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abstract

PURPOSE Seropositivity for the HPV16-E6 oncoprotein is a promising marker for early detection of oropharyngeal
cancer (OPC), but the absolute risk of OPC after a positive or negative test is unknown.

METHODS We constructed an OPC risk prediction model that integrates (1) relative odds of OPC for HPV16-E6
serostatus and cigarette smoking from the human papillomavirus (HPV) Cancer Cohort Consortium (HPVC3), (2)
US population risk factor data from the National Health Interview Survey, and (3) US sex-specific population
rates of OPC and mortality.

RESULTS The nine HPVC3 cohorts included 365 participants with OPC with up to 10 years between blood draw
and diagnosis and 5,794 controls. The estimated 10-year OPC risk for HPV16-E6 seropositive males at age
50 years was 17.4% (95% CI, 12.4 to 28.6) and at age 60 years was 27.1% (95% CI, 19.2 to 45.4). Cor-
responding 5-year risk estimates were 7.3% and 14.4%, respectively. For HPV16-E6 seropositive females, 10-
year risk estimates were 3.6% (95% CI, 2.5 to 5.9) at age 50 years and 5.5% (95% CI, 3.8 to 9.2) at age 60 years
and 5-year risk estimates were 1.5% and 2.7%, respectively. Over 30 years, after a seropositive result at age
50 years, an estimated 49.9% of males and 13.3% of females would develop OPC. By contrast, 10-year risks
among HPV16-E6 seronegative people were very low, ranging from 0.01% to 0.25% depending on age, sex, and
smoking status.

CONCLUSION We estimate that a substantial proportion of HPV16-E6 seropositive individuals will develop OPC,
with 10-year risks of 17%-27% for males and 4%-6% for females age 50-60 years in the United States. This high
level of risk may warrant periodic, minimally invasive surveillance after a positive HPV16-E6 serology test,
particularly for males in high-incidence regions. However, an appropriate clinical protocol for surveillance
remains to be established.
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INTRODUCTION

The incidence of oropharyngeal cancer (OPC) is in-
creasing in the United States, despite decreasing
rates of smoking- and alcohol-related OPC.1,2 This is
driven by rapidly increasing incidence of OPC caused
by human papillomavirus (HPV), marking a striking
shift in the epidemiology of OPC in western
countries.3,4 OPC incidence is five-fold higher in
males than females,1 and projections indicate that
the number of annual oropharyngeal cancers

diagnosed in the United States will increase by nearly
50% between 2018 and 2045 despite HPV
vaccination.5

The majority of HPV-related OPCs are caused by
HPV16.6 The survival over 4 years is estimated to be
92% for American Joint Committee on Cancer eighth
edition stage I, 81% for stage II, and 62% for stage III,7

but there is substantial treatment-related morbidity.8-10

Given the increasing incidence of HPV-driven OPC,
developing a strategy for early detection could be
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beneficial.11 A direct comparison of available assays and a
recent review concluded that themost promising biomarker
may be the HPV16-E6 oncoprotein.12,13 This marker is
measured in plasma or serum and has estimated sensitivity
over 90% and specificity over 99% for detecting HPV-
driven OPC.14-19

The HPV Cancer Cohort Consortium (HPVC3) was established
in 2015 with a central objective of better characterizing the
HPV16-E6 biomarker. The first results from HPVC3 showed
that seropositivity to HPV16-E6 can develop anytime between
6 and 28 years before OPC diagnosis, with a median lead time
of 11.5 years.16 Once seropositivity develops, it is very un-
common to observe reversion to seronegativity, and continu-
ous HPV16-E6 measurements provide little information
beyond binary serostatus.16

Despite its remarkable performance characteristics, it is
unclear whether HPV16-E6 could be implemented for
early detection or screening for HPV-driven OPC.11,20

