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M A J O R A R T I C L E

Human Papillomavirus Genotype Attribution
and Estimation of Preventable Fraction of
Anal Intraepithelial Neoplasia Cases Among
HIV-Infected Men Who Have Sex With Men

Vikrant V. Sahasrabuddhe,1 Philip E. Castle,2 Stephen Follansbee,3 Sylvia Borgonovo,3 Diane Tokugawa,5

Lauren M. Schwartz,1 Thomas S. Lorey,5 Brandon J. LaMere,6 Julia C. Gage,1 Barbara Fetterman,5 Sean Boyle,7

Mark Sadorra,7 Scott Dahai Tang,7 Teresa M. Darragh,4 and Nicolas Wentzensen1

1Division of Cancer Epidemiology and Genetics, National Cancer Institute, National Institutes of Health, Rockville, Maryland; 2Albert Einstein College
of Medicine, New York, New York; 3Kaiser Permanente Medical Center, 4University of California, San Francisco; 5Kaiser Permanente TPMG Regional
Laboratory, Berkeley, Califronia; 6Women’s Health Research Institute, Division of Research, Kaiser Permanente, Oakland, California; and 7Roche
Molecular Systems, Pleasanton, California

Background. The prevention of human papillomavirus (HPV)–induced anal cancer in high-risk populations
such as human immunodeficiency virus (HIV)-infected men who have sex with men (MSM) remains an urgent
priority, given rising incidence rates despite widespread antiretroviral therapy use.

Methods. HPV genotypes and anal disease prevalence, by cytology and histopathologic findings, were evaluat-
ed among 363 HIV-infected MSM. We modeled fractions of high-grade anal intraepithelial neoplasia (HGAIN)
attributable to individual carcinogenic HPV genotypes and estimated the range of the proportion of HGAIN cases
potentially preventable by prophylactic HPV vaccines.

Results. HPV16 was the most common genotype overall (26.4% of cases) and among HGAIN cases (55%).
Prevalence of multiple (≥2) carcinogenic HPV genotypes increased from 30.9% in cases of AIN grade <1 to
76.3% in cases of AIN grade 3 (Ptrend < .001). The fractions of HGAIN cases attributable to carcinogenic HPV16/
18 targeted by currently licensed bivalent and quadrivalent HPV vaccines ranged from 12% to 61.5%, and the
fractions attributable to carcinogenic HPV16/18/31/33/45/52/58 targeted by an investigational nonavalent HPV
vaccine ranged from 39% to 89.4%.

Conclusions. Our analytical framework allows estimation of HGAIN cases attributable to individual HPV
genotypes in the context of multiple concurrent HPV infections, which are very common among HIV-infected
MSM. Our results suggest that licensed and investigational HPV prophylactic vaccines have the potential to
prevent a substantial proportion of HGAIN cases in this population.

Keywords. Anal cancer; human papillomavirus; human immunodeficiency virus; anal intraepithelial neopla-
sia; men who have sex with men; genotypes; attribution.

Anal cancer is relatively rare in the general population,
yet its incidence is increasing in high-risk groups such as

men who have sex with men (MSM), particularly those
living with human immunodeficiency virus (HIV)/AIDS
[1]. Chronic persistent carcinogenic human papillomavi-
rus (HPV) is associated with anal cancer and its precur-
sor lesions, high-grade anal intraepithelial neoplasia
(HGAIN) [2]. However, HPV genotype prevalence
among anal intraepithelial neoplasia (AIN) grades in
HIV-infected MSM has varied significantly, depending
on the characteristics of the population, variability in
pathology interpretation, and differences in molecular
genotyping assays [3, 4]. The knowledge of individual
HPV genotypes within each grade of AIN can allow
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estimation of the impact of prophylactic HPV vaccines in this
high-risk population as well as to consider which genotypes
should be included in future HPV screening and genotyping
assays.

To further our understanding of anal lesions in relation to
HPV genotypes in HIV-infected MSM, we analyzed the HPV
genotype distribution in anal disease categories based on a rig-
orous disease end point, using both cytology and histology find-
ings. We used this information to predict the potential efficacy
of prophylactic HPV vaccines, under the assumption that vacci-
nation would occur before natural infection and seroconversion.

METHODS

Study Population
We conducted a cross-sectional screening study at an anal-
cancer-screening clinic in San Francisco, California, operated
by Kaiser Permanente Northern California (KPNC). We en-
rolled men who were identified as HIV infected through the
Kaiser HIV Registry, who were aged ≥18 years, and who had
not received a diagnosis of anal cancer prior to enrollment.
Written informed consent was obtained from patients, and
guidelines of the US Department of Health and Human Ser-
vices were followed in the conduct of clinical research.

