV types,
the type-specific percentage of agreement for all HPV types
was 99.1% (kappa � 0.85; 95% CI, 0.82 to 0.88) (Table 4).

In order to further understand the cause of the discrepancy
between the two assays, type-specific quantitative PCR assays
targeting the HPV E7 region were designed. Specifically, we
focused on high-risk or potentially high risk HPV types (HPV-
16, -39, -52, -53, -59, and -66) for which the RLB assay gave
positive results but that were more likely missed by the LBMA
assay. In addition, an HPV-6 type-specific assay was designed.
We analyzed samples that were positive by either the RLB or
the LBMA assay for one or more of these seven HPV types.
Samples showing discordant results between the RLB and the
LBMA assays tended to have lower viral loads than samples
that were positive by both assays (Fig. 1).

Relative performances of the LBMA and hc2 assays for
detection of histologically confirmed >CIN2. The perfor-
mance of screening strategies defined by results from the
LBMA assay, the hc2 assay, and/or cytology was evaluated for
452 women (Table 5). Among 54 women with histologically
confirmed �CIN2, the estimated weighted sensitivities for the
LBMA and hc2 assays were similar (98.4% [95% CI, 95.0 to
100] and 95.6% [95% CI, 89.2 to 100], respectively). The per-

FIG. 1. HPV loads of samples positive by either the LBMA or the
RLB assay. DNA viral loads of samples positive for HPV-6, -16, -39,
-52, -53, -59, or -66 by either the LBMA or the RLB assay were
determined by a quantitative PCR assay based on the HPV E7 se-
quence. RQ was determined using the 2���CT method. For each HPV
type, the RQ of the sample with the highest viral load was set at 1.

TABLE 5. Sensitivities of four different strategies for detecting histologically confirmed �CIN2a

Strategy Criterion for referral to colposcopy Weighted sensitivity
(%) (95% CI)

LBMA assay for high-risk HPV DNA Positive LBMA result for at least 1 of 13 high-risk
HPV types targeted by the hc2 assayb

98.4 (95.0–100)

hc2 assay for high-risk HPV DNA Positive hc2 assay result for high-risk HPV DNA 95.6 (89.2–100)
Pap testing with reflex hc2 testing for

ASC-US
Liquid-based cytology result of �LSIL,c or liquid-based

cytology result of ASC-US and positive hc2 assay
result for high-risk HPV DNA

72.7 (60.2–85.5)

Pap testing with reflex LBMA testing
for ASC-US

Liquid-based cytology result of �LSIL, or liquid-based
cytology result of ASC-US and positive LBMA result
for at least 1 of 13 high-risk HPV types targeted by
the hc2 assay

74.8 (62.4–86.2)

a Insufficient and inadequate results were included in the “positive screening result” category, and for the strategy involving Pap testing with reflex LBMA testing
for ASC-US, missing follow-up hc2 assay results were considered to be negative. Changing these assumptions did not markedly impact the findings.

b High-risk HPV types not targeted by the hc2 assay were included in the “negative for HPV DNA” category.
c �LSIL, low-grade squamous intraepithelial lesion or worse. Inadequate cytology results were included in the �LSIL category, since women with inadequate

cytology results are generally asked to return for a follow-up visit.
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centages of negative results for 398 women without histologi-
cally confirmed �CIN2 were also similar for the LBMA and
RLB assays (45% and 50%, respectively) (Table 6).

Reproducibility of the LBMA assay. We repeated the
LBMA assay on 100 randomly selected cervical swab samples.
When each of 37 HPV types was considered separately for the
reproducibility analysis (100 � 37 � 3,700 comparisons in
total), 207 (5.6%) samples were concordantly positive, 3,460
(93.5%) were concordantly negative, and 33 (0.9%) were dis-
cordant. Therefore the agreement between the two repeated
tests was 99.1% (kappa � 0.92; 95% CI, 0.90 to 0.95).

DISCUSSION

We developed an LBMA assay for genotyping HPVs. The
LBMA assay was able to detect as few as 50 copies of the HPV
genome and displayed high analytical specificity. When tested
on 614 archived cervical samples, the LBMA assay showed
excellent reproducibility and excellent agreement with the
RLB assay for HPV genotyping. Using cervical swab samples
from 452 subjects, we observed that the LBMA assay had an
estimated clinical sensitivity for �CIN2 that was comparable
to that of the hc2 assay. These results indicate that this newly
developed LBMA assay is likely to be a valid and reliable
alternative method for HPV genotyping and a sensitive assay
for identifying high-grade cervical lesions.

Several previous studies reported the feasibility of establish-
ing a Luminex-based HPV genotyping assay targeting 15 to 45

different HPVs (9, 13, 17, 22, 26, 28). Various primer systems
were used for the development of these Luminex assays, in-
cluding PGMY09–PGMY11 (28), GP5�–GP6� (26), MY09–
MY11 (13), type-specific primers (9), and YBT L1–GP6-1 (22).
Using archived clinical samples, these assays reported 74 to
99% agreement with other HPV detection (hc2 assay) or geno-
typing (RLB assay, type-specific PCR, or HPV microarray as-
say) assays (Table 7).