Because OPC is a relatively rare cancer, the risk of OPC
after a positive HPV16-E6 serology test may not be
sufficiently high to warrant additional follow-up or di-
agnostic tests. The results from the PLCO study sug-
gested more than 6% 10-year risk for seropositive males
and more than 3% for females,15 but these are likely
underestimates because of the increase in OPC inci-
dence since PLCO sample collection (1993-2001)1,2

and potential healthy volunteer effects.21

Absolute risk of cancer is used as a basis for action in
multiple established screening strategies, including for
cervical, breast, and lung cancers.22-24 Accurate and
contemporary estimates of OPC risk among HPV16-E6
seropositive individuals are therefore needed to evaluate
whether this biomarker could be implemented as part of a
screening paradigm, and if so, what actions might be
appropriate for individuals on the basis of their HPV16-E6

serostatus. We estimated the absolute risk of OPC after an
HPV16-E6 serology test, on the basis of testing between age
40 and 70 years. We then compared these risk estimates
with the levels of risk associated with specific actions in
the context of screening for other cancers, such as short-
interval surveillance or diagnostic workup.

METHODS

Overview

We constructed a risk prediction model anchored to
contemporary population risks of OPC in the United States.
The model accounts for competing mortality using non-
OPC mortality rates. We generated odds ratios (ORs) for
OPC according to risk factors including HPV16-E6 seros-
tatus using data from HPVC3. Throughout the analysis, we
defined OPC using the anatomic subsites listed in the Data
Supplement and considered all OPCs regardless of HPV
tumor status or histologic type.

The HPVC3

Participants with HPV-related cancers and control partici-
pants were selected from nine cohort studies in the
United States, Europe, and Australia with blood samples
collected between 1972 and 2009.16 Participants with
specific HPV-related cancer types (oropharyngeal, anal,
vaginal, and penile) were selected along with two to four
controls per case, matched using incidence density sam-
pling on cohort, study center, sex, date of blood collection,
and date of birth. HPV16-E6 antibodies were measured in
prediagnostic serum or plasma specimens at a single
laboratory using multiplex serology, and the seropositivity
threshold was 1,000 median fluorescence intensity.16,25,26

HPVC3was approved by the IARC Ethics Committee and, as
required, by institutional review boards for the participating
cohorts.

CONTEXT

Key Objective
The incidence of human papillomavirus (HPV)–associated oropharyngeal cancer (OPC) is rising, and earlier detection could

be beneficial. The HPV16-E6 blood-based biomarker has high sensitivity and specificity for HPV-driven OPC, but the
absolute risk of OPC after a positive or negative HPV16-E6 test is unknown.

Knowledge Generated
We estimate that the 10-year risk of OPC for HPV16-E6 seropositive individuals is 17%-27% for males and 4%-6% for

females at age 50-60 years. Corresponding risks for seronegative individuals are very low, ranging from 0.01% to 0.25%
depending on age, sex, and smoking status.

Relevance (J.W. Friedberg)
The high risk of OPC amongHPV16-E6 seropositive individuals warrants validation studies and development ofminimally invasive

surveillance protocols, particularly for males in regions where incidence rates reach levels that warrant such an intervention.*

*Relevance section written by JCO Editor-in-Chief Jonathan W. Friedberg, MD.
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For this study, we restricted to participants with OPC and all
controls. Given our primary focus on a 10-year time horizon,
we included participants with OPC if the time between
blood draw and diagnosis was 10 years or less (n 5 365).
We included all controls (n 5 5,794) because of the
scarcity of HPV16-E6 seropositivity among cancer-free
individuals.16 When repeat samples were available, we
selected the sample drawn closest to diagnosis although
selecting randomly from among the available samples had
a negligible effect on the ORs (data not shown).

