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Abstract
Background:We estimated the prevalence and incidence of 14 human papillomavirus (HPV) types (6/11/

16/18/31/33/35/39/45/51/52/56/58/59) in cervicovaginal swabs, and the attribution of these HPV types in

cervical intraepithelial neoplasia (CIN), and adenocarcinoma in situ (AIS), using predefined algorithms that

adjusted for multiple-type infected lesions.

Methods:A total of 10,656 women ages 15 to 26 years and 1,858 women ages 24 to 45 years were enrolled in

the placebo arms of one of three clinical trials of a quadrivalent HPV vaccine. We estimated the cumulative

incidence of persistent infection and the proportion of CIN/AIS attributable to individual carcinogenic HPV

genotypes, as well as the proportion of CIN/AIS lesions potentially preventable by a prophylactic 9-valent

HPV6/11/16/18/31/33/45/52/58 vaccine.

Results:The cumulative incidence of persistent infectionwith�1 of the sevenhigh-risk types included in the

9-valent vaccinewas 29%, 12%, and 6% forwomen ages 15 to 26, 24 to 34, and 35 to 45 years, respectively. A total

of 2,507 lesions were diagnosed as CIN or AIS by an expert pathology panel. After adjusting for multiple-type

infected lesions, amongwomen ages 15 to 45 years, these sevenhigh-risk typeswere attributed to 43% to 55%of

CIN1, 70% to 78% of CIN2, 85% to 91% of CIN3, and 95% to 100% of AIS lesions, respectively. The other tested

types (HPV35/39/51/56/59)were attributed to 23% to 30%of CIN1, 7% to 14%of CIN2, 3% to 4%of CIN3, and

0% of AIS lesions, respectively.

Conclusions: Approximately 85% or more of CIN3/AIS, >70% CIN2, and approximately 50% of CIN1

lesions worldwide are attributed to HPV6/11/16/18/31/33/45/52/58.

Impact: If 9-valent HPV vaccination programs are effectively implemented, the majority of CIN2 and CIN3

lesions worldwide could be prevented, in addition to approximately one-half of CIN1. Cancer Epidemiol

Biomarkers Prev; 23(10); 1997–2008. �2014 AACR.

Introduction
Following the completion of 3 worldwide clinical stud-

ies conducted in more than 20,500 women ages 16 to 26

years (1–3), a quadrivalent HPV6/11/16/18 L1 virus–like
particle (qHPV) vaccine was approved by the U.S.
Food and Drug Administration (FDA) in 2006 for the
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prevention of HPV6/11-related genital warts, and
HPV16/18-related cervical cancers and precancers. It was
subsequently approved in 2008 for preventing vulvar and
vaginal cancers and precancers (4). The indication was
then further expanded to males ages 9 to 26 years for the
prevention of genital warts and tomales and females ages
9 to 26 years for the prevention of anal cancers and
precancers attributed to HPV6/11/16/18 (5, 6). In addi-
tion, the qHPV vaccine has been shown to be safe and
highly efficacious in preventing anogenital infection and
neoplasia in women ages 24 to 45 years (7). The vaccine is
currently approved in 133 countries, including Australia,
Canada, and a number of European, African, Latin Amer-
ican, and Asian countries.

Recent data from the Centers for Disease Control and
Prevention (CDC) have shown a 56% decline in HPV
vaccine–type infections in teenage girls sinceHPVvaccine
licensure (8). In Australia, the qHPV vaccination program
has led to a significant reduction in HPV prevalence and
genital warts, as well as high-grade cervical lesions in
young women (9–13). Marked reductions in HPV preva-
lence and/or genital warts have also been observed in the
United States, Sweden, and Denmark (8, 14–17). Six years
after licensure of the qHPVvaccine inDenmark, a reduced
risk of cervical lesions has also been observed at the
population level (18).

In 1995, the International Agency for Research on Can-
cer classified HPV16/18 as cervical carcinogens, and in
2011, the group was expanded to include HPV31/33/35/
39/45/51/52/56/58/59 (19). After HPV16/18, HPV31/
33/35/45/52/58 are the most frequent types detected in
invasive cervical cancer worldwide (19). Several previous
studies have since estimated the prevalence of 7 high-risk
HPV types that are targeted by an investigational 9-valent
HPV (9vHPV) vaccine (i.e., HPV16/18/31/33/45/52/58)
in invasive cervical cancer and precancers (20). Using a
proportional attribution method to adjust for lesions with
multiple HPV types detected (21), a recent study of 8,977
HPV-positive cervical cancer specimens found the rela-
tive contribution of the 7 types worldwide to be 89%, with
good consistency across regions (20). Although there is
consistency for the overall attribution of the 7 types in
invasive cervical cancer, the estimates in the literature for
precancerous cervical lesions or high-grade abnormal
cytology [cervical intraepithelial neoplasia (CIN) grades
2/3 and high-grade squamous intraepithelial lesions
(HSIL)] with no adjustment for coinfected lesions (i.e.,
without use of the proportional or hierarchical attribution
methods to adjust for lesions that contain more than one
HPV type), ranged widely from 59% to 94% (20). To
further our understanding of the attributable fraction of
the high-risk 9vHPV vaccine types (HPV16/18/31/33/
45/52/58) to cervical disease, we performed a longitudi-
nal evaluation of HPV infection and HPV genotype dis-
tribution using four distinct mathematical approaches
among 10,656 women enrolled in the placebo arms of
three phase III clinical trials of the qHPV vaccine (1, 2, 7).
We also evaluated the attribution of the 14 HPV types,