While these previous reports support the LBMA technology
for HPV DNA genotyping, to our knowledge, the present
report is the first to provide results of a large-scale investiga-
tion that compared HPV genotyping results for the LBMA
assay to those of widely used HPV genotyping assays based on
RLB technology. In addition, the results for the LBMA assay
were compared to those of the FDA-approved hc2 test in order
to assess the potential clinical performance of the LBMA assay
for detection of �CIN2. Although many of the samples in-
cluded in the genotyping comparison were positive for more
than 1 of the 22 targeted HPV types (42.9% of 254 RLB
assay-positive samples), type-specific agreement was high, in-
dicating excellent sensitivity and specificity for type-specific
HPV DNA detection, even in the setting of mixed infections.
In the current study, we did not compare the LBMA assay to
the commercially available Roche Linear Array (LA) assay,
because these archived samples had already been genotyped by
the RLB assay. Recently, Castle et al. compared the perfor-
mances of the RLB and LA assays using archived clinical
samples (3). The percentage of agreement for carcinogenic
HPV DNA detection was 88% (kappa � 0.76). Although the
LA assay appeared to be more sensitive than the RLB assay in
detecting HPV DNA, the authors suggested that this was due
largely to the different DNA isolation methods used and the
different amounts of DNA input for PCR amplification. When
equal amounts of DNA extracted by the same method were
used, no difference in overall or type-specific HPV detection
was observed (3). The LBMA assay, like any other bead-based
assay or solid-phase assay with an automated reading, is pos-
sibly more objective than the RLB assay, because unlike the
RLB assay, it does not rely on a subjective visual readout.
Moreover, the LMBA assay is amenable to a high-throughput
configuration, can potentially be automated, can easily be
scaled up to 100 HPV types, and can be combined with Lumi-
nex-based assays for the detection of HPV type-specific anti-
bodies.

Several aspects of the LBMA assay might be improved in the
future. First, a �-globin or other housekeeping gene probe
could be incorporated to monitor the sample input. Second,
the assay could be streamlined by using fluorescently labeled

TABLE 6. LBMA and hc2 test results for women with and without
histologically confirmed �CIN2

Histologic categorya

No. (%) positive by the
following assay:

LBMAb hc2

Histologically confirmed (n � 213)
�CIN2 (n � 54) 53 (98.2) 52 (96.2)

�CIN3 (n � 37) 36 (97.3) 36 (97.3)
CIN2 (n � 17) 17 (100.0) 16 (94.1)

CIN1 or less (n � 159) 124 (78.0) 121 (76.1)

No histological confirmation (n � 239)
Cytologic findings of SIL (n � 13) 12 (92.3) 13 (100.0)
Cytologic findings of ASC-US (n � 26) 14 (53.9) 14 (53.9)
Normal cytologic findings (n � 197) 67 (34.0) 52 (26.4)
Inadequate cytologic findings (n � 3) 1 (33.3) 0 (0.0)

a SIL, squamous intraepithelial lesion.
b Number (percent) positive for at least 1 of 13 high-risk HPV types targeted

by the hc2 assay. High-risk types not targeted by the hc2 assay were included in
the “negative for HPV DNA” category.

TABLE 7. Comparison of various reported bead-based HPV genotyping assays

Primer
No. of

HPV types
detected

No. of clinical
samples Assay compared Reported

agreement (%)
Reported kappa

(95% CI)
Source or
reference

PGMY09–PGMY11 45 429 hc2 82 0.68 (0.65, 0.72) 28
GP5�–GP6� 22 94 RLB 85 0.92 26
MY09–MY11 26 133 Type-specific PCR sequencing 90 13
Type specific 25 109 hc2 95 9
YBT L1–GP6-1 15 53 HPV microarray 74 22
MY09–MY11–HMB01 22 614 RLB 99 0.85 (0.82, 0.88) Present study
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primers in the PCR, to avoid the need for a second hybridiza-
tion with phycoerythrin-conjugated streptavidin. Third, the as-
say sensitivity could be improved by using biotin- or fluorescent
dye-labeled nucleotides in the PCR instead of labeled primers.
Finally, in order to expand the LBMA assay to allow it to
genotype cutaneous HPV types, which are more heteroge-
neous and for which it is difficult to design common degenerate
primers for amplification, signal amplification should be con-
sidered as an alternative to PCR amplification.

In conclusion, our data showed excellent correlation be-
tween the RLB and the LBMA assays when they were used for
genotyping clinical samples, and it also showed comparable
sensitivities for the hc2 and LMBA assays for the detection of
biopsy-confirmed CIN2 or worse. Several recent studies under-
score the importance of standardization of HPV genotyping
assay protocols (3–5, 8, 25). The LBMA assay described here is
amenable to standardization and thus shows promise for use in
large-scale epidemiological studies of HPV pathogenesis, in
surveillance of HPV immunization programs for population-
level effectiveness, and in clinical investigations of new ap-
proaches to the prevention, diagnosis, and management of
HPV-related cancers and precancerous lesions.
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20. Muñoz, N., F. X. Bosch, S. de Sanjose, R. Herrero, X. Castellsagué, K. V.
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