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Mathematical Model for the Natural History of Human Papillomavirus
Infection and Cervical Carcinogenesis

Evan R. Myers,1^ Douglas C. McCrory,2^ Kavita Nanda,112 Lori Bastian,2-* and David B. Matchar2-4

The authors constructed a Markov model as part of a systematic review of cervical cytology conducted at the
Duke University Evidence-based Practice Center (Durham, North Carolina) between October 1997 and
September 1998. The model incorporated states for human papillomavirus infection (HPV), low- and high-grade
squamous intraepithelial lesions, and cervical cancer stages t—IV to simulate the natural history of HPV infection
in a cohort of women from ages 15 to 85 years. The age-specific incidence rate of HPV, and regression and
progression rates of HPV and squamous intraepithelial lesions, were obtained from the literature. The effects of
varying natural history parameters on cervical cancer incidence were evaluated by using sensitivity analysis. The
base-case model resulted in a lifetime cervical cancer risk of 3.67% and a lifetime cervical cancer mortality risk
of 1.26%, with a peak incidence of 81/100,000 at age 50 years. Age-specific distributions of precursors were
similar to reported data. Lifetime risk of cancer was most sensitive to the incidence of HPV and the probability
of rapid HPV progression to high-grade lesions (two- to threefold variations in risk). The model approximates the
age-specific incidence of cervical cancer and provides a tool for evaluating the natural history of HPV infection
and cervical cancer carcinogenesis as well as the effectiveness and cost-effectiveness of primary and
secondary prevention strategies. Am J Epidemiol 2000; 151:1158-71.
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Carcinoma of the cervix is one of the most common
malignancies of women in many parts of the world.
Secondary prevention by using cervical smears to
detect preinvasive and early invasive disease has led to
significant reductions in both incidence and mortality
in many countries (1). In the United States, both inci-
dence and mortality have declined steadily;
Surveillance, Epidemiology, and End Results (SEER)
registry data show a 43 percent decrease in incidence
and a 45.9 percent decrease in mortality from 1973 to
1995 (2). Such reductions have not been observed in
countries in which cytologic screening is not widely
available (3).
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Although there have been no randomized trials of
the effectiveness of cervical cytologic screening in
preventing mortality from cervical cancer, there is
wide consensus based on results of historical series
and case-control studies that screening does result in
significant decreases in incidence and mortality (4).
However, considerable controversy remains about the
optimal frequency for such testing, the potential role of
adjunctive technologies for improving the sensitivity
of screening, and the appropriate management of low-
grade lesions that may be preinvasive. In addition,
although there is general agreement on the broad out-
lines of the natural history of cervical cancer (5, 6),
uncertainty exists about the specifics of many of the
elements that contribute to natural history. These
issues have been approached primarily with modeling
(7-14).

Comprehensive simulation models enable integra-
tion of evidence from a wide variety of sources to eval-
uate natural history as well as prevention and treatment
strategies, and they have been used to evaluate strate-
gies for preventing stroke (15). As part of a compre-
hensive review of the effectiveness of both conven-
tional cervical cytologic screening and new adjunctive
technologies (16) performed at the Duke University
Center for Clinical Health Policy Research (Durham,
North Carolina), we took a similar approach, using
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simulation modeling to integrate available evidence on
strategies for preventing cervical cancer. This review,
funded by the US Agency for Health Care Policy and
Research as part of its Evidence-based Practice
Centers program (a group of 12 sites in the United
States and Canada that conduct systematic reviews and
data synthesis on topics designated by the agency),
included a meta-analysis of studies on the sensitivity
and specificity of the conventional cervical smear, an
analysis of costs associated with screening and treat-
ment for cervical cancer and preinvasive lesions in the
United States, and a cost-effectiveness analysis of
screening strategies to prevent cervical cancer. In this
paper, we present a model of the natural history of cer-
vical cancer that builds on both the work of previous
authors and recent epidemiologic evidence to predict
the age-specific incidence of cervical cancer in
unscreened populations and can be used to assess the
potential impact of preventive strategies.