which were tested for in the clinical trials (HPV6/11/16/
18/31/33/35/39/45/51/52/56/58/59), the high-risk
types that are present in a qHPV vaccine (HPV16/18), as
well as those which are not present in any HPV vaccine
(HPV35/39/51/56/59).

Materials and Methods
Study designs and population

Between December 2001 and May 2003, 17,622 women
ages 15 to 26 years were enrolled in 1 of 2 randomized,
double-blind, placebo-controlled trials of the qHPV vac-
cine (protocols 013 and 015; refs. 1 and 2). Between June
2004 andApril 2005, 3,819women ages 24 to 45 yearswere
enrolled in a third double-blind, placebo-controlled trial
of the same vaccine (protocol 019; ref. 7). As protocols 013
and 015 enrolled only a small percentage of women above
the age of 23 years, the age range for protocol 019 was
chosen to overlap with the previous phase III studies. The
study designs, protocols, and results of the primary
hypotheses for each of the studies have been previously
described and are summarized in Supplementary Table
S1 (1, 2, 7). The studieswere conducted in accordancewith
principles of Good Clinical Practice and were approved
by the appropriate institutional review boards and regu-
latory agencies.

Analyses for infection
The following genital swab specimens were obtained

from all subjects across all trials: an endo/ectocervical
swab (one specimen) and a combined labial/vulvar/
perianal swab. For all 3 studies, prevalence of HPV infec-
tion at day 1was assessed in the vaccine and placebo arms
combined to increase precision (given the randomized
nature of the trials, it is expected that the placebo arm
infection prevalence will be similar to the prevalence in
the combined trial arms). In each study, day 1 swabswere
tested for 14 HPV types (6/11/16/18/31/33/35/39/45/
51/52/56/58/59) using a PCR-based assay as described
in the Supplementary Material (22–24). In a subset of
subjects in protocol 013, swabs collected at months 3 and
7 were tested for 11 HPV types (6/11/16/18/31/33/35/
45/52/58/59), and those collected at months 12-18-24-30-
36-42-48 were tested for 9 HPV types (16/18/31/33/35/
45/52/58/59). In protocol 019, all swabs obtained at day 1
and months 7-12-18-24-30-36-42-48 were tested for all 14
HPV types.

Disease attribution
All biopsies and excisional procedure specimens were

tested for the 14 HPV types as described in the Supple-
mentary Material. All specimens were processed and
adjacent histologic sections of each specimen were first
read for clinical management by pathologists at a central
laboratory (Diagnostic Cytology Laboratories) and then
read for endpoint determination by a panel of up to 4
pathologists who were blinded to central laboratory and
clinical diagnoses, treatment group, and HPV status. The
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following histologic endpoints were included in the anal-
yses reported here: CIN grade 1 to 3, and/or adenocarci-
noma in-situ (AIS). There were no cases of cervical cancer.

Statistical analysis
As one objective of this study was to estimate the

prevalence of 12 high-risk HPV types in cervical disease
by age, protocols 013 and 015 were combined for the
younger age cohort (i.e., women ages 15–26 years).
Although 14% of the women enrolled in protocol 019
were ages 24 to 26 years, they were not included in the
younger cohort because of the differing inclusion criteria
(i.e., no limit on lifetimenumber of sexual partners and the
allowance of a history of a past cervical biopsy).
The cumulative probability of acquiring an incident

HPV infection was estimated by using the Kaplan-Meier
method. Analyses for incident infection were restricted to
placebo recipients who were seronegative to HPV6/11/
16/18,DNAnegative for the 14 testedHPV types, andhad
a normal Pap test result at day 1. For each subject, an
incident HPV infection was defined as the first positive
result after having had only negative results, with time to
acquisition being the date of the first positive visit. A
persistent incident infection was defined as detection of
anewHPV infection ingenital swabs collected onat least 2
consecutive visits spaced at least 6months apart (�4week
window), with time to acquisition defined as the date of
the second consecutive positive visit. If a woman were
positive at only the last visit, it was counted as an incident
infection.
Analyses for the prevalence of the 14 tested HPV types