Statistical Analysis
In overview, we constructed a prediction model to es-
timate OPC risk over 5, 10, and 30 years in categories
specific to sex and the joint status of HPV16-E6 and
smoking. We used the iCARE R package, which builds
absolute risk models by synthesizing three sources of
data.27 These inputs are described in detail below: (1)
relative risks or odds for the association of risk factors
with the outcome, (2) the distribution of risk factors in
the population, and (3) age-specific population inci-
dence rates for the outcome and for competing mor-
tality. Using these inputs, the iCARE package constructs
a model within a Cox proportional hazards framework
with age as the underlying time metric of the baseline
hazard function. In our analysis, the risk factor of interest
was the joint status of HPV16-E6 and cigarette smoking
(seronegative never-smokers, seronegative ever-smokers,
and seropositive individuals). We estimated a single OR for
HPV16-E6 seropositivity because this OR did not vary by
smoking status (results below).

Relative odds of OPC. We calculated two ORs for joint
HPV16-E6 and smoking status using data from nine
HPVC3 cohorts: one OR for HPV16-E6 seronegative ever-
smokers and one OR for HPV16-E6 seropositive individ-
uals, where the reference group was HPV16-E6 seroneg-
ative never-smokers. We estimated these ORs using an
unconditional logistic regression model with the outcome of
OPC and covariates of joint HPV16-E6/smoking status.
Since all controls were included, we adjusted for matching
factors including sex, cohort, and natural cubic splines for
age. We used a single set of ORs for the analysis of males
and females although the other analysis components were
stratified by sex. Further details are provided in the Data
Supplement Methods under Estimation of odds ratios.

Distribution of risk factors in the population. We generated
a data set describing the population distribution of risk
factors using US nationally representative data from the
National Health Interview Survey (NHIS) with accompa-
nying statistical weights. Age, sex, and cigarette smoking
status are collected in NHIS, and we stratified the data by
sex. We estimated the population seroprevalence of
HPV16-E6 by using a previously established methodology
to reweight the 1,910 HPVC3 PLCO participants (ie, PLCO
participants with an HPV16-E6 measurement, including

participants with non-OPC cancers) to represent all PLCO
intervention arm participants from whom they were sam-
pled.15 Using this single seroprevalence estimate, we then
assigned positive or negative HPV16-E6 serostatus to each
individual in NHIS using a random binomial draw with
uniform probability of success. Further details are provided
in the Data Supplement Methods under Calculation of
weights in the PLCO cohort and Data set describing the
population distribution of risk factors.

Population incidence and mortality rates. We downloaded
sex- and age-specific incidence rates of OPC from the SEER
program for 2010-2018, using the same definition of OPC
described in the Data Supplement.28 We included 9 years
of data to ensure stable rates. We downloaded sex- and
age-specific population mortality rates, overall and for OPC,
from the CDC Wide-ranging Online Data for Epidemiologic
Research (WONDER) for 2010-2018.29 We estimated
competing (non-OPC) mortality rates by subtracting OPC
mortality from overall mortality.

We used a standard bootstrap procedure with 500 itera-
tions to calculate 95% CIs for the risk estimates. The
bootstrap allowed for variability, via sampling with re-
placement, in the ORs for HPV16-E6 and smoking and in
the population seroprevalence for HPV16-E6. We treated
the data from SEER, WONDER, and NHIS (other than
HPV16-E6 serostatus) as fixed. Further details are provided
in the Data Supplement Methods under Bootstrap proce-
dure for confidence intervals.

Finally, we conducted two sensitivity analyses. The first
restricted to the four HPVC3 cohorts from the United States
(Table 1) before generating ORs for joint HPV16-E6 and
smoking status. The second imputed the population
HPV16-E6 seroprevalence estimated from a random
sample in UK Biobank30 instead of using the estimate from
the reweighted PLCO data.

RESULTS

Our HPVC3 study sample included 365 participants with
OPC and 5,794 controls (Table 1). Among participants with
OPC, the median lead time between blood draw and di-
agnosis was 5.2 years (interquartile range, 2.4-7.7 years).
Among all participants, 62% were male, the median age at
blood draw was 57 years, and 66% had ever smoked
cigarettes. The prediagnostic prevalence of HPV16-E6
seropositivity was 33% among participants with OPC and
0.3% among controls.