In total, 363 men were enrolled between August 2009
and June 2010. The study was reviewed and approved by
the institutional review boards at KPNC and the National
Cancer Institute. All participants were asked to complete a
self-administered questionnaire for risk factor information. Ad-
ditional information on HIV status and medication, sexually
transmitted diseases, and histopathologic results were abstract-
ed from the KPNC clinical database. For 87 of 271 subjects
without HGAIN at the enrollment visit, follow-up information
from additional clinic visits up to December 2011 was available
and included in the analysis. None of the participants had re-
ceived the licensed or investigational HPV vaccines.

Cytology, High-Resolution Anoscopy, and Histology
During the clinical examination, 2 cytology specimens were
collected by inserting a wetted, flocked nylon swab into the
anal canal up to the distal rectal vault and withdrawing with
rotation and lateral pressure [5]. Both specimens were trans-
ferred to PreservCyt medium (Hologic, Bedford, MA) for anal
cytology and HPV DNA and biomarker testing [5]. All partic-
ipants subsequently underwent a digital anorectal examina-
tion, followed by high-resolution anoscopy (HRA). Suspicious
lesions visualized during HRA were biopsied and sent for
routine histopathologic review by KPNC pathologists.

From the first specimen container, a slide was prepared for
routine liquid cytology (Thin Prep) Papanicolaou staining.
Cytology results were reported analogous to the revised 2001
Bethesda classification for cervical cytology [6], using the

categories negative for intraepithelial lesions or malignancy,
atypical squamous cells of undetermined significance, atypical
squamous cells cannot exclude high-grade squamous intraepi-
thelial lesion, low-grade squamous intraepithelial lesions, and
high-grade squamous intraepithelial lesions (HSIL). The study
pathologists made a further distinction of HSIL, categorizing it
as HSIL-AIN grade 2 (AIN2) or HSIL-AIN grade 3 (AIN3). We
observed good agreement (κ = 0.54) between 2 independent
expert cytology reviews [7]. In this analysis, we report the
primary cytology result from KPNC pathologists. Histology
results were reported as negative, condyloma, and AIN grades
1–3.

HPV DNA Testing
All HPV DNA tests were conducted on the second sample by
Roche, using the Linear Array HPV Genotyping Test (LA-
HPV; Roche Molecular Systems, Pleasanton, CA) [8]. The
pool of consensus L1 PGMY09/11 primers used in this assay
is designed to amplify HPV-DNA from 37 genotypes. These
include genotypes classified by the International Agency for
Research on Cancer (IARC) as group 1 or 2A carcinogens
(ie, “carcinogenic genotypes”) [9]: HPV types 16, 18, 31, 33,
35, 39, 45, 51, 52, 56, 58, 59, and 68; group 2B carcinogens
(ie, “possibly carcinogenic genotypes”): HPV types 26, 53, 66,
67, 70, 73, and 82; and group 3 carcinogens or unclassified ge-
notypes (ie, “noncarcinogenic genotypes/genotypes of unknown
carcinogenicity”): HPV types 6, 11, 40, 42, 54, 55, 61, 62, 64, 69,
71, 72, 81, 83, 84, CP6108 (HPV89), and IS39 (HPV82v). The
probe for HPV52 in LA-HPV is a mixed probe that cross-reacts
with HPV33, HPV35, and HPV58 hence, HPV52 estimates pre-
sented here only include those without concurrent presence of
the latter three types. Amplification of the β-globin gene was
used as a control for cellular adequacy and sufficient DNA.

Classification of Disease Grades
To improve the accuracy of the estimation of the patient’s anal
disease status, a combination of results of HRA-guided biopsy,
results of anal cytology, and the follow-up data were used to
improve the classification of disease status, as has been done
in previous analyses in context of cervical neoplasia [10, 11].
Four distinct disease categories were defined (Supplementary
Table 1): (1) AIN grade <1 (<AIN1), including men with a
nondysplastic biopsy finding or without a biopsy and with cy-
tology findings less severe than HSIL; (2) AIN grade 1
(AIN1), including men with AIN1 histology findings and cy-
tology findings less severe than HSIL; (3) AIN2, including
men with AIN2 histology findings or with lower grade,
normal, or no histology findings and HSIL-AIN2; and (4)
AIN3, including men with AIN3 histology findings or with
less severe, normal, or no histology findings but with HSIL-
AIN3 cytology. HGAIN comprised of the disease categories
AIN2 and AIN3, as defined above.
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Statistical Analysis
Data were analyzed using IBM SPSS Statistics 19 and Inter-
cooled Stata, version 11.2. All statistical tests were 2-sided and
considered to be significant at a P value of < .05. We calculated
the prevalence of HPV genotypes (any/carcinogenic type),
stratified by AIN categories and by single versus multiple ge-
notypes. The Mantel-Haenszel χ2 test for trend was used to
analyze trends with respect to increasing severity of AIN and
increasing age categories. We explored trends in genotype
composition and number of anal sex partners (lifetime and in
the past 6 months), by age categories.