in cervical lesions (defined as a biopsy or surgical exci-
sional specimen) was performed in 10,656 women ran-
domized to the placebo arms of the 3 studies [representing
99% of the total number randomized (N ¼ 10,720) to the
placebo arms]. Because a womanmay develop more than
one lesion during the studies, an individual can be
counted multiple times in the tables and figures.
We used 4 approaches to estimate the attribution of

individual HPV types to cervical lesions, with 2 app-
roaches to adjust for lesions with more than 1 HPV type
detected. For each of the 4 analyses, all lesions (i.e., both
HPV positive and HPV negative) were included in the
denominator, as theHPV-negative lesionsmay have been
caused by a nontested type.
Minimum (Min) estimate. The minimum estimate of

attribution was calculated by including in the numerator
only those lesions where a respective HPV type was
present as a single infection. In a separate analysis, only
lesions with a single type detected were included in both
the numerator and denominator (Fig. 1).
Proportional (Prop) attribution estimate. Consistent

with the literature (25, 26), this estimate was calculated
following the method of Insinga and colleagues, (21),
whereby a fractional allocation for each individual HPV
type was used when evaluating multitype infected
lesions. This was based on the relative number of
instances in which each HPV type was observed as a

single infection in a lesion of a given grade. For example,
if one were to derive an apportionment for 2 CIN3 lesions
found to test positive forHPV16 and51, and if therewere 9
CIN3 lesions with HPV16 only and a single CIN3 lesion
with HPV51 only, then [2 � 9/(9 þ 1)] or 1.8 of these 2
multitype infected lesions would be attributed to HPV16
and [2 � 1/(9 þ1)] or 0.2 attributed to HPV51.

Hierarchical. A modified version of the hierarchical
attribution estimate of Wentzensen and colleagues was
also performed for lesions with more than one HPV type
detected (27).We attributed the cervical lesion to theHPV
type that is most commonly detected in invasive cervical
cancer (28). For example, a lesion with HPV16 and 59
would be attributed to HPV16. A lesion was attributed to
HPV31/33/45/52 or 58 (i.e., the additional high-riskHPV
types included in the investigational 9vHPV vaccine),
only if there were no coinfection with HPV16 and/or
HPV18; and to HPV35/39/51/56/59 (i.e., the other
high-risk HPV types tested, which are less commonly
detected in invasive cervical cancers; ref. 28) only if there
were no coinfection with HPV16/18/31/33/45/52 and/
or HPV58.

Any type estimate. This estimate was calculated by
including in the numerator any lesion in which a respec-
tive HPV type was present, regardless of coinfection with
other types.

Results
Baseline characteristics

The baseline characteristics of the study participants
have been previously described (1, 2, 7). Briefly, the mean
age at enrollmentwas 20.0 and34.3 years inprotocols 013/
015 and 019, respectively. Protocol 019 enrolled a higher
proportion of subjects from Asia-Pacific and Latin Amer-
ica (31% and 42%) than protocols 013/015 (4% and 31%).
Although protocol 019 did not have a limit on the lifetime
number of sexual partners at enrollment, the mean num-
ber (2) was the same as the studies in younger women
whereby the lifetime number was limited to 4.

Incidence and prevalence of HPV infection
The overall prevalence of any HPV infection at day 1

(vaccine and placebo arms combined) was higher for the
womenages 15 to 26years (33%) than thegroups ages 24 to
34 (30%) years and 35 to 45 years (20%; Table 1). For the
HPV types contained in the 9vHPV vaccine, the overall
prevalence was 25%, 20%, and 13% in these 3 age groups.
The nonvaccine types (HPV35/39/51/56/59) comprised
19%, 17%, and 11% of all HPV infections detected at day 1
in these age groups, respectively.

When consideringwomenwhowere randomized to the
placebo arms andwhowerenegative to the 14 types at day
1, the overall cumulative incidence of any infection with
�1 of the high-risk types contained in the 9vHPV vaccine
was 42%, 20%, and 14% for women ages 15 to 26, 24 to 34,
and 35 to 45 years, respectively (Table 2). The cumulative
incidence of persistent infection with �1 of the high-risk
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types contained in the 9vHPV vaccine among these 3 age
cohorts was 29% and 12%, and 6% respectively. Of note,
for the 15- to 26-year-old cohort, the follow-up time for

incident HPV6/11 infection was only 18 months (the
swabs in protocols 013 and 015 were not generally tested
for these low-risk types after month 7), whereas in the

Figure 1. Prevalence of HPV infections inHPV-positive cervical lesions containing only singleHPV type infections amongwomen enrolled in protocols 013 and
15 (i.e., ages 15–26 years; A) andwomen enrolled in protocol 019 (i.e., ages 24–45 years; B). �qHPV, positive for any qHPV vaccine type (6/11/16/18); †9vHPV,
positive for any 9vHPV vaccine type (6/11/16/18/31/33/45/52/58); zHR, positive for any high-risk 9vHPV vaccine type (16/18/31/33/45/52/58); xNon, positive
for any nonvaccine type (35/39/51/56/59).
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older cohort (the swabs in protocol 019 were tested for
HPV6/11 at all time points) the follow-up time was 48
months. Despite this shorter follow-up time, the cumula-
tive incidence of persistent HPV6/11 infection in the
younger women consistently exceeded that of the older
women, reflecting the increased risk of exposure to and
infection with HPV6/11 in this age group.