Compared with HPV16-E6 seronegative never-smokers,
odds of OPC were increased among seronegative ever-
smokers (OR 5 3.2, 95% CI, 2.2 to 4.6) and HPV16-E6
seropositive individuals (OR 5 403, 95% CI, 219 to 743).
The OR for HPV16-E6 seropositivity was uniform by
smoking status (OR 5 395 and OR 5 407 among never-
and ever-smokers, P 5 .96). There was no evidence
of heterogeneity in ORs across the cohorts for either
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HPV16-E6 seropositive individuals (Data Supplement,
P 5 .25) or HPV16-E6 seronegative ever-smokers (Data
Supplement, P 5 .51). The estimated population sero-
prevalence of HPV16-E6 on the basis of the weighted PLCO
data was 0.66%. Using these parameters and the data
inputs described in the Methods, the full model can be
reconstructed using the iCARE package in R.27

Estimated absolute risks of OPC for HPV16-E6 seropositive
individuals were substantially higher for males than fe-
males. Risks are shown for an HPV16-E6 result at age 50

and 60 years in Figure 1 and for age 40 and 70 years in the
Data Supplement. The 10-year risk estimate for HPV16-E6
seropositive males at age 50 years was 17.4% (95% CI,
12.4 to 28.6) and at age 60 years was 27.1% (95% CI, 19.2
to 45.4). For males at age 40 years, the 10-year risk was
estimated to be 5.0% (95% CI, 3.6 to 8.4) and at age
70 years, it was 25.6% (95% CI, 17.7 to 47.1). For sero-
positive females, the 10-year risk estimate at age 50 years
was 3.6% (95% CI, 2.5 to 5.9) and at age 60, it was 5.5%
(95% CI, 3.8 to 9.2). The risk for females at age 40 years
was estimated to be 1.2% (95% CI, 0.8 to 2.0), and at age

TABLE 1. Characteristics of Participants with OPC and Controls From the Human Papillomavirus Cancer Cohort Consortium Included in Analysis of Absolute
OPC Risk
Characteristic Participants with OPC Controls All Participants

All participants 365 5,794 6,159

Sex, No. (%)

Male 243 (66.6) 3,600 (62.1) 3,843 (62.4)

Female 122 (33.4) 2,194 (37.9) 2,316 (37.6)

Age, years, No. (%)

, 40 20 (5.5) 696 (12.0) 716 (11.6)

40-49 74 (20.3) 1,266 (21.9) 1,340 (21.8)

50-59 147 (40.3) 1,744 (30.1) 1,891 (30.7)

60-69 97 (26.6) 1,704 (29.4) 1,801 (29.2)

$ 70 27 (7.4) 384 (6.6) 411 (6.7)

Smoking status, No. (%)

Never 64 (19.3) 1,974 (35.2) 2,038 (34.3)

Former 102 (30.8) 1,891 (33.7) 1,993 (33.5)

Current 165 (49.8) 1,747 (31.1) 1,912 (32.2)

Missing 34 182 216

HPV16-E6 serostatus, No. (%)

Negative 244 (66.8) 5,775 (99.7) 6,019 (97.7)

Positive 121 (33.2) 19 (0.3) 140 (2.3)

Cohort, No. (%)

ATBC (Finland) 9 (2.5) 223 (3.8) 232 (3.8)

CLUE (United States) 9 (2.5) 170 (2.9) 179 (2.9)

EPIC (Europe) 118 (32.3) 1,831 (31.6) 1,949 (31.6)

HUNT (Norway) 18 (4.9) 156 (2.7) 174 (2.8)

JANUS (Norway) 54 (14.8) 1,319 (22.8) 1,373 (22.3)

MCCS (Australia) 31 (8.5) 158 (2.7) 189 (3.1)

PLCO (United States) 55 (15.1) 1,521 (26.3) 1,576 (25.6)

SCCS (United States) 49 (13.4) 168 (2.9) 217 (3.5)