MATERIALS AND METHODS

We constructed a 19-state Markov model (17) by
using DATA 3.0 software (TreeAge Software,
Williamstown, Massachusetts). In a Markov model, the
conditional distribution of the outcomes given an expo-
sure status depends on prior outcome observations
only. Our model follows a simulated cohort of women
from ages 15 through 85 years. The probability of mov-
ing from one state to another (e.g., from normal to
human papillomavirus (HPV) infected) during a given
Markov cycle (e.g., a 1-year time period) is determined
by the modeler; typically, these probabilities are state
and often cycle specific. States and allowed transitions
are shown in table 1 and figure 1. The model is
described in detail in the final evidence report prepared
by Duke University (16), and copies of the software
program are available from the authors on request.
Because the model generates probabilities, the cohort
can be any size; for a person, the model generates life-
time probabilities of being in a given health state.
Acquisition of HPV is based on age-specific incidence
rates. Regression and progression between the various
states is based on published data. Because the topic of
our review was suggested to the Agency for Health
Care Policy and Research by the American College of
Obstetricians and Gynecologists (Washington, DC), we
used US data as much as possible for our probability
and prevalence estimates.

Assumptions of the model

To produce a model with a manageable number of
possible outcomes, some simplifying assumptions
were necessary. The following list outlines the main

underlying assumptions of the model and our rationale
for making them.

1. The model assumes that all cases of cervical can-
cer begin with HPV infection. We incorporated
HPV status into the model for two reasons. First,
although a small percentage of cervical cancers
do not contain detectable HPV DNA, even with
sensitive assays there is consensus that HPV
infection is die causative agent for the vast major-
ity of cervical cancers (5, 6, 18, 19). Second, cer-
tain HPV types clearly are more likely to progress
to cancer than others, and identification of these
types in cervical cells may help determine optimal
diagnostic and treatment strategies for patients
wim abnormal cervical smears (20). Estimates of
the age-specific incidence of HPV infection were
derived from published cohort studies. For our
model, the HPV infected state is defined as the
presence of detectable HPV DNA with normal
cervical cytology. Under the Bethesda System
(21), cytologic changes consistent with HPV
infection that do not meet the criteria for a diag-
nosis of cervical intraepithelial neoplasia (CTN)
are classified as low-grade squamous intraepithe-
lial lesions (SIL).

2. Studies that used older classification systems,
primarily the one for CTN, were converted to the
Bethesda System (21) as follows: cytologic evi-
dence of HPV infection and CIN I = low-grade
SIL; CIN II, CIN HI, and carcinoma in situ =
high-grade SIL.

3. Regression of HPV is defined as the inability to
detect a previously detected HPV viral type in the
same patient by using the same diagnostic tech-
niques. Published regression rates, usually
expressed as percentage of infections per time
period, and progression rates to low-grade SIL
and high-grade SIL were converted to transition
probabilities (22).

4. Similarly, regression and progression probabili-
ties for low-grade SIL and high-grade SIL were
derived from the literature. Low-grade SIL
lesions were allowed to regress to both latent
HPV infection and the Well state, and high-grade
SIL lesions were allowed to regress to low-grade
SIL, HPV, and WeU.

5. Base-case estimates for incidence, regression,
and progression rates were chosen on the basis of
two criteria. First, parameters were adjusted to
result in predicted age-specific prevalence rates
for HPV, low-grade SIL, and high-grade SIL and
age-specific incidence of cervical cancer that
were within the range reported in cross-sectional
data. Second, because we planned to use the
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TABLE 1. States and possible transitions between states: Markov model of human paplllomavlrus
(HPV) Infection and cervical carclnogenesls