Baseline characteristics of women who developed
cervical disease
Among the 8,798 women ages 15 to 26 years who were

enrolled in the placebo arms of protocol 013 and 015, a
total of 1,366CIN1, 456CIN2, 393CIN3, and 19AIS lesions
were diagnosed during the approximately 4 years of
follow-up (Table 3A). Among the 1,858 women ages 24
to 45 years who were enrolled in the placebo arm of
protocol 019, a total of 172 CIN1, 41 CIN2, 55 CIN3, and
5 AIS lesions were diagnosed during follow-up. More
thanhalf of thewomenwhodevelopedCIN2orworsehad
anormal Pap test result at study entry [336/526 (64%) ages
15–26 years and 30/54 (56%) ages 24–45 years; Supple-
mentary Table S2]. For those who developed CIN3, 63%
and 86%of the younger and olderwomenwere positive to

at least 1 of the 9vHPV vaccine types at study entry
(HPV6/11/16/18/31/33/45/52/58), and 19% and 34%
of the younger and olderwomenwere positive to at least 1
of HPV31/33/45/52/58 with no HPV6/11/16/18
detected at study entry (Supplementary Table S2).

HPV prevalence in cervical lesions—women ages 15
to 26 years

Of the total 2,234 lesions diagnosed inwomen ages 15 to
26 years, 1,198 (54%) had a single HPV type detected, 712
(32%) had >1HPV type detected, 313 (14%) were negative
to each of the 14 tested types, and 11 (0.5%) had missing
data. Table 3 presents the minimum and proportional
attribution estimates, as well as the prevalence of any of
the individual 14 tested HPV genotypes by cervical dis-
ease categories. Regardless of the attribution method or
lesion grade, themost frequent type detectedwasHPV16.

More than 1 HPV type was detected in 30% of CIN1 and
CIN2 lesions, and 38% and 42% of CIN3 and AIS lesions,
respectively. As approximately 95% of HPV-positive inva-
sive cervical cancershaveonly 1HPV typedetected (28),we
also considered the distribution of HPV types among
lesions where only a single HPV type was detected by
whole tissue sectionPCR (Fig. 1A).Among the carcinogenic
HPV types,HPV16/18/31/33 showeda trendof increasing
prevalence from CIN1 to AIS. When comparing the qHPV
vaccine types to the 9vHPV vaccine types, an additional
32%, 39%, 33%, and 0% of CIN1, CIN2, CIN3, and AIS
lesions were attributed to the 5 additional HPV types
contained in the 9vHPV vaccine (100% attribution to AIS
was observed for both vaccines). For the nonvaccine types
(i.e.,HPV35/39/51/56/59), therewas a trend ofdecreasing
prevalence from CIN1 to AIS (37%, 16%, 5%, and 0% for
CIN1, CIN2, CIN3, and AIS, respectively). HPV6/11 were
primarily detected as a single infection in CIN1.

Figures 2 and 3 compare the various attribution meth-
ods for the high-risk HPV types by cervical disease cat-
egory. For HPV16/18, the proportional, hierarchical, and
any estimates converged (defined as a�5%difference) for
all disease categories exceptCIN1,where the proportional
method gave 20% attribution for HPV16/18 to CIN1,
compared with 28% for the other 2 methods. This is
because HPV16/18 were present as a single infection in
a lower proportion (12%) of the CIN1 lesions, compared
withHPV31/33/45/52/58 (16%) andHPV35/39/51/56/
59 (19%). Therefore, the fractional allocation for HPV16/
18 is decreased for CIN1 relative to the hierarchical and
anyestimates. In thehierarchicalmethod, the contribution
of the additional high-risk HPV types contained in the
9vHPV vaccine (i.e., HPV31/33/45/52/58) was deter-
mined by only considering those lesions where there was
no coinfectionwithHPV16 and 18. The percent of disease,
which was thus attributable to the high-risk 9vHPV vac-
cine typeswas estimated to be 55%, 78%, 91%, and 95% for
CIN1, CIN2, CIN3, andAIS, respectively.WhenHPV6/11
were included in the hierarchical method, the percent of
disease attributable to the 9vHPV vaccine types increased
to 59% for CIN1, with no change in the estimates for the

Table 1. Prevalence of HPV infection at
baseline, irrespective of coinfections, vaccine
and placebo arms combined

Women ages
15 to 26 yearsa

Women ages
24 to 34 yearsa

Women ages
35 to 45 yearsa

N ¼ 17,590 N ¼ 1,911 N ¼ 1,908HPV
type n (%) n (%) n (%)