WHI (United States) 22 (6.0) 248 (4.3) 270 (4.4)

NOTE. We included participants with OPC with less than 10 years between blood draw and diagnosis, but all controls, including those originally matched to
other cancer types (see the Methods). During the analyses, smoking status was imputed for 34 participants with OPC and 182 controls using a random
binomial draw with probability equal to the sex-specific, cohort-specific smoking prevalence.
Abbreviations: ATBC, Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study (Finland); CLUE, Campaign Against Cancer and Heart Disease II (United

States); EPIC, European Prospective Investigation into Cancer and Nutrition (Europe); HUNT, Trøndelag Health Study (Norway); JANUS, Janus Serum Bank
Cohort (Norway); MCCS, Melbourne Collaborative Cohort Study (Australia); OPC, oropharyngeal cancer; PLCO, Prostate, Lung, Colorectal, and Ovarian
Cancer Screening Trial (United States); SCCS, Southern Community Cohort Study (United States); WHI, Women’s Health Initiative (United States).
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70 years, it was 6.0% (95% CI, 4.1 to 10.2). The reason for
slightly higher risks among 60- versus 70-year-old males is
the population incidence pattern of OPC, which peaks near
age 65 years for males, but has a later and flatter peak
among females (Data Supplement).

Considering a shorter time frame, 5-year risk estimates at
age 40, 50, 60, and 70 years for HPV16-E6 seropositive
males were 1.4% (95% CI, 1.0 to 2.4), 7.3% (95% CI, 5.1
to 12.3), 14.4% (95% CI, 10.0 to 25.4), and 15.6% (95%
CI, 10.6 to 30.2), and for seropositive females were 0.4%
(95% CI, 0.3 to 0.6), 1.5% (95% CI, 1.0 to 2.5), 2.7% (95%
CI, 1.9 to 4.5), and 3.1% (95%CI, 2.2 to 5.4; Fig 1 and Data

Supplement). We also considered a 30-year time frame to
approximate lifetime risks. Over 30 years, the estimated risk
among seropositive males tested at age 40 years was
39.9% (95% CI, 29.7 to 60.3) and at age 50 years, it was
49.9% (95% CI, 37.8 to 72.4), with corresponding risks for
females estimated to be 9.6% (95% CI, 7.2 to 56.3) and
13.3% (95% CI, 10.0 to 68.1).

By contrast, estimated OPC risks for HPV16-E6 seroneg-
ative individuals were extremely low (Fig 1 and Data
Supplement). For ever-smokers, 10-year risk estimates for
males were 0.15% (95%CI, 0.09 to 0.23) for a negative test
at age 50 years and 0.25% (95% CI, 0.16 to 0.36) at age
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FIG 1. Estimated absolute risk of OPC over 10 years after anHPV16-E6 serology result obtained at age 50 or 60 years. OPC, oropharyngeal cancer.
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60 years. Corresponding risks for females were 0.03%
(95% CI, 0.02 to 0.05) and 0.05% (95% CI, 0.03 to 0.07).
For never-smokers, 10-year risk estimates for males were
0.05% (95% CI, 0.03 to 0.07) at age 50 years and 0.08%
(95% CI, 0.04 to 0.12) at age 60 years. Corresponding risks
for females were 0.009% (95% CI, 0.005 to 0.014) and
0.014% (95% CI, 0.007 to 0.022).

In a sensitivity analysis restricting to the four US cohorts to
calculate ORs for joint HPV16-E6 and smoking status,
estimated OPC risks were marginally lower, for example,
20.3% over 10 years for 60-year-old seropositive males
compared with 27.1% in the primary analysis (Table 2).
When we used the population HPV16-E6 seroprevalence
estimated from a random sample in UK Biobank30 (0.98%,
instead of 0.66% as estimated in PLCO), risks were similarly
lower, eg, 21.9% over 10 years for 60-year-old seropositive
males.