State Description Possible transitions

Well

HPV

Low-grade SIL

High-grade SIL

Unknown stage I cervical
cancer

Unknown stage I
cancer

Unknown stage I
cancer

cervical

I cervical

Unknown stage IV cervical
cancer

Detected stage WV
cervical cancer (one state
per stage of cancer)

Cancer survivor (one state
per stage of cancer)

Hysterectomy

Dead from cervical cancer

Dead from other cause

Normal; no HPV infection or
cervical dysplasia

HPV infection, no cytologic
abnormality

Low-grade SIL (cervical intra-
eptthelial lesion 1)

High-grade SIL (cervical intra-
epithellal lesion 2-3, including
carcinoma in situ)

Cancer confined to cervix

Cancer involving upper two-
thirds of vagina or parametrial
tissues but not to pelvic
sidewall

Cancer involving lower one-third
of vagina or parametrial
tissues to pelvic sidewall

Cancer spread outside of the
pelvis

Diagnosed cancer, years 1-5
after diagnosis and treatment

Alive 5 years after detection
of cancer

Hysterectomy with removal of
the cervix for indications
other than SIL or cervical
cancer

Death due to cervical cancer or
complications of therapy

Death from cause other than
cervical cancer

Well, HPV, dead from other cause

Well, HPV, low-grade SIL,* high-grade
SIL, dead from other cause

Well, HPV, low-grade SIL, high-grade
SIL, dead from other cause

Well, HPV, low-grade SIL, high-grade
SIL, unknown stage I cervical cancer,
dead from other cause

Unknown stage I cervical cancer,
detected stage I cervical cancer,
unknown stage II cervical cancer,
dead from other cause

Unknown stage II cervical cancer,
detected stage II cervical cancer,
unknown stage III cervical cancer,
dead from other cause

Unknown stage III cervical cancer,
detected stage III cervical cancer,
unknown stage IV cervical cancer,
dead from other cause

Unknown stage IV cervical cancer,
detected stage IV cervical cancer,
dead from other cause

Detected Stage H V cervical cancer,
dead from cervical cancer, cancer
survivor, dead from other cause

Cancer survivor, dead from other cause

Dead from other cause

Absorbing statet

Absorbing state

* SIL, squamous intraepithelial lesion.
t Subjects remain in this state for the remainder of the simulation.

model as the basis of a cost-effectiveness analy-
sis of screening strategies (16), we chose esti-
mates that resulted in cervical cancer incidences
that would bias the cost-effectiveness model in
favor of improving screening sensitivity. Thus,
our base-case estimates result in peak cervical
cancer incidence biased toward higher values at
earlier ages.

6. We include a hysterectomy state, since removal
of the organ at risk clearly affects calculation of
cervical cancer incidence (23, 24). However, we

did not correct for hysterectomy in our natural
history model, since population-based registries
do not make a similar correction. We did test the
impact of hysterectomy on our estimates.

Model parameters

Incidence of HPV infection. The natural history of
HPV infection is complex, and clearance and persis-
tence of viral DNA, along with progression to SIL,
vary depending on the viral type, patient characteris-
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Hysterectomy
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^D
RGURE 1. Depiction of the Markov model for the natural history of human papillomavirus (HPV) infection and cervical cardnogenesis. Boxes
represent health states; arrows allowed transitions between states. SIL, squamous intraeplthelial lesion.

tics such as age and immune status, and study design
and assay methods (5, 6, 18, 19, 25). We do not distin-
guish between different types of HPV; our incidence,
progression, and regression estimates are averages for
all viral types. The risk of developing cervical cancer
after infection is clearly related to HPV type. Our base-
line estimates for HPV and low-grade SIL prevalence
also are lower than reported in studies of cervical
smears in adolescents (26, 27). However, since we
modeled an entire population and not just those who
are sexually active, prevalence should be lower than
for only those who are sexually active.