We evaluated fractions of anal disease categories attribut-
able to individual carcinogenic HPV genotypes. We assumed
that individual HPV genotype infections were biologically in-
dependent (ie, that there is no synergy between HPV types)
and that HPV is a necessary cause of anal neoplastic disease.
For each disease category, the maximum estimate of the frac-
tion caused by an individual genotype was calculated by as-
signing the frequency of that genotype in that category, under
the assumption of a causal association with every case in
which that genotype is present. The minimum estimate was
calculated by assigning the frequency of an individual HPV
genotype when it was present as a single carcinogenic infec-
tion in that disease category. Two attribution models were
used to derive estimates that ranged between the maximum
and minimum proportions of disease caused by individual
HPV genotypes (similar to approaches previously described
in the cervix literature by Insinga et al [12] and Wentzensen
et al [11]). A “proportional attribution” estimate was calculat-
ed, in which a case is proportionally attributed according to
the frequency of that type at the respective disease category. A
“hierarchical attribution” estimate was calculated, in which in-
dividual cases were assigned by the frequency of the most fre-
quent overall type in that respective disease category. In the
proportional attribution model, a fraction of each case is at-
tributed to every multiple genotype present in the lesion,
whereas in the hierarchical attribution model, a case is
completely attributed to the most frequent type. Thus, the hi-
erarchical attribution tends to favor the more frequent types,
while the proportional attribution is more likely to attribute
some cases to less common types, including types with little
carcinogenic potential. For example, consider a case of AIN3
with the presence of 3 carcinogenic types: HPV16, HPV18
and HPV59. The frequencies (“any type infections”) of these
individual types in AIN3 are 61%, 15%, and 10% (sum, 86%).
By using the proportional attribution, the case would be at-
tributed to the 3 types in proportion to their prevalence in
AIN3 (61/86 = 70.9% for HPV16, 15/86 = 17.4% for HPV18,
and 10/86 = 11.7% for HPV59). Since HPV16 is the most
common carcinogenic genotype in AIN3, by using of the hier-
archical attribution, the case would be completely attributed to
HPV16.

We also estimated the maximum and minimum estimates
and the proportional and hierarchical attribution fractions of
anal disease categories potentially preventable by prophylactic
bivalent and quadrivalent HPV vaccines currently approved
by the Food and Drug Administration that target carcinogenic
types HPV16/18 and by an investigational nonavalent vaccine
(currently being evaluated in clinical trials) that targets carci-
nogenic types HPV16/18/31/33/45/52/58. For this analysis, we
assumed full protection of the vaccine against acquisition of
the specific HPV genotypes included in the vaccines, but we
did not assume cross-protection. Another underlying caveat of
our analysis was that the HIV-infected MSM population
would have been vaccinated before being exposed (natural in-
fection) to the carcinogenic HPV genotypes that are contained
in the licensed and investigational HPV vaccines.

RESULTS

Participant Characteristics
The median age of the participants was 53 years (range, 26–79
years). The median age at first anal sex was 20 years (range,
7–66 years), 40% of the participants reported ≥40 anal sex
partners during their life, and 15% reported ≥3 partners in
the past 6 months. The CD4+ T-cell count at the time of study
enrollment was ≤350 cells/µL in 18.3%, and the HIV load was
<75 copies/mL in 90%. A vast majority (93.8%) were taking
antiretroviral drugs at the time of enrollment.

Prevalence of HPV Genotypes, by categories of anal
neoplastic disease
HPV genotyping results were available for 342 of 363 partici-
pants (94.2%). Of these 342, 139 (40.6%) had <AIN1, 99
(29%) had AIN1, 45 (13.2%) had AIN2, and 59 (17.2%) had
AIN3; thus, the HGAIN (AIN2 plus AIN3) prevalence was
30.4% (95% confidence interval [CI], 25.8%–35.5%; Supple-
mentary Table 1).

The prevalence of any HPV genotype was 94.4% (95% CI,
91.4%–96.6%), and the prevalence of any carcinogenic HPV
genotype was 75.4% (95% CI, 70.5%–79.9%; Table 1). HPV16
was the most common individual genotype, present in 96 par-
ticipants (28.1%). There were 9 genotypes classified as non/
unknown or possibly carcinogenic (ie, HPV6, HPV53,
HPV42, HPV84, HPV61, HPV62, HPV70, HPVCP6108, and
HPV55) that were more frequently detected than the next
most common carcinogenic type (HPV31). Among carcino-
genic HPV types, HPV16, HPV18, HPV33, HPV35, HPV39,
HPV51, and HPV56 showed a trend of increasing prevalence
from <AIN1 to AIN3 that was statistically significant (P < .05).