Any 5,590 (33) 564 (30) 379 (20)
6 716 (4) 45 (2) 26 (1)
11 119 (1) 7 (0.4) 2 (0.1)
16 1,552 (9) 116 (6) 54 (3)
18 642 (4) 48 (3) 31 (2)
31 781 (4) 59 (3) 45 (2)
33 358 (2) 14 (1) 13 (1)
35 270 (2) 30 (2) 19 (1)
39 798 (9) 68 (4) 44 (2)
45 418 (2) 40 (2) 25 (1)
51 1,268 (7) 90 (5) 51 (3)
52 984 (6) 113 (6) 57 (3)
56 1,336 (8) 147 (8) 92 (5)
58 642 (4) 61 (3) 39 (2)
59 641 (4) 56 (3) 28 (2)
Any of the nonvaccine high-risk types (35/39/51/56/59)

3,316 (19) 318 (17) 207 (11)
Any of the qHPV vaccine types (6/11/16/18)

259 (15) 192 (10) 106 (6)
Any of the 9vHPV vaccine types (6/11/16/18/31/33/45/52/58)

4,245 (25) 375 (20) 238 (13)

aThe denominator for each type analysis excludes subjects
with missing data for the respective HPV type(s). The cate-
gories are not mutually exclusive.
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Table 3. Prevalence and distribution of HPV genotypes in cervical lesions, by age

A. Women ages 15 to 26 years (protocols 013 and 015), N ¼ 8,798

CIN1a (no. of lesions ¼
1,366), n (%)

CIN2a (no. of lesions ¼
456), n (%)

CIN3a (no. of lesions ¼
393), n (%)

AISa (no. of lesions ¼
19), n (%)

HPV
type Min.b Prop. Anyc Min.b Prop. Anyc Min.b Prop. Anyc Min.b Prop. Anyc

6 34 (2) 45 (3) 77 (6) 1 (0.2) 1 (0.3) 12 (3) 2 (1) 3 (0.7) 16 (4) 0 (0) 1 (5) 0 (0)
11 14 (1) 16 (1) 30 (2) 0 (0) 0 (0) 5 (1) 1 (0.3) 1 (0.3) 4 (1) 0 (0) 0 (0) 0 (0)
16 138 (10) 230 (17) 294 (22) 107 (23) 154 (34) 168 (37) 130 (33) 216 (55) 225 (57) 8 (42) 14 (75) 15 (79)
18 28 (2) 48 (4) 110 (8) 12 (3) 20 (4) 44 (10) 5 (1) 8 (2) 29 (7) 2 (11) 4 (20) 7 (37)
31 65 (5) 106 (8) 166 (12) 39 (9) 58 (13) 76 (17) 30 (8) 47 (12) 67 (17) 0 (0) 0 (0) 0 (0)
33 27 (2) 36 (3) 78 (6) 15 (3) 23 (5) 36 (8) 16 (4) 28 (7) 47 (12) 0 (0) 0 (0) 1 (5)
35 23 (2) 30 (2) 51 (4) 13 (3) 16 (4) 23 (5) 5 (1) 6 (2) 10 (3) 0 (0) 0 (0) 0 (0)
39 48 (4) 67 (5) 107 (8) 5 (1) 8 (2) 22 (5) 1 (0.3) 2 (1) 17 (4) 0 (0) 0 (0) 1 (5)
45 15 (1) 20 (1) 53 (4) 0 (0) 0 (0) 16 (4) 2 (1) 0 (0) 21 (5) 0 (0) 0 (0) 1 (5)
51 77 (6) 132 (10) 195 (14) 17 (4) 29 (6) 54 (12) 3 (1) 5 (1) 29 (7) 0 (0) 0 (0) 2 (11)
52 55 (4) 91 (7) 156 (11) 27 (6) 48 (11) 73 (16) 14 (4) 29 (7) 59 (15) 0 (0) 0 (0) 4 (21)
56 91 (7) 155 (11) 217 (16) 4 (1) 5 (1) 27 (6) 2 (0.5) 3 (0.9) 31 (8) 0 (0) 0 (0) 1 (5)
58 60 (4) 89 (7) 135 (10) 24 (5) 34 (7) 49 (11) 13 (3) 22 (6) 36 (9) 0 (0) 0 (0) 1 (5)
59 22 (2) 30 (2) 61 (4) 3 (1) 4 (1) 15 (3) 0 (0) 0 (0) 9 (2) 0 (0) 0 (0) 0 (0)

B. Women ages 24 to 45 years (protocol 019), N ¼ 1,858

CIN1d (no. of lesions ¼
172), n (%)

CIN2d (no. of lesions ¼
41), n (%)

CIN3d (no. of lesions ¼
55), n (%)

AISd (no. of lesions ¼
5), n (%)

