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WEB APPENDIX

This supplementary appendix provides additional details on methods and results presented in
the main manuscript.

Initial parameterization
HPV incidence

Cumulative incidence rates from a longitudinal study (1) of 1,610 sexually active women aged
15-85 years in Bogota, Colombia, who were followed every 6 months for 4.1 years on average,
were used to estimate monthly probabilities. We smoothed these step functions to reflect
gradual increasing and declining incidence by age, while maintaining the average HPV incidence
within each age group. Due to a lack of data on incidence in young girls, we extrapolated
incidence among 9- to 14-year-olds to increase gradually and peak at age 19-20 years,
consistent with published studies.

Oncogenic HPV progression: Algorithm for statistically determining CIN2+ attribution in the CVT

The relevance of HPV infections for CIN2+ attribution was determined statistically (rather than
molecularly) as follows, with the key visit defined as the same visit as the CIN2+ procedure, or
the last visit with polymerase chain reaction (PCR) results before the CIN2+ procedure: 1) If
there was at least one oncogenic type at the key visit that was also present at prior visits, all
such types were considered relevant (n = 122); 2) else if there was at least one oncogenic type
at the key visit and the key visit was the enrollment visit, all such types were considered
relevant (n = 10); 3) else if there was at least one oncogenic type at the visit prior to the key
visit which was also present before that, all such types were considered relevant (n = 2); 4) else
if there was at least one oncogenic type first detected at either the key visit or the visit prior to
the key visit, all such types were considered relevant (n = 7); 5) else there were no relevant
types because PCR results from the key visit and the visit prior to the key visit were both
oncogenic negative (n = 8).

Based on determination of relevant HPV types, CIN2+ cases were attributed hierarchically as
follows: 1) if there was only one relevant type, CIN2+ was attributed fully to that type (n = 57);
2) else if HPV16 was relevant, CIN2+ was attributed fully to HPV16 (n = 64); 3) else if multiple
oncogenic types were relevant, CIN2+ was attributed to all relevant types, with the percent
attribution set at the proportion of single infected CIN2+ with that type divided by the sum of
the percent of single infected CIN2+ with any relevant types present (n = 20); 4) else there were
no relevant types and CIN2+ was not attributed (n = 8). Following this type attribution
hierarchy, progression rates were calculated based on the cumulative incidence of CIN2+



associated with each type. Due to small numbers, there were some intervals with no
progression, in which case rates from the previous interval were carried forward.

Nononcogenic HPV clearance and progression

We derived clearance and progression probabilities for pooled nononcogenic HPV types (Web
Figures 1 and 2) using data from the Guanacaste cohort study, a large population-based HPV
natural history study, in which a risk-stratified cohort of women ages >18 years was actively
screened every 12 months for 5-7 years, except for women with LSIL or CIN1 at any visit, who
were shifted to a 6-month screening interval (2). This analysis was performed comparably to
the derivation of clearance rates for oncogenic types, with minor modifications due to
differences in design and follow-up of the Guanacaste cohort relative to the CVT. Because of
the large number of incident infections and the inclusion of older women in the cohort study,
we restricted the analysis of nononcogenic types to incident infections.

Timing of visits in the Guanacaste cohort differed slightly from the CVT. The first interval, "Year
1", included HPV results from the first <15 months of the study, and subsequent 12-month
intervals began at 15 months (15 to <27 months, etc); therefore in estimating monthly hazards
of clearance or progression, we assumed the length of the "Year 1" interval was 15 months and
length of subsequent years was 12 months. Details on imputations made for missing results are
discussed below.

Nononcogenic types occasionally progress to CIN2 (3). Based on our type attribution scheme
for oncogenic types using CVT data, 8 out of 149 infections remained unattributed after we
prioritized infections with persistent and/or oncogenic types. Relative to the 64 CIN2+
attributed to HPV16, 6 cases of CIN2+ were detected with nononcogenic types alone. We thus
assumed nononcogenic types progressed to CIN2+ at 10% of the rate of HPV16 infections
through month 51, after which nononcogenic progression rates were held constant.

Precancer regression and progression

Transition probabilities related to precancer are presented in Web Table 1. We examined the
range of CIN2 regression rates from the control arms of published clinical trials, a prospective
cohort study, and a screening study that involved watchful waiting of CIN2 to determine a
reasonable value for regression (4—8). For ethical reasons, little information is available on the
regression of CIN3 lesions. We assumed these more advanced lesions were less likely to clear
than CIN2, and set duration-dependent regression rates at 50% of CIN2 rates.