Single carcinogenic type infections were present in just over
a quarter of all participants (96 of 342 [28.1%]) and were pro-
gressively infrequent with increasing AIN severity, with such
infections detected in 33.3% of AIN1 cases but only 18.6% of
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Table 1. Prevalence and Distribution of Human Papillomavirus (HPV) Genotypes, by Anal Intraepithelial Neoplasia (AIN) Grade

Overall
(n = 342)

<AIN1
(n = 139) AIN1 (n = 99) AIN2 (n = 45) AIN3 (n = 59)

Variable No. % No. % No. % No. % No. % P b

No HPV type 19 5.6 15 10.8 3 3.0 0 0.0 1 1.7 <.01

Any HPV type 323 94.4 124 89.2 96 97.0 45 100.0 58 98.3 <.01
Single HPV type 47 13.7 32 23.0 10 10.1 2 4.4 3 5.1 .44

Multiple (≥2) HPV types 276 80.7 92 66.2 86 86.9 43 95.6 55 93.2 <.01

Any carcinogenica HPV type
Absent 84 24.6 58 41.7 21 21.2 2 4.4 3 5.1 <.01

Present 258 75.4 81 58.3 78 78.8 43 95.6 56 94.9 <.01

Single type 96 28.1 38 27.3 33 33.3 14 31.1 11 18.6 <.01
Multiple (≥2) types 162 47.4 43 30.9 45 45.5 29 64.4 45 76.3 <.01

Individual HPV types

Carcinogenica

HPV16 96 28.1 13 9.4 26 26.3 21 46.7 36 61.0 <.01

HPV18 36 10.5 9 6.5 9 9.1 9 20.0 9 15.3 .01

HPV31 51 14.9 15 10.8 13 13.1 14 31.1 9 15.3 .07
HPV33 37 10.8 8 5.8 8 8.1 6 13.3 15 25.4 <.01

HPV35 39 11.4 11 7.9 12 12.1 4 8.9 12 20.3 .03

HPV39 42 12.3 12 8.6 10 10.1 8 17.8 12 20.3 .01
HPV45 41 12.0 15 10.8 11 11.1 3 6.7 12 20.3 .17

HPV51 44 12.9 14 10.1 10 10.1 4 8.9 16 27.1 .01

HPV52 41 12.0 10 7.2 18 18.2 6 13.3 7 11.9 .28
HPV56 37 10.8 12 8.6 8 8.1 7 15.6 10 16.9 .05

HPV58 46 13.5 14 10.1 14 14.1 6 13.3 12 20.3 .07

HPV59 36 10.5 9 6.5 13 13.1 8 17.8 6 10.2 .18
HPV68 26 7.6 8 5.8 7 7.1 5 11.1 6 10.2 .19

Possibly carcinogenicc

HPV26 4 1.2 2 1.4 0 0.0 0 0.0 2 3.4 .44
HPV53 66 19.3 23 16.5 22 22.2 10 22.2 11 18.6 .59

HPV66 35 10.2 8 5.8 5 5.1 8 17.8 14 23.7 <.01

HPV67 8 2.3 0 0.0 2 2.0 2 4.4 4 6.8 <.01
HPV70 54 15.8 21 15.1 12 12.1 8 17.8 13 22.0 .22

HPV73 32 9.4 6 4.3 10 10.1 8 17.8 8 13.6 .01

HPV82 9 2.6 2 1.4 2 2.0 1 2.2 4 6.8 .05
Noncarcinogenic/unknown carcinogenicityd

HPV6 68 19.9 7 5.0 34 34.3 10 22.2 17 28.8 <.01

HPV11 26 7.6 1 0.7 15 15.2 5 11.1 5 8.5 .03
HPV40 9 2.6 3 2.2 5 5.1 1 2.2 0 0.0 .42

HPV42 63 18.4 14 10.1 26 26.3 9 20.0 14 23.7 .02

HPV54 49 14.3 19 13.7 11 11.1 11 24.4 8 13.6 .53
HPV55 53 15.5 15 10.8 18 18.2 8 17.8 12 20.3 .07

HPV61 57 16.7 20 14.4 19 19.2 7 15.6 11 18.6 .51

HPV62 57 16.7 20 14.4 16 16.2 10 22.2 11 18.6 .30
HPV64 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 …