DISCUSSION

The incidence of HPV-driven OPC is rising, and a compre-
hensive strategy for earlier detection could have an important
public health impact. HPV16-E6 seropositivity is a highly
sensitive and specific biomarker for future OPC. We esti-
mated that the 10-year risk of OPC for HPV16-E6 seropositive
individuals is 17%-27% for males and 4%-6% for females at
age 50-60 years, with risk of OPC for seronegative individuals
ranging from 0.01% to 0.25%. For a positive serology test at
age 50 years, we estimated risk over 30 years to be 50% for
males and 13% for females.

Table 3 reviews the absolute risks of cancer associated with
specific actions in established screening strategies for
breast, cervical, colorectal, and lung cancers. In general,

screening is initiated or continued with the usual interval
when individuals have a 5-year cancer risk of approxi-
mately 1%-2%.22,31-33 Surveillance at a short interval is
associated with an approximately 6% 5-year risk of breast
cancer, 3% 5-year risk of high-grade cervical precancer, or
5% immediate risk of lung cancer.22,24,34 These compar-
isons can contextualize the risks of OPC after HPV16-E6
seropositivity. We focus on age 50 years, because risks at
age 40 years are low (Data Supplement) and approximately
half of OPC cases have already been diagnosed at age
60 years.36 We found that the 5-year risk of OPC among 50-
year-old HPV16-E6 seropositive males was 7.3%, which is
comparable with the range of risks associated with short-
interval surveillance for other cancers. For females, the 5-
year 1.5% risk at age 50 years falls among accepted risks
for usual screening or potentially short-interval
surveillance.

Taken together, this suggests that for males age 50 years
and possibly for females, a hypothetical screening strategy
might use HPV16-E6 serology as a rule-in test to define a
population requiring periodic surveillance. An initial workup
for people with a seropositive result could identify prevalent
cancers, whereas periodic surveillance at a prespecified
interval could identify incident cases. For males with a
seronegative result, it might be reasonable to repeat the test
every 5 or 10 years up to a certain age threshold sincemany
people seroconvert to HPV16-E6 less than 10 years before
OPC diagnosis and many OPCs occur at age 60-80 years.16

For periodic surveillance to identify incident cancers, it is
unclear what test or combination of tests could be used and
at what frequency. The strategy would need to be minimally
invasive with few harms and high sensitivity, and potential

TABLE 2. Results of Sensitivity Analyses Estimating the Absolute Risk for Oropharyngeal Cancer After an HPV16-E6 Test Result Obtained at Age
50 or 60 Years

Analysis
Time Horizon,

years
Age,
years

HPV16-E6
Seropositive

HPV16-E6
Seronegative,
Ever-Smokers

HPV16-E6
Seronegative,
Never-Smokers

Males,
%

Females,
%

Males,
%

Females,
%

Males,
%

Females,
%

Primary analysis 5 50 7.3 1.5 0.06 0.01 0.02 0.00

60 14.4 2.7 0.12 0.02 0.04 0.01

10 50 17.4 3.6 0.15 0.03 0.05 0.01

60 27.1 5.5 0.25 0.05 0.08 0.01

Calculate HPV16-E6 and smoking odds ratios using
US cohorts only

5 50 5.6 1.2 0.07 0.02 0.02 0.00

60 10.7 2.1 0.14 0.03 0.05 0.01

10 50 13.5 2.8 0.19 0.04 0.06 0.01

60 20.3 4.3 0.29 0.06 0.09 0.02

Impute a population HPV16-E6 seroprevalence of
0.98%30

5 50 5.8 1.2 0.05 0.01 0.01 0.00

60 11.5 2.1 0.10 0.02 0.03 0.01

10 50 14.0 2.8 0.12 0.02 0.04 0.01

60 21.9 4.3 0.19 0.04 0.06 0.01
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options might include imaging or testing with a biomarker of
short-term OPC risk. A recent study of 51 patients with
known or suspected OPC found sensitivities of 90% for
transcervical ultrasound, 69% for computed tomography,
and 83% for positron emission tomography/computed to-
mography.37 Ultrasound is a promising technique,38 but its
sensitivity for patients with unknown OPC status and ability
to facilitate early detection are unclear.