HPV
type Min.b Prop. Anyc Min.b Prop. Anyc Min.b Prop. Anyc Min.b Prop. Anyc

6 2 (1) 3 (2) 7 (4) 0 (0) 0 (0) 3 (7) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
11 2 (1) 3 (2) 4 (2) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
16 23 (13) 30 (17) 34 (20) 10 (24) 16 (39) 17 (41) 26 (47) 32 (58) 33 (60) 3 (60) 5 (100) 5 (100)
18 4 (2) 4 (2) 4 (2) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
31 3 (2) 4 (2) 5 (3) 3 (7) 3 (8) 4 (10) 6 (11) 7 (12) 8 (15) 0 (0) 0 (0) 1 (20)
33 3 (2) 4 (2) 5 (3) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
35 4 (2) 4 (2) 5 (3) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (2) 0 (0) 0 (0) 0 (0)
39 1 (1) 1 (0.8) 5 (3) 1 (2) 1 (2) 1 (2) 1 (2) 1 (2) 1 (2) 0 (0) 0 (0) 0 (0)
45 5 (3) 7 (4) 9 (5) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
51 8 (5) 13 (8) 19 (11) 1 (2) 1 (3) 2 (5) 1 (2) 1 (2) 3 (5) 0 (0) 0 (0) 0 (0)
52 8 (5) 14 (8) 20 (12) 5 (12) 6 (14) 7 (17) 7 (13) 8 (15) 11 (20) 0 (0) 0 (0) 1 (20)
56 15 (9) 20 (12) 24 (14) 1 (2) 1 (3) 4 (10) 0 (0) 0 (0) 1 (2) 0 (0) 0 (0) 0 (0)
58 9 (5) 12 (7) 16 (9) 3 (7) 4 (10) 4 (10) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
59 9 (5) 6 (3) 9 (5) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

NOTE: A subject is counted only once within each applicable row, but may appear in more than one row.
aOf the 1,366 CIN1 lesions, 697 had a single-type infection, 416 had >1 HPV type, 246 were negative to all 14 tested types, and 7 had
missingdata.Of the456CIN2 lesions, 267hada single-type infection, 139had>1HPV type, 47werenegative to all 14 tested types, and
3 had missing data. Of the 393 CIN3 lesions, 224 had a single-type infection, 149 had >1 HPV type, 19 were negative to all 14 tested
types, and 1 had missing data. Of the 19 AIS lesions, 10 had a single-type infection, 8 had >1 HPV type, and 1 was negative to all 14
tested types.
bMinimum estimate of attribution. Each lesion is counted only once within the row.
cAttribution irrespective of coinfection. Each lesion is counted only once within the row.
dOf the 172 CIN1 lesions, 92 had a single-type infection, 33 had >1 HPV type, 45 were negative to all 14 tested types, and 2 had
missing data. Of the 41 CIN2 lesions, 24 had a single-type infection, 8 had >1 HPV type, 7 were negative to all 14 tested types, and
2 had missing data. Of the 55 CIN3 lesions, 41 had a single-type infection, 8 had >1 HPV type, 5 were negative to all 14 tested
types, and 1 had missing data. Of the 5 AIS lesions, 3 had a single-type infection, 2 had >1 HPV type, and 0 were negative to all 14
tested types.
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Figure 2. Percent of disease attributed to the respective HPV types for women ages 15 to 26 years (A) and women ages 24 to 45 years (B), using 4 attribution
methods. Minimum (Min): numerator includes only those lesions where a respective HPV type was present as a single infection. Proportional (Prop):
fractional allocation for each individual HPV type based on the relative number of instances in which each HPV type was observed as a single infection in a
lesion of a given grade. Hierarchical (Heir): a lesion is attributed to HPV31/33/45/52/58, only if there was no coinfection with HPV16 and 18; and to HPV35/39/
51/56/59 only if therewas no coinfectionwithHPV16/18/31/33/45/52 and 58. Any: Numerator includes any lesion inwhich a respectiveHPV typewas present,
regardless of coinfection with other types. For each method, all lesions (HPV positive and negative) are included in the denominator.
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other grade lesions.OverallHPV6/11weredetected in 8%
the CIN1 lesions with no adjustment for multitype
infected lesions.
As seen with HPV16/18, the hierarchical method

yielded a higher attribution of the high-risk 9vHPV vac-
cine types to CIN1, compared with the proportional
attributionmethod. This is because the hierarchical meth-
od attributes these types to the CIN1 lesions, without
considering the contribution of the nonvaccine types to
CIN1 lesions. For example, approximately 32% of these
CIN1 lesions were coinfected with at least one high-risk
9vHPV vaccine and at least one of HPV35/39/51/56 or

HPV59. HPV35/39/51/56 or HPV59 were detected in
40% of all CIN1 lesions, with 19% as single infections
(Fig. 1B). In the hierarchical method, if one were to
attribute the CIN1 cases to HPV31/33/45/52/58 only if
there was no coinfection with HPV16/18/35/39/51/56/
59, the hierarchical estimation for the high-risk 9vHPV
vaccine types for CIN1 would be 46%, similar to the
proportional method of 45%. Applying the same defini-
tion for the higher grade lesions resulted in a hierarchical
estimate of 70%, 84%, and 95% for the high-risk 9vHPV
vaccine types for CIN2, CIN3, and AIS, respectively.