HPV69 12 3.5 3 2.2 1 1.0 1 2.2 7 11.9 <.01

HPV71 6 1.8 2 1.4 1 1.0 2 4.4 1 1.7 .56
HPV72 37 10.8 10 7.2 12 12.1 5 11.1 10 16.9 .05

HPV81 37 10.8 13 9.4 14 14.1 6 13.3 4 6.8 .80

HPV83 21 6.1 4 2.9 11 11.1 3 6.7 3 5.1 .47
HPV84 63 18.4 21 15.1 25 25.3 9 20.0 8 13.6 .96

HPVIS39 16 4.7 2 1.4 9 9.1 1 2.2 4 6.8 .03
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AIN3 cases (P for trend, < .01). Multiple (≥2) HPV genotypes
(in 276 of 342 participants [81%]) and multiple carcinogenic
HPV genotypes (in 162 of 342 [47%]) were very common. Up
to 14 concurrent HPV genotypes and up to 7 concurrent car-
cinogenic HPV genotypes were detected in individual speci-
mens. The proportion of cases with multiple carcinogenic
HPV types increased with increasing disease severity, ranging
from 45.5% of AIN1 cases to 76.3% of AIN3 cases (Table 1).

Increased severity of anal disease was also associated with
the proportion of participants reporting ≥40 anal sex partners
in their lifetime (P < .04; data not shown). The prevalence of
HGAIN was higher among men aged 46–65 years (approxi-
mately 33%), compared with men aged ≤45 years and men
aged ≥66 years, although these differences were not statisti-
cally significant (P > .05; Figure 1). The relative proportion of
multiple carcinogenic HPV genotypes decreased with increas-
ing age categories (P < .001; Figure 1). Increasing age correlat-
ed with a decline in the number of participants reporting ≥10
anal sex partners in their lifetime and ≥3 anal sex partners in
the past 6 months (P < .001; Figure 1).

Attribution of HPV Genotypes to Disease Categories
Tables 2–4 and Supplementary Tables 2 and 3 present the
maximum and minimum attribution estimates of anal disease
categories attributable to individual carcinogenic HPV geno-
types. The maximum estimate is based on the inclusion of any
case in which the genotype is detected (equivalent to the type
prevalence in Table 1), whereas the minimum estimate is re-
stricted to the frequency in cases with single carcinogenic type
infections. The tables also include estimates by the hierarchical
attribution and proportional attribution models for individual
carcinogenic HPV genotypes in the respective disease categories.

HPV16 was the most frequent genotype and the most fre-
quent carcinogenic genotype in both single and multiple infec-
tions in HGAIN, as well as individually in AIN3 and AIN2
(Tables 2–4). The proportions of attribution fractions by the
hierarchical and proportional schemes attributable to HPV16
in each high-grade AIN category were higher than that for any
other carcinogenic genotype. The proportion of AIN2 or
worse cases attributable to HPV16 was 55% in cases with any
HPV (maximum estimate) and by the hierarchical attribution
model estimate, 38% by the proportional attribution model es-
timate, and 12% when considering single carcinogenic infec-
tions only (minimum estimate). The proportion of AIN3 cases
attributable to HPV16 ranged from 61% to 9%, whereas for
AIN2 these fractions ranged from 47% to 16%.

The relative prevalence of other non-HPV16 carcinogenic
types varied between individual disease categories according
to the method of estimation of attribution fractions. Of note,
HPV31, which was the second most common carcinogenic
HPV type overall (14%), was ranked tenth most common out
of 13 carcinogenic types in AIN3 lesions but was the second
most common in AIN2 lesions. HPV18 also had a pattern
similar to that of HPV31, while HPV51 and HPV33 had
higher attribution fractions for AIN3 lesions (≥25%) but
much lower fractions for AIN2 lesions (≤13%).

While HPV16 was the most common carcinogenic HPV ge-
notype in all AIN categories (AIN1, AIN2, and AIN3), it was
less common than the others in men with <AIN1 (Supple-
mentary Tables 2 and 3). No single HPV genotype dominated
the <AIN1 group in lieu of HPV16. Consequently, the range
of proportional attribution fractions between individual types
was much narrower (from 2% for HPV68 to 7% for HPV31),
compared with the corresponding range in high-grade lesions

Table 1 continued.

Overall
(n = 342)

<AIN1
(n = 139) AIN1 (n = 99) AIN2 (n = 45) AIN3 (n = 59)

Variable No. % No. % No. % No. % No. % P b

HPVCP6108 54 15.8 16 11.5 19 19.2 8 17.8 11 18.6 .35

HPV vaccine typese

Bivalent 117 34.2 21 15.1 32 32.3 27 60.0 37 62.7 <.01

Quadrivalent 163 47.7 29 20.9 59 59.6 33 73.3 42 71.2 <.01

Nonavalent 245 71.6 69 49.6 81 81.8 42 93.3 53 89.8 <.01

See Methods for definitions of AIN grades.