Table 2 shows the baseline age-specific estimates
and ranges for the sensitivity analysis of HPV inci-
dence in the model. We varied the incidence rates by
factors of 0.5-2 to examine the effects of changing
HPV incidence on cervical cancer incidence in
unscreened populations. We also varied the age of peak
incidence from 20 to 30 years to examine the effects of
a later onset of sexual activity on age-specific cervical
cancer incidence.

Regression, persistence, and progression of HPV
infection. Estimates of regression and progression

rates of HPV infection are subject to variability in
study design, patient population, and viral assay tech-
niques. Reported regression rates for prevalent cases
include 70 percent after 2 years for a cohort of adoles-
cents and college-age women (26), 68 percent over 14
months for women less than age 25 years, and 35 per-
cent for women more than age 30 years (28). Ho et al.
(27) reported a 1-year regression rate of 70 percent for
their incident cases. All of these results were for
women whose cytology was normal. The overall
regression rate in a large Finnish cohort was 42.8 per-
cent over 50 months (29, 30). However, the disease
status in this group was determined on the basis of
cytologic evidence of HPV infection. Under the
Bethesda System (21), these abnormalities would be
classified as low-grade SIL.

Progression probabilities are also difficult to deter-
mine. Moscicki et al. (26) reported progression to SIL
in 15.7 percent of their cases over 40 months, 7.6 per-
cent of which progressed directly to high-grade SIL.
Ho et al. (27) reported a cumulative 36-month inci-
dence of SIL of approximately 25 percent; 6.5 percent
were high-grade lesions. Koutsky et al. (31) found a
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TABLE 2. Transition probabilities and Incidence rates* at prelnvasive human paplllomavlrus (HPV)
disease: Markov model

Parameter (reference no.)

Prevalence of HPV infection, age 15 years

Prevalence of low-grade SlUt age 15 years

Age (years)-speclfic incidence of HPV infection
(5, 6, 27, 28)

15
16
17
18
19
20
21
22
23
24-29
30-49
250

Age (years)-specific regression rate, HPV infection
(HPV to Well) (26, 28, 31)

15-24
25-29
£30

Progression rate (HPV to low-grade SIL) (26, 28, 31)

Proportion of infections progressing directly to high-grade
SIL (26, 28, 31)

Regression rate (age (years)) (low-grade SIL to HPV or
Well) (27, 32-34)

15-34
£35

Proportion of low-grade SIL reverting to Well (27, 32-34)

Progression rate (age (years)) (low-grade SIL to high-
grade SIL (27,32-34)

15-34
£35

Regression rate (high-grade SIL to low-grade SIL or
Well) (27, 32-34)

Proportion of high-grade SIL reverting to Well (27, 32-34)

Progression rate (high-grade SIL to stage I cancer
(8, 9, 35-38)

Base case

0.10

0.01

0.1
0.1
0.12
0.15
0.17
0.15
0.12
0.10
0.10
0.05
0.01
0.005

0.7/18 months
0.5/18 months
0.15/18 months

0.2/36 months

0.1

0.65/72 months
0.4/72 months

0.9

0.1/72 months
0.35/72 months

0.35/72 months

0.5

0.4/120 months

Range

0-0.25

0-0.1

0.5-2 x base estimate

0.6-0.9/18 months
0.45-0.6/18 months
0.1-0.2/18 months

0.15-0.3/36 months

0.05-0.5

0.6-0.8/72 months
0.3-0.6/72 months

0.5-1.0

0.1-0.3/72 months
0.3-0.5/72 months

0.3-0.5/72 months

0-0.5

0.3-0.5/72 months

* Rates are converted to probabilities in the model,
t SIL, squamous intraepithelial lesion.

2-year cumulative incidence of high-grade SIL of 28
percent in women with HPV DNA; only 36 percent of
these women had had a prior low-grade SIL smear.
Consistent with our other estimates, our base-case
estimates (table 2) were derived from the higher end
of the reported ranges. Cases that progress directly to
high-grade SIL are similar to the "rapidly progres-
sive" cases used in other models (9). Again, we varied
age-specific regression rates to produce an age-
specific cancer incidence curve similar to that seen in
unscreened populations.