While data on progression to cancer is limited for ethical reasons, a retrospective analysis of
historic data provides information on the magnitude of prevalent CIN3 progression rates (9).
We assumed these rates were for lesions that had already persisted long enough to be
detected (i.e., more than 10 years), and by using the published data as a guide and performing
experiments to fit historic cancer incidence in the United States, derived CIN3 progression
rates. Based on these experiments, we set CIN2 progression rates at 20% of CIN3 progression
rates.



Cancer progression and mortality

Transition probabilities related to cancer are presented in Web Table 1. Women with
undetected cervical cancer may progress to a more severe stage, face stage-specific cancer
mortality rates, or have their cancer detected through presentation of symptoms (Web Table
1). Once a cancer is detected, women are assumed to receive stage-specific treatment and are
subject to cancer-specific mortality derived from the SEER registry data from years 2000-2009
and conditioned on surviving to months 1, 12, and 36. After 20 years, excess mortality due to
cancer is assumed to be zero. To adjust detected cancer mortality for age at diagnosis, we
derived age-specific multipliers for each stage of cancer (i.e., local, regional, distant) and
applied these to the base cancer-specific mortality rates (Web Table 1) for the following age
groups: <30 years, 30—39 years, 40-49 years, 50-59 years, 60—69 years, 70-79 years, and >80
years (10).

Data imputations for missed visits in the CVT and Guanacaste cohort
Oncogenic HPV infections (CVT)

To standardize time among infections, account for delayed visits, and minimize differences in
persistence that could arise from differing follow-up schedules in the CVT, we assigned each
study visit to a bin, with bin 0 representing 0 to 3 months following first detection of an HPV
infection, bin 0.5 representing 3 to 10 months following first detection date, bin 1 representing
10-22 months following first detection, bin 2 representing 22 to 34 months following first
detection, and so on, with subsequent bins representing 12 month intervals. For the purposes
of calculating HPV clearance and progression rates, we collapsed bins into approximate yearly
intervals that coincided with timing of study visits. The "Year 1 " interval included HPV results
from months 3 through <22 of the study (bins 0.5 and 1), and subsequent 12-month intervals
began at 22 months (22 to <34 months, etc.; bin 2, etc.). "Year 1" was thus 19 months long,
although the majority of infections were associated with visits in the first 15 months of the
interval (73% of prevalent infection-related visits; 64% of incident infection-related visits).
Thus, for calculating an approximate monthly hazard of clearance or progression (assuming a
constant hazard within the interval), we assumed the length of the interval was in fact 15
months rather than 19 months. This assumption allowed us to capture the decreasing
(increasing) probability of clearance (progression) over time that is consistent with natural
history studies (11), while also adjusting for when the majority of visits actually took place.
Subsequent interval hazards were assumed to be constant over 12-month periods, in
agreement with actual interval lengths. Infections were censored following detection of CIN2+
(n =149).

Estimates of viral persistence were based on the following data imputations, made at the bin
level: 1) we excluded infections with 2 or more consecutive negative PCR results between
positive results; 2) all other missing or negative HPV results flanked by positive results for the
same type were recategorized as positive; 3) missing results between positive and negative
results were resolved using the following algorithm: if there were 1-3 missing bins, the first was
imputed as positive while remaining bins were made negative; if there were 4 missing bins, the



first 2 were imputed as positive while remaining bins were made negative; 4) if there was more
than one visit within a bin and HPV results were discordant, the overall result was assumed to
be positive.

Nononcogenic HPV infections (Guanacaste cohort)

Estimates of viral persistence were based on the following data imputations, consistent with
our assumptions for oncogenic types: 1) missing or negative HPV results flanked by positive
results for the same type were recategorized as positive; 2) missing results between positive
and negative results were resolved using the following algorithm: if there were 1-3 missing
bins, the first was imputed as positive while remaining bins were made negative; if there were
4-5 missing bins, the first 2 were imputed as positive while remaining bins were made negative;
and so on; 3) if there was more than one visit within a bin and HPV results were discordant, the
overall result was assumed to be positive.