Abbreviation: IARC, International Agency for Research on Cancer.
a IARC group 1/group 2A carcinogens.
b Calculated by the χ2 test of trend in proportions across the <AIN1, AIN1, AIN2, and AIN3 categories.
c IARC group 2B carcinogens.
d IARC group 3 carcinogens HPV types not currently classified as carcinogenic.
e For comparison of bivalent(HPV16/18), quadrivalent (HPV16/18/6/11), and nonavalent (HPV16/18/6/11/31/33/45/52/58) vaccine types, only cases in which any of
the component vaccine types were present were considered (ie, this was not an additive comparison of the individual component vaccine types as presented in
the preceding rows).
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Table 2. Attribution of Carcinogenic Human Papillomavirus (HPV) Types to 104 High-Grade Anal Intraepithelial Neoplasia (HGAIN)
Cases

HPV Type

Any Type
Infectiona

Hierarchical
Attributionb

Proportional
Attributionc

Single
Carcinogenic

Type Infectiond

No. % No. % No. % No. %

HPV16 57 55 57 55 39.04 38 12 12

HPV31 23 22 13 13 8.86 9 2 2

HPV33 21 20 8 8 8.28 8 3 3
HPV39 20 19 6 6 5.87 6 1 1

HPV51 20 19 5 5 6.19 6 1 1

HPV18 18 17 2 2 4.53 4 0 0
HPV58 18 17 2 2 4.78 5 1 1

HPV56 17 16 0 0 3.97 4 0 0

HPV35 16 15 2 2 4.69 5 2 2
HPV45 15 14 1 1 3.54 3 1 1

HPV59 14 14 1 1 2.71 3 0 0

HPV52 13 13 2 2 4.69 5 2 2
HPV68 11 11 0 0 1.84 2 0 0

Overall … … 99 95 99 95 25 24

HGAIN comprised of a total of 45 cases of AIN2, and 59 cases of AIN3. See Methods for definitions of AIN grades.
a Frequency of HPV types, with inclusion of all cases in which an HPV type is detected (maximum attribution).
b The most frequent type (according to its frequency in the respective disease category) is attributed to the case.
c Each type is proportionally attributed to a case according to its frequency in the respective disease category.
d Frequency of HPV types, with inclusion of cases with single carcinogenic infections, irrespective of additional noncarcinogenic type infections.

Figure 1. Composite line and bar graphs showing age-category-specific prevalence levels of anal human papillomavirus (HPV) related clinical and
behavioral parameters among human immunodeficiency virus–infected men who have sex with men. The line graphs show proportions of (1) multiple
carcinogenic HPV genotypes, (2) ≥10 lifetime anal sex partners, and (3) ≥3 recent (ie, within the past 6 months) anal sex partners. The bar graphs
depict the high-grade anal intraepithelial neoplasia (HGAIN) disease prevalence. See Methods for a definition of HGAIN. Abbreviation: HGAIN, high-
grade AIN.
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Table 3. Attribution of Carcinogenic Human Papillomavirus (HPV) Types to 59 Anal Intraepithelial Neoplasia Grade 3 (AIN3) cases

HPV Type

Any Type
Infectiona

Hierarchical
Attributionb

Proportional
Attributionc

Single
Carcinogenic

Type Infectiond

No. % No. % No. % No. %

HPV16 36 61 36 61 23.01 39 5 9

HPV51 16 27 9 15 5.91 10 1 2

HPV33 15 25 5 9 5.98 10 2 3
HPV35 12 20 2 3 4.1 7 2 3

HPV39 12 20 1 2 2.9 5 0 0

HPV45 12 20 1 2 2.6 4 0 0
HPV58 12 20 0 0 2.54 4 0 0

HPV56 10 17 1 2 2.22 4 0 0

HPV18 9 15 0 0 1.55 3 0 0
HPV31 9 15 0 0 1.55 3 0 0

HPV52 7 12 1 2 2.15 4 1 2

HPV59 6 10 0 0 0.68 1 0 0
HPV68 6 10 0 0 0.81 1 0 0

Overall … … 56 95 56 95 11 19

See Methods for definition of AIN3.
a Frequency of HPV types, with inclusion of all cases in which an HPV type is detected (maximum attribution).
b The most frequent type (according to its frequency in the respective disease category) is attributed to the case.
c Each type is proportionally attributed to a case according to its frequency in the respective disease category.
d Frequency of HPV types, with inclusion of cases with single carcinogenic infections, irrespective of additional noncarcinogenic type infections.

Table 4. Attribution of Carcinogenic Human Papillomavirus (HPV) Types to 45 Anal Intraepithelial Neoplasia Grade 2 (AIN2) Cases

HPV Type

Any Type
Infectiona

Hierarchical
Attributionb

Proportional
Attributionc

Single
Carcinogenic Type

Infectiond

No. % No. % No. No. % No.