For each of the 4 methods, the prevalence of the non-
vaccine types decreased as lesion grade increased (Fig. 2).
For these nonvaccine types, the hierarchical and propor-
tional methods converged for CIN2, CIN3, and AIS.
Unlike the other type combinations, the proportional
method gave a higher attribution estimate (30%) than the
hierarchical method (22%) for CIN1, as these HPV types
received a higher fractional allocation because they were
more often detected in CIN1 as a single infection.

HPV prevalence in cervical lesions—women ages 24
to 45 years

Among women ages 24 to 45 years, there was a similar
proportion of lesions with a single HPV type detected
comparedwith the younger cohort (59%vs. 54%); however,
a lower proportion of the older women had >1 HPV type
detected (19% vs. 32%) and a higher proportion of the older
womenwerenegative to all of the 14 testedHPV types (21%
vs. 14%). Regardless of the attribution method or lesion
grade, the most frequent type detected was HPV16 (Table
3). For CIN2 and CIN3, the second most frequent type
detected regardless of attribution method was HPV52. For
AIS, the HPV types detected in the older women were
HPV16 (single infection in 3 lesions), HPV16/31 (1 lesion),
and HPV16/56 (1 lesion). When considering only those
lesions where a single HPV type was detected (Fig. 1B), the
9vHPV vaccine types were attributed to 63%, 88%, 95%,
and 100% of CIN1, CIN2, CIN3, and AIS, representing a
similar percent increase in attribution over the qHPV
vaccine as that seen in the younger women.

For HPV16/18, the proportional, hierarchical, and any
estimates converged for all disease categories (Fig. 2B).
Unlike the younger women, for CIN1, HPV16/18 were
detected as a single infection in a similar proportion (16%)
to that ofHPV31/33/45/52/58 (16%) andHPV35/39/51/
56/59 (19%). Using the hierarchical method, the percent-
age of disease thatwas attributable to thehigh-risk 9vHPV
vaccine typeswas slightly lower than that observed for the
younger women, with estimates of 47%, 71%, and 85% for
CIN1, CIN2, and CIN3, respectively; but the estimate for
AISwas higher at 100%.However, a robust comparison of
the age groups is limited, because of the total small
number of AIS lesions detected in the older cohort (n ¼
5). Using the proportional method of attribution, there
was a �5% difference in the attribution of the high-risk
vaccine types between the younger and older cohorts (Fig.
3B). When HPV6/11 are included in the hierarchical and

Figure 3. Prevalence of HPV types in cervical lesions among women
enrolled in protocols 013 and 15 (i.e., ages 15–26 years) and women
enrolled in protocol 019 (i.e., ages 24–45 years) using hierarchical
attribution method (A) and proportional attribution method (B).
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proportional estimates, the attribution of the 9vHPV vac-
cines types toCIN1 increased by 3% to 4%,with no change
in the estimates for the higher grade lesions.

Discussion
This study is one of the first to utilize 4 distinctmethods

to determine the attribution of 14 HPV types in cervical
precancers. In the absence of tissue-based genotyping
evidence such as laser-capture microdissection, the exis-
tence of multiple HPV infections in a single lesion com-
plicates the estimationof the attribution of cases to specific
HPV types. Clarifying the contribution of individual gen-
otypes allows an estimation of the potential impact of
prophylactic vaccines on cervical cancers and precancers
and screening paradigms. Considering just the 2 more
conservative attribution methods that adjusted for mul-
tiple-type infected lesions (proportional andhierarchical),
amongwomenages 15 to 45 years, our results indicate that
the 7 high-risk types included in a broad spectrumvaccine
currently under development would prevent 43% to 55%
ofCIN1, 70% to 78%ofCIN2, 85% to 91%ofCIN3, and95%
to 100% of AIS. The relative contribution of the 7 types to
invasive cervical cancer worldwide is estimated to be
approximately 90%, with adjustment for multiple-type–
infected lesions (20).

As the grade of CIN increased, the mathematical
approaches (proportional, hierarchical, and any) for
assessing HPV-type attribution converged for the high-
risk vaccine types, regardless of age. For CIN2 and CIN3,
the estimateswith these 3 approaches for the 2 age cohorts
were 74% to 78% and 70% to 71% (CIN2), and 90% to 91%
and 85% (CIN3). ForAIS, all estimates gave 95%and 100%
attribution for the younger and older aged cohorts. This
could be because of the fact thatHPV16was uniformly the
most common HPV type in each of the histologic grades,
and was more commonly detected as a single infection in
the higher grade lesions. Thus, the proportional, hierar-
chical, andmaximum estimates converge as a result of the
high prevalence andwell-established oncogenic potential
of HPV16 (28). In both age cohorts, the nonvaccine types
were most commonly detected in CIN1, and in the older
cohort, theywere detected as single infections inCIN1 in a
similar proportion to HPV16/18 or HPV31/33/45/52/58
(19% vs. 16%).