Model calibration process

HPV incidence is known to depend on sexual behavior, which may vary widely across settings
and likely contributes to variations in HPV prevalence curves (12). In order to fit HPV
prevalence data from New Mexico, we sampled parameter values for type- and age-specific
multipliers that were applied to baseline incidence inputs from Colombia (1) to reflect the
greater likelihood of HPV infection in New Mexico, particularly in women under 30. Baseline
incidence rates and multiplier search ranges are displayed in Table 2. With respect to naturally
acquired immunity, data on immune response and subsequent protection against future type-
specific infection are limited. We assumed that women infected with oncogenic HPV developed
at least partial immunity following initial infection and clearance. To explore the uncertainty of
this parameter, we sampled parameter values ranging from partial to full immunity. For age-
and type-specific HPV incidence, we set plausible search ranges around baseline input values
and performed 731,123 model simulations in the absence of any vaccination or screening
intervention. For each simulation, we randomly selected one value for each of the uncertain
parameters from a uniform distribution over the identified plausible range, creating a unique
natural history parameter set. For each parameter set, we scored model outcomes according
to their overall fit with calibration targets (Web Table 2). We specified likelihood functions for
all calibration targets and assumed that prevalence targets (e.g., type-specific HPV prevalence;
genotype frequency in CIN2, CIN3, and cancer) followed independent binomial distributions.
For each input parameter set, we computed a composite goodness-of-fit score by summing
over the individual log likelihood measures of all targets. We selected a sample of 50 good-
fitting sets to display calibration results. In forthcoming comparative and cost-effectiveness
analyses, a sample of calibrated sets can be used to explore the effect of uncertainty in the
natural history parameters as a form of probabilistic sensitivity analysis.
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Web Figure 1. Monthly probability of HPV clearance. Details of derivation are in the Methods section and the Web Appendix. We
assumed a constant hazard rate within each interval. For HPV31, 33, 52, and nononcogenic types we carried forward the lowest
probability of clearance such that clearance was less likely with infections of increasing duration, in keeping with the literature. As
described in the Web Appendix, the probability of clearance for nononcogenic infections was derived from the Guanacaste Cohort
Study (18); due to longer study follow-up, we were able to derive clearance probabilities through 75 months; the monthly
probability of clearance in this interval was 0.0286. HPV, human papillomavirus.
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Web Figure 2. Monthly probability of progression to CIN2+. Details of derivation are in the Methods section and the Web
Appendix. We assumed a constant hazard rate within each interval. To avoid intermediate intervals with zero probability of
progression (due to small numbers of CIN2+ in the study), we held rates constant from previous intervals. Histology results from the
Costa Rica Vaccine Trial were not yet available for CIN2 vs. CIN3, so we assumed that for HPV16 infections, 65% of those progressed
to CIN2, while 35% progressed to CIN3; for non-HPV16 oncogenic infections, 80% progressed to CIN2, while 20% progressed to CIN3.
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For nononcogenic infections, we derived progression rates as described in the Web Appendix; 90% of those that progressed
transitioned to CIN2, while 10% went to CIN3. CIN, cervical intraepithelial neoplasia; HPV, human papillomavirus.
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Web Table 1. Transition Probabilities Related to Precancer and Cancer’

Campos et al.

Variable

Parameter Value

Regression of CIN2° (4-8)

All HPV types

Regression of CIN3® (4-8)

All HPV types

Progression of CIN2 to invasive cancer(9)

Years1—-5
Years 6 — 10
Years 11 - 20
Years 21 —29
Years 30—-34
Years 35 -39
Years 40 -44
Years 45 - 49
Years 50+

Progression of CIN3 to invasive cancer(9)

Years1—-5
Years 6 — 10
Years 11 - 20
Years 21 — 29
Years 30-34
Years 35 -39
Years 40 —44
Years 45 — 49
Years 50+

Progression of invasive cancer stages (13—15)
Local to regional
Regional to distant

Invasive cancer mortalityd (10)

Local
Year 1
Years 2-3
Years 4-20
Regional
Year 1
Years 2—-3
Years 4-20
Distant
Year 1
Years 2—-3
Years 4-20

0.0087

0.00435

0.000012
0.000013
0.000238
0.000464
0.000557
0.000603
0.001299
0.001392
0.001485

0.000061
0.000066
0.00119
0.00232
0.00278
0.00302
0.00650
0.00696
0.00742

0.020
0.025

0.0016
0.0014
0.0009

0.0095
0.0078
0.0036

0.0293
0.0195
0.0076

10
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Probability of symptom detection (15)

Local 0.0174
Regional 0.0735
Distant 0.1746

® Monthly probabilities, unless otherwise noted. CIN2, cervical intraepithelial neoplasia grade 2;
CIN3, cervical intraepithelial neoplasia grade 3; HPV, human papillomavirus.