HPV16 21 47 21 47 15.49 34 7 16

HPV31 14 31 10 22 7.66 17 2 4

HPV18 9 20 3 7 3.01 7 0 0
HPV39 8 18 3 7 2.89 6 1 2

HPV59 8 18 1 2 2.21 5 0 0

HPV56 7 16 0 0 1.73 4 0 0
HPV33 6 13 2 4 2.3 5 1 2

HPV52 6 13 1 2 2.28 5 1 2

HPV58 6 13 1 2 2.26 5 1 2
HPV68 5 11 0 0 0.83 2 0 0

HPV35 4 9 0 0 0.51 1 0 0

HPV51 4 9 0 0 0.62 1 0 0
HPV45 3 7 1 2 1.19 3 1 2

Overall … … 43 96 43 96 14 31

See Methods for definition of AIN2.
a Frequency of HPV types, with inclusion of all cases in which an HPV type is detected (maximum attribution).
b The most frequent type (according to its frequency in the respective disease category) is attributed to the case.
c Each type is proportionally attributed to a case according to its frequency in the respective disease category.
d Frequency of HPV types, with inclusion of cases with single carcinogenic infections, irrespective of additional noncarcinogenic type infections.
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(eg, in AIN3, the fractions ranged from 1% for HPV68 to 39%
for HPV16; Table 2).

While HPV16 was the most common carcinogenic HPV
type present singly in AIN2 and AIN3 lesions, HPV18,
HPV56, HPV59, and HPV68 were never present as single car-
cinogenic HPV infections (ie, they were always present con-
currently with other carcinogenic HPV types; Tables 3 and 4).
When type attribution was evaluated across all HPV types (re-
gardless of carcinogenicity potential), HPV16 was still the
most frequent type and had higher attribution fractions for
AIN3, AIN2, and HGAIN lesions, compared with other HPV
genotypes (data not shown).

Attribution of HGAIN to Vaccine-Preventable HPV Genotypes
The ranges of HGAIN fractions attributable to carcinogenic
HPV genotypes included in prophylactic HPV vaccines were
wide (Figure 2). For the currently licensed bivalent and quad-
rivalent HPV vaccines that target the carcinogenic types
HPV16 and HPV18, the estimates ranged from 9% to 62.7%
for AIN3 lesions, from 16% to 60% for AIN2 lesions, and
from 12% to 61.5% for HGAIN lesions (Figure 2). Similarly,
the range of fractions attributable to the carcinogenic HPV

types (HPV 16/18/31/33/45/52/58) targeted by an investiga-
tional nonavalent vaccine ranged from 14% to 88.1% for
AIN3 lesions, from 28% to 91.1% for AIN2 lesions, and from
39% to 89.4% for HGAIN lesions. The estimates by the hierar-
chical and proportional attribution schemes were intermediate
between the low-end estimates (which considered only the
sum of percentages of the vaccine genotypes in cases with
single carcinogenic infections) and the high-end estimates
(which considered the sum of percentages of the vaccine geno-
types in all cases, regardless of concurrency).

DISCUSSION

The significant diversity and high prevalence of multiple carci-
nogenic HPV infections complicates a fuller understanding of
the role and risk of individual HPV genotypes in anal carcino-
genesis among HIV-infected MSM, for whom the need for
anal cancer prevention is the highest [13, 14]. The clarification
of the role of these individual genotypes can allow estimation
of the efficacy of prophylactic vaccines, as well as inform the
spectrum of HPV genotypes for future HPV-based screening

Figure 2. Bar graphs showing the range of human papillomavirus (HPV) vaccine–preventable fractions of various anal disease categories among
human immunodeficiency virus–infected men who have sex with men. The proportions depicted include the maximum estimates (any type) and the
minimum estimates (single carcinogenic infection), along with the hierarchical and proportional attribution model estimates. These ranges are separately
depicted for the carcinogenic genotypes included in the currently licensed (bivalent and quadrivalent) and investigational (nonavalent) HPV prophylactic
vaccines. See Methods for definitions of anal intraepithelial neoplasia (AIN) grades. Abbreviation: HGAIN, high-grade AIN.
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assays [15]. Because HPV vaccination will be expanded among
men [16], especially among higher-risk populations, the result-
ing changes in anal genotypes composition will influence as-
sociations between HPV genotypes and disease ascertainment
[17–19].

In this cross-sectional study, we have used a novel frame-
work, previously validated in studies of cervical lesions [11,
12], for addressing the methodological challenge of attributing
a causative role for individual HPV genotypes due to the con-
current presence of multiple HPV infections. To our knowl-
edge, this is the first report that attempts to address this issue
in the context of anal HPV genotypes and uses this to estimate
the fraction of AIN lesions potentially preventable by prophy-
lactic HPV vaccines. HPV16, which has been shown to cause
an even greater proportion of anal cancers than cervical
cancers [20–22], is seen as the dominant genotype in HGAIN
disease categories, whereas the other HPV genotypes vary sub-
stantially in their prevalence and attribution estimates in our
study.