Low-grade and high-grade squamous intraepithelial
neoplasia. Determining transition probabilities from
the literature that accurately reflect natural history is as
difficult for SIL as it is for HPV infection. The diffi-
culties in converting rates collected over varying,
often-unspecified times and in heterogeneous popula-
tions are further magnified by differences in terminol-
ogy. For example, many studies report transitions from
HPV-associated cytologic changes to CIN I to CIN II
to CIN HI to carcinoma in situ, which may be difficult
to translate into the Bethesda System (21) terminology
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of low-grade SIL and high-grade SIL. Our model
assumes an age dependence in regression and progres-
sion rates (28, 32, 33). For our baseline case, we use
the estimates of Syrjanen et al. (34), the largest cohort
that reports results by using the Bethesda System. The
length of time for high-grade SIL progression is more
difficult to estimate from these data than are the other
parameters; in this cohort, all patients who progressed
to carcinoma in situ, according to an older classifica-
tion system, were treated. Prior models have estimated
the duration from severe dysplasia/carcinoma in situ to
invasive cancer as 10-15 years. We used 12 years for
the base case (table 2), since this interval resulted in an
age-specific incidence of cervical cancer most consis-
tent with observed data.

Natural history of invasive cancer. Almost no data
exist for estimating the rates of progression from stage
I through stage IV cervical carcinoma. There is also no
way to determine the likelihood of developing symp-
toms. Since distribution of cases by stage in an
unscreened population should be a function of both the
progression rate and the likelihood of presentation with
symptoms (since incident cases would be detected only
upon presentation with symptoms), we adopted the
approach taken by others (8, 9). We adjusted these esti-
mates by varying the progression rates and the proba-
bility of presentation with symptoms across previously
reported ranges so the proportion of cases represented
by each stage was similar to that for cervical cancer
patients who have never been screened (35-38). Our
estimates are described in table 3.

Stage-specific survival. Survival probabilities at 1,
2, 3, 4, and 5 years postdiagnosis for each stage were
obtained from the Patterns of Care Evaluation project
of the American College of Surgeons (39, 40) (and A.
Fremgen, American College of Surgeons, "personal
communication," 1997) (table 3). These values were
chosen because they represent data from a wide range
of facilities that treat women with cervical cancer and
should be relatively representative of the range of cur-
rent US practice. Five-year survival rates based on
these data were as follows: stage I, 86.0 percent; stage
n, 62.5 percent; stage HI, 37.9 percent; and stage IV,
11.3 percent.

We assumed no cancer-related mortality after 5
years. Although the Patterns of Care Evaluation data
show some deaths after 5 years for all stages, they are
relatively rare compared with the first 5 years. Other
models also have used 5-year survival. These data are
disease specific; therefore, patients are also at risk for
other causes of death during the 5-year postdiagnosis
period.

Mortality from other causes. Mortality from causes
other than cervical cancer was estimated by subtract-

TABLE 3. Transition probabilities and estimated rates of
progression of Invasive cervical cancer: Markov model

Parameter (reference no.)

Progression rates and probability of
symptoms in unscreened patients
with cancer (8, 9, 35-38)

Stage 1
Progression rate (stage 1 to stage II)
Annual probability of symptoms

Stage II
Progression rate (stage II to stage III)
Annual probability of symptoms

Stage III
Progression rate (stage III to stage IV)
Annual probability of symptoms

Stage IV
Annual probability of symptoms

Annual probability of survival after
diagnosis, by stage* (39, 40)