® We assume that the monthly CIN3 regression probability is 50% of CIN2 regression, since CIN3 — a
fairly reliable morphological diagnosis for which regression data are not readily available — is less
likely to regress than CIN2. Of CIN2 and CIN3 lesions that regress, 50% regress to type-specific HPV-
infected health states and 50% regress to the Normal health state.

“ Precancer progression probabilities increase by time (in years) since lesion onset and are constant
across oncogenic HPV types. CIN2 progression is set at 20% of CIN3 progression (for oncogenic
types only).

Invasive cancer mortality decreases by time since diagnosis. Cancer mortality was also adjusted for
age at diagnosis by applying stage-specific multipliers to the baseline probabilities that ranged from
0.30 to 7.39 for local cancer; 0.39 to 1.30 for regional cancer; and 0.002 to 15.16 for distant cancer.
For undetected cancers, women faced the year 1 probability of cancer mortality until diagnosis via
symptom detection.
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Web Table 2. Calibration target data®

Prevalence of HPV Infection in Women, by Age (16)

Mean Value, % (95% Cl)

HPV 16
<21 years
21-24 years
25-29 years
30-49 years
250 years
HPV 18
<21 years
21-24 years
25-29 years
30-49 years
>50 years
HPV 31
<21 years
21-24 years
25-29 years
30-49 years
250 years
HPV 33
<21 years
21-24 years
25-29 years
30-49 years
250 years
HPV 45
<21 years
21-24 years
25-29 years
30-49 years
250 years
HPV 52
<21 years
21-24 years
25-29 years
30-49 years
250 years
HPV 58
<21 years
21-24 years
25-29 years
30-49 years
250 years

9.6 (9.0, 10.3)
8.2 (7.6, 8.7)
5.2 (4.8, 5.6)
2.2 (1.9, 2.5)
1.3 (1.0, 1.6)

3.0(2.7,3.4)
3.0 (2.6, 3.3)
1.7 (1.5, 2.0)
0.7 (0.6, 0.9)
0.6 (0.4, 0.8)

4.1(3.7, 4.6)
4.4 (4.0, 4.8)
2.8(2.5,3.1)
1.4 (1.1, 1.6)
0.6 (0.4, 0.8)

1.3 (1.1, 1.6)
1.0 (0.8, 1.2)
0.7 (0.6, 0.9)
0.3(0.2,0.4)
0.2 (0.1,0.3)

2.4(2.1,2.8)
2.3(2.0, 2.6)
1.5(1.2,1.7)
0.7 (0.6, 0.9)
0.6 (0.4, 0.8)

4.5 (4.0, 4.9)
4.3 (3.9, 4.8)
3.0(2.6,3.3)
1.5(1.2,1.7)
0.7 (0.5, 0.9)

3.7 (3.3, 4.1)
3.0(2.7,3.4)
1.6 (1.3, 1.8)
0.7 (0.5, 0.9)
0.4 (0.3, 0.6)

Campos et al.
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HPV genotype frequencies in CIN2 (17)

16
18
31
33
45
52
58

HPV genotype frequencies in CIN3 (17)

16
18
31
33
45
52
58

HPV genotype frequencies in SCC (17)

16
18

41.7 (38.9, 44.5)
5.2 (4.0, 6.6)
15.5 (13.5, 17.6)
3.7 (2.7, 4.9)
2.9 (2.0, 4.0)
8.6 (7.0, 10.3)
9.0 (7.4, 10.7)

57.6 (55.0, 60.1)
4.8 (3.8, 6.0)
15.0 (13.2, 16.9)
5.8 (4.7,7.1)
2.1(1.5,3.0)
7.9 (6.6, 9.4)
6.1 (5.0, 7.5)

Mean value, % (95% Cl)
58.0(54.1, 61.8)
9.8(7.7,12.4)

Campos et al.

a

Cl, confidence interval; CIN, cervical intraepithelial neoplasia (grade 2 or 3); HPV, human

papillomavirus; SCC, squamous cell carcinoma.
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