It has been suggested that the key steps and role of carcino-
genic HPV genotypes in anal carcinogenesis mirror those in
cervical carcinogenesis [23]. While there is significant overlap
in the types causing high-grade lesions of the anal canal and
the cervix, there is not complete concordance. Indeed, HPV16
is likely overrepresented in anal lesions as compared to cervi-
cal lesions. A relative preponderance of non-HPV16 cervical
HPV genotypes has been reported for immunocompromised
HIV-infected women [21, 22]. In contrast, we observed a
higher prevalence of HPV16 in HIV-infected MSM who were
relatively immunocompromised (CD4+ T-cell count <350/µL),
compared with HIV-infected MSM who were not immuno-
compromised (CD4+ T-cell count ≥350/µL); (P = .04; data not
shown), although this was unadjusted for other factors. Larger
studies are needed to further explore these findings and un-
derstand whether attribution fractions differ by levels of
immunosuppression.

Similar to patterns described in cervical infection [11], we
observed that the proportion of MSM with multiple carcino-
genic infections declined with advancing age (Figure 1); in
contrast to cervical disease [11], increasing grades of anal
disease were associated with increasing multiplicity of carcino-
genic HPV infections. The etiologic significance of these mul-
tiple carcinogenic HPV infections in HGAIN remains to be
established, although they likely represent several transient
carcinogenic HPV infections populating the anal transforma-
tion zone, along with a single causal carcinogenic HPV geno-
type. We observed that the age-specific prevalence of multiple
carcinogenic HPV infections correlated with higher lifetime
and recent (ie, within the past 6 months) numbers of sex part-
ners, which are proxies for sexual behaviors and multiple expo-
sures (Figure 1). It also remains to be investigated whether
immunosuppression and treatment status may be independently

associated with increased detection of multiple carcinogenic
HPV genotypes in high-grade lesions.

In the absence of functional data, tissue-based genotyping
evidence (such as laser-capture microdissection [24]), or evi-
dence from longitudinal studies, the framework that we have
used in this study allows presentation of a range of attribution
fractions that can be assigned to individual HPV genotypes.
We did not have data to weigh genotypes in the proportional
attribution model by their carcinogenic risk, other than their
overall frequency in that disease category. Hence, our analysis
was restricted to attribution to carcinogenic HPV genotypes in
which other/noncarcinogenic types did not dilute the propor-
tional attribution fractions. When these other/noncarcinogenic
types were considered to make attribution decisions, the frac-
tion of HGAIN lesions attributable to HPV16 was lower (23%;
data not shown), compared with the fraction when restricted
to lesions attributable to carcinogenic HPV genotypes only
(38%). Ideally, the frequency of types in single infections
should constitute the underlying assumptions of hierarchy/
proportions (as previously described by Insinga et al [12]).
However, the very infrequent single genotype infections in our
study did not permit us to meaningfully assign these frequencies.

The ranges of the attribution fractions between the
minimum estimates (ie, cases with single carcinogenic HPV)
and maximum estimates (ie, cases with any HPV) are wide.
Given the high rate of multiple infections, the minimum esti-
mate likely represents an underestimation and the maximum
estimate an overestimation of the attribution fractions of indi-
vidual HPV genotypes. The ranges also differ significantly
between types. By using biologically and clinical relevant as-
sumptions, we have therefore modeled the proportional and
hierarchical attribution fractions that provide the closest ap-
proximations of the preventable fraction. These estimates can
inform assumptions of HPV vaccine efficacy for cost-effective-
ness and decision-analysis models [25].

Some key strengths of our study include the use of a highly
sensitive HPV assay and the detailed characterization of anal
disease end points, using diagnostic categories that were based
on both cytology and histology results to maximize disease as-
certainment. Since this study was focused on the evaluation of
anal precancers, we are unable to determine the HPV genotype
composition of anal cancers, an area with a substantial need
for additional research. While the prevalences of carcinogenic
HPV (75.4% [95% CI, 70.5%–79.9%]) and HGAIN (30.4%
[95% CI, 25.8–35.5]), as estimated in our study, are in line with
those reported from a recent global meta-analysis of similar
studies in other HIV-positive MSM (73.5% [95% CI, 63.9–
83.0] and 29.1% [95% CI, 22.8–35.4], respectively) [3], the geo-
graphic differences in attribution fractions in anal precancers
and cancers will be important to clarify in future studies.

The prevention of anal cancer in high-risk populations such
as HIV-infected MSM remains an urgent priority, given the
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rising incidence rates, despite widespread antiretroviral
therapy use [1]. The analytical framework presented in this
study can be applied to larger and pooled efforts to improve
estimations of the causative role of individual genotypes and
expand our understanding of the natural history of and pre-
vention approaches for anal neoplastic disease.
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