For biomarkers, future research might aim to identify a
blood-based or other noninvasive test that becomes posi-
tive approximately 1-3 years before OPC diagnosis. If such a
biomarker could be identified, it could be measured at
regular intervals among HPV16-E6 seropositive people to
indicate when more invasive examination is warranted.
Circulating tumor HPV DNA can have high sensitivity and
specificity for detecting HPV-positive OPC at the time of
diagnosis,39 and a recent study supports feasibility in a
prediagnostic setting,40 but studies with larger numbers of
prediagnostic samples from HPV-positive OPC cases are
critically needed. A compelling analogy is Epstein-Barr

virus DNA detection in plasma, which can facilitate early
detection of nasopharyngeal cancer.41 Measurements of
some proteins also differ between OPC cases and controls,
including for HPV-positive OPCs.42-44 Other possible bio-
markers could include circulating tumor DNA with muta-
tions commonly found in HPV-related head and neck
cancer,45 oral HPV DNA in saliva,46,47 or HPV-related an-
tibodies to proteins other than E6.19 Although some of these
approaches are promising, they are currently not suffi-
ciently well-characterized, and further research will likely
show that some are ill-suited for implementation. Ongoing
studies such as SPANC and HOUSTON have begun to
provide evidence about the feasibility of surveillance for
HPV16-E6 seropositive individuals.47,48

We emphasize that our comparison with actionable risks for
other cancer types is useful for contextualization, but there
are important differences to consider. Survival for locally
advanced HPV-related OPC is high compared with lung
cancer, for example. The ability to identify early-stage
disease or precursors is well-established for breast,

TABLE 3. Absolute Risks of Oropharyngeal Cancer After a Positive HPV16-E6 Serology Test at Age 50 or 60 Years, ComparedWith Absolute Risks Identified in
the Literature Associated With Screening-Related Interventions for Breast, Cervical, Colorectal, and Lung Cancers
Action Cancer Type Risk or Risk Threshold

Risks associated with HPV16-E6 seropositivity

At age 50 years

Males Oropharynx 7.3% 5-year risk

Females Oropharynx 1.5% 5-year risk

At age 60 years

Males Oropharynx 14.4% 5-year risk

Females Oropharynx 2.7% 5-year risk

Risks associated with established screening interventions

Screening initiation or usual screening Breast 1.6% 5-year risk

Cervix 0.3% 5-year risk of CIN31

Colorectal 1% 5-year risk

Lung 1.3% 5-year risk

Surveillance at a short interval Breast 6% 5-year risk

Cervix 2.6% 5-year risk of CIN31

Lung 5% immediate risk

Diagnostic workup or biopsy Cervix 5.2% 5-year risk of CIN31

Colorectal 5.7% immediate risk

Lung 15% immediate risk

NOTE. Risks are specified to one decimal place except where this level of precision was not given. Risks for screening initiation are taken for breast cancer
from the study by Pashayan et al31 (a 10-year risk of 3.24% is approximated here as a 5-year risk of 1.6%), for cervical cancer for women age 30-64 years from
the study by Katki et al,22 for colorectal cancer from the study by Buskermolen et al32 (a 15-year risk of 3% is approximated here as a 5-year risk of 1%), and for
lung cancer from the study by Landy et al.33 Risks for surveillance at a short interval are taken for breast cancer from the study by Shieh et al,24 cervical cancer
from the study by Katki et al22 and for lung cancer from the Lung-RADS nodulemanagement guidelines category 4A (recommendation for a 3-month low-dose
CT).34 Risks for diagnostic workup or biopsy are taken for cervical cancer from the study by Katki et al,22 for lung cancer from the Lung-RADS nodule
management guidelines category 4B (recommendation for immediate CT or PET/CT),34 and for colorectal cancer from the study by Kawamura et al35 (patients
without a prior colonoscopy).
Abbreviations: CIN31, cervical intraepithelial neoplasia grade 3, or high-grade cervical precancer; PET/CT, positron emission tomography/computed