Stage 1
Yeari
Year 2
Year 3
Year 4
Year 5
5-year survival

Stage II
Year 1
Year 2
Year 3
Year 4
Year 5
5-year survival

Stage III
Yeari
Year 2
Year 3
Year 4
Year5
5-year survival

Stage IV
Year 1
Year 2
Year 3
Year 4
Year 5
5-year survival

Estimate

0.9/4 years
0.15

0.9/3 years
0.225

0.9/2 years
0.6

0.9

0.9688
0.9525
0.9544
0.9760
0.9761
0.8390

0.9066
0.8760
0.9225
0.9332
0.9604
0.6566

0.7064
0.7378
0.8610
0.9231
0.9142
0.3787

0.3986
0.4982
0.7638
0.8652
0.8592
0.1127

Additional reference: A. Fremgen, American College of
Surgeons, "personal communication,' 1997.

ing age-specific cervical cancer mortality rates from
age-specific all-cause mortality rates by using US life
tables from 1995 (41).

Hysterectomy for benign disease. We used age-
specific hysterectomy rates obtained from the National
Hospital Discharge Survey (42) and Maryland dis-
charge data (43) to estimate age-specific hysterectomy
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rates. For two reasons, we did not correct these rates
for hysterectomies performed because of cervical can-
cer. First, because the majority of surgically treated
cervical cancer cases are radical hysterectomies, which
have a separate International Classification of
Diseases, Ninth Revision code, most hysterectomies
for cervical cancer are not included in these data sets.
Second, the proportion of nonradical hysterectomies
performed for preinvasive diseases is relatively small:
less than 2 percent of all cases performed over a 6-year
period in North Carolina (E. R. Myers, Duke
University Medical Center, unpublished data).

Sensitivity and specificity of cervical smears. We
performed a meta-analysis of studies of conventional
cervical smears, using colposcopy and histology as the
reference standard (16). When we used a cytologic
threshold of Atypical Squamous Cells of Uncertain
Significance or higher and a histologic threshold of
low-grade SIL or higher, we found a sensitivity of 51
percent and a specificity of 97 percent. These values
were similar to those found in a previously published
meta-analysis (44). We used these values to test the
impact of screening at 1-, 2-, 3-, and 5-year intervals
on the age-specific incidence of cervical cancer.

RESULTS

Age-specific prevalence of HPV and SIL

The age-specific prevalence of HPV infection in
women whose cytology is normal, predicted by the
model in which base-case estimates are used, is shown

in figure 2, which also illustrates the predicted age-
specific prevalence of low-grade and high-grade SIL
lesions. The model predicts peak prevalences of HPV
of 24.7 percent at age 21 years, low-grade SIL of 8.3
percent at age 28 years, and high-grade SIL of 2.6 per-
cent at age 42 years.

Age-specific Incidence of cervical cancer

Figure 3 shows the age-specific incidence of cervi-
cal cancer predicted by the base-case model parame-
ters. The peak incidence is 81/100,000 at age 48 years.
The predicted distribution of cases by stage was as fol-
lows: stage 1,46.4 percent; stage n, 27.0 percent, stage
El, 18.1 percent; and stage IV, 8.5 percent.

Sensitivity analyses

We tested the impact of varying the age-specific
incidence of HPV from one-half to twice the base-case
estimates. As shown in figure 4, peak incidence and
overall risk of cervical cancer varies with HPV inci-
dence. Cancer incidence in younger women increases
as HPV incidence increases, although the age of peak
incidence does not change.

We also tested the impact of varying the prevalence
of HPV and low-grade SIL at age 15 years on the sub-
sequent incidence of cervical cancer (figure 5). We
found that increasing the prevalence at younger ages
without changing other parameters increases overall
incidence and lowers the youngest ages at which can-
cer appears.

0.3 -,

15 25 35 45 55 65 75

Age

FIGURE 2. Age (years)-specific prevalence of human papillomavirus (HPV) (defined as the presence of detectable DMA with normal cytolog-
ic findings), low-grade squamous intraeplthellal lesions (LSIL), and high-grade squamous intraepithelial lesions (HSIL) (defined by histology)
predicted by the Markov model in which baseline parameters and assumptions are used.
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