In this study, the overall prevalence of any HPV infec-
tion at day 1washigher for the youngerwomen compared
with the olderwomen (33%vs. 25%) andwashigherwhen
considering each individual HPV type. A previous study
in the same clinical trial population ofwomenages 15 to 26
years described the transition probabilities for incident
HPV16/18/31/33/35/45/52/58/59 infections and CIN
lesions (26). Nearly all incident HPV16/18/31/33/35/
45/52/58/59 infections either manifested as detectable
CIN lesions or went below the limit of PCR detection
within 36 months (26). Our data confirm the wide body of
literature that not all oncogenic HPV types persist and
manifest as high-grade lesions. This is most apparent in

the analysis where only lesions with a single HPV-type
detected were considered in both the numerator and
denominator (Fig. 1). Regardless of age, we observed a
clear trend of increasing HPV16/18/31/33/45/52/58
prevalence across the lesions grades; 56% to 60% forCIN1,
84% to 88% for CIN2, 94% to 95% for CIN3, and 100% for
AIS. In contrast, there was a decreasing trend for HPV35/
39/51/56/59, with a range of 36% to 37% for CIN1, 13% to
16% forCIN2, 5% forCIN3, and 0% forAIS.Of note, in this
analysis where only lesions with a single HPV-type
detected were considered in both the numerator and
denominator, we observed the lowest overall differential
in the attribution estimates between the 2 age cohorts for
both the vaccine and nonvaccine types.

The 5 most common HPV types detected at day 1 in
younger womenwere HPV16/39/51/52/56, whereas the
5most commonHPV types detected in olderwomenwere
HPV16/31/51/52/56 (Table 1). Although HPV39, a type
not included in the 9vHPV vaccine, was the second most
common type detected at day 1 in the younger women
(9%), it was most commonly detected as a single infection
in CIN1 lesions. HPV6/11 were also most commonly
detected as a single infection in CIN1. Overall, HPV6/
11 were detected in 8% and 6% of the CIN1 lesions in the
younger and older aged cohorts with no adjustment for
multiply infected lesions, similar to previous studies
where HPV6/11 were detected in approximately 9% of
low-grade cervical lesions (29, 30).

As noted by the American College of Obstetrics and
Gynecology, both cervical cytology and high-risk HPV
DNA testing can detect cervical cancer and its precursors,
but each also detect abnormalities that will not go on to
become cancer (31). Although annual screening with
cytology alone has saved many lives, it has also been
shown to increase the number of unnecessary procedures
and treatments (31). Recently, the U.S. FDA Medical
Devices Advisory Committee recommended HPV testing
as the primary screening tool inwomen 25 years and older
to assess risk of cervical cancer (32). Our study enhances
the body of evidence used to inform screening recom-
mendations and treatment. More than half of the women
who developed CIN2/3 or AIS had a normal Pap test
result at study entry and for those who developed CIN3,
63% and 86% of the younger and older women were
positive to at least one of the 9vHPV vaccine types. As
approximately onehalf of theCIN1 lesions detected in our
study were associated with the types in the 9vHPV vac-
cine, the ability to prevent such lesions should result in a
substantial reduction in both the risk and costs associated
in evaluating these lesions.

The study has some limitations. The clinical trial popu-
lations are not entirely representative of the general pop-
ulation of women ages 15 to 45 years because of the
exclusion/inclusion criteria of the trials. However, the
estimates of the contribution of the HPV types to high-
grade disease are consistent with prior published meta-
analyses (20). We also had a small total number of AIS
cases, with HPV18 or 45 detected in 7/24 (29%) and 1/24
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(4%) of these cases. In a study of 470 adenocarcinomas,
HPV18and45weredetected in 32%and12% (28), thusour
data may underestimate the potential impact of the
9vHPV vaccine in preventing adenocarcinoma.
Vaccination against HPV offers the opportunity to

effectively prevent infection and disease caused by
HPV. A 9vHPV vaccine has recently been shown to be
highly safe and efficacious against the original 4 HPV
types in the qHPV as well as the additional 5 types (33).
If vaccination programs with this new generation vac-
cine are effectively implemented (20), approximately
90% of invasive cervical cancer cases worldwide could
be prevented, in addition to the majority of precancer-
ous lesions. However, despite the clear safety profile of
the currently disseminated HPV vaccines, uptake in the
United States and other resource-rich countries has been
inadequate (34). To achieve the population level poten-
tial of the HPV vaccine to reduce cancer, vaccine uptake
must increase.
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