tomography.
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cervical, colon, and lung cancers, but for OPC, this will
require additional research and evaluation of potential di-
agnostic tools. Although OPC risk among HPV16-E6 se-
ropositive people is high, from a public health perspective,
the population risk of OPC remains lower than that for
cancers where screening has historically been consid-
ered.49 Importantly, HPV16-E6 seropositivity also indicates
increased risk for other HPV-related cancers, particularly
anal cancer.26 An important next step is therefore to
quantify the absolute risk of anal cancer among HPV16-E6
seropositive males and females, and ideally the risks of
other HPV-related genital cancers as well, although their
relationship with HPV16-E6 is weaker.26

Using our results, it is possible to speculate regarding hypo-
thetical outcomes of population testing for HPV16-E6. Among
100,000 individuals, 660 (0.66%) might be HPV16-E6 se-
ropositive. Among 50-year-old males, with a 30-year OPC risk
of 48.1%, the program might identify 317 OPCs by age
80 years, with 315 males tested to identify one case. Among
50-year-old females, with a 30-year OPC risk of 16.6%, 110
cases might be identified, with 909 females tested to identify
one case. For breast cancer screening, approximately 18
women are screened from age 50-70 years to identify one
case, excluding overdiagnosis.50 This scenario differs from
hypothetical HPV16-E6–based screening, in which approxi-
mately 99% of tested individuals would be seronegative and
require little or no follow-up, whereas women in breast cancer
screening undergo continuous screening. Still, these calcu-
lations illustrate the challenge to screen efficiently for a rela-
tively rare disease like OPC and highlight that many
considerations are needed.

The estimate of population HPV16-E6 seroprevalence has a
strong influence on our risk estimates. Data to support or refute
our estimate of 0.66% are scarce; however, one recent study
tested 9,695 randomly selected UK Biobank participants and
found a population seroprevalence of 0.98%, without

differences by sex, age, or smoking status.30 When we used
this estimate in a sensitivity analysis, risk estimates for HPV16-
E6 seropositive individuals were modestly reduced (Table 2).
In a smaller study of 553 USmen age 50-64 years, 1.1% (n5
6) were seropositive.47 We emphasize that our assumption of
constant HPV16-E6 seroprevalence across groups of older
adults, while supported by the UKBiobank results,30 is difficult
to validate and may not hold for the general US population.

One limitation of our statistical approach is that it assumes
zero risk at the time of the HPV16-E6 serology test. In
reality, some seropositive individuals would have prevalent
disease, but data are lacking to quantify this risk. In the
future, our approach could be updated using prevalence-
incidence mixture models to account for prevalent dis-
ease.51 Our estimates may be roughly generalizable to
many western countries, but in regions with lower rates of
HPV-driven OPC, risk among HPV16-E6 seropositive
people would be lower. New estimates should be generated
as the epidemiology of OPC evolves.36 Finally, the lack of
external validation of our model is a limitation of our study
and a direction for future research. Since both HPV16-E6
seropositivity and OPC are rare observations, future vali-
dation would ideally involve testing a large cohort for
HPV16-E6 seropositivity at baseline and assessing incident
cases of OPC during a 10-year follow-up.

In conclusion, we estimate that the 10-year risk of OPC for
HPV16-E6 seropositive individuals is approximately 17%-
27% for males and 4%-6% for females at age 50-60 years.
Corresponding risks for seronegative individuals are ex-
tremely low, ranging from 0.01%-0.25%. This suggests that
a hypothetical screening strategy for OPC might use HPV16-
E6 as a rule-in test to identify high-risk individuals who could
benefit from periodic surveillance with a minimally invasive
imaging or biomarker test. An important avenue for future
work is to identify and characterize the utility of potential tests
for surveillance among HPV16-E6 seropositive individuals.
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