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Abstract

Importance: Evidence on the relative benefits and harms of primary high-risk HPV testing is 

needed to inform guidelines.

Objective: To inform the US Preventive Services Task Force by modeling the benefits and harms 

of various cervical cancer screening strategies.

Design, Setting, and Participants: Microsimulation model of a hypothetical cohort of 

women initiating screening at age 21 years.

Exposures: Screening with cytology, high-risk HPV testing, and cytology and HPV cotesting, 

varying age to switch from cytology to HPV testing or cotesting (25, 27, 30 years), rescreening 

interval (3, 5 years), and triage options for HPV-positive results (16/18 genotype, cytology 

testing). Complete adherence for all 19 strategies was assumed.

Main Outcomes and Measures: Lifetime number of tests, colposcopies, disease detection, 

false positives, cancer cases and deaths, life-years, and efficiency ratios expressing the tradeoff of 

harms (i.e., colposcopies, tests) versus benefits (life-years gained, cancer cases averted). Efficient 

strategies were those that yielded more benefit and less harm than another strategy or a lower 

harm-to-benefit ratio than a strategy with less harms.

Results: Compared to no screening, all modeled cervical cancer screening strategies were 

estimated to result in substantial reductions in cancer cases and deaths, and gains in life-years. 

The effectiveness of screening across the different strategies was estimated to be similar, with 

primary HPV-based and alternative cotesting strategies having slightly higher effectiveness and 
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greater harms than current guidelines-based cytology testing. For example, cervical cancer deaths 

associated with the guidelines-based strategies ranged from 0.30 to 0.76 deaths per 1000 women, 

whereas new strategies involving primary HPV testing or cotesting had fewer cervical cancer 

deaths, ranging from 0.23 to 0.29 deaths per 1000 women. In all analyses, primary HPV testing 

strategies occurring at 5-year intervals were efficient. For example, 5-year primary HPV testing 

(cytology triage) based on switching from cytology to HPV screening at ages 30 years, 27 years, 

and 25 years had ratios per life-year gained (LYG) of 73, 143 and 195 colposcopies, respectively. 

In contrast, strategies involving 3-year HPV testing had much worse ratios, ranging from 2188 to 

3822 colposcopies per LYG. In most analyses, strategies involving cotesting were not efficient.

Conclusions and Relevance: In this microsimulation modeling study, it was estimated that 

primary HPV screening may represent a reasonable balance of harms and benefits when done 

every 5 years. Switching from cytology to HPV testing at age 30 yielded the most efficient 

harm-to-benefit ratio when using colposcopy as a proxy for harms.

In 2012, cervical cancer screening guidelines were harmonized across several major 

guidelines-making organizations, including the US Preventive Services Task Force 

(USPSTF),1–3 recommending routine cytology screening every 3 years starting at age 21, 

with an option to switch to cytology and HPV “cotesting” every 5 years starting at age 

30 (A recommendation). Screening is recommended to end at age 65, provided a history 

of regular screening without abnormalities in the past 10–20 years.1–3 Since 2012, new 

evidence on primary human papillomavirus (HPV) testing has emerged, contributing to the 

FDA-approval of the first stand-alone high-risk HPV test for primary screening in women 

ages 25 years and older. Interim clinical guidance on the use of primary HPV testing has 

been issued from several professional organizations.4

While empirical studies such as randomized clinical trials provide high-quality evidence on 

the effectiveness of screening, outcomes are usually based on intermediate endpoints (e.g., 

precancer detection or colposcopy rates) after limited rounds of screening. Mathematical 

disease simulation models can complement such evidence by extrapolating data beyond 

the trial period to project long-term outcomes of screening (e.g., life expectancy), over 

multiple rounds of screening. Models can also explore alternative scenarios that have not 

been examined in empirical studies. This decision analysis using a cervical cancer disease 

simulation model accompanied an evidence report for the USPSTF to update the evidence 

and address gaps in the expected benefits and harms of cervical cancer screening strategies 

in primary care.5

METHODS

The full decision analysis technical report is available 

at https://www.uspreventiveservicestaskforce.org/Page/Document/UpdateSummaryFinal/

cervical-cancer-screening2. The full report contains additional model calibration and 

validation results, as well as results from additional scenario and sensitivity analyses.
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Model Description

The disease microsimulation model has a natural history component and a screening 

component that are used to project the life histories of simulated women under different 

screening strategies.6,7 In the natural history model, each simulated woman faces monthly 

transitions between health states that describe underlying disease status, including HPV 

infection, precancer (i.e., cervical intraepithelial neoplasia, CIN grades 2 or 3), and invasive 

cancer (i.e., local, regional, distant stages) (Figure 1). States are further stratified by 

oncogenic HPV types 16, 18, 31, 33, 45, 52, and 58, each considered separately; pooled 

other high-risk types; and pooled low-risk types. Each month, women have risks of 

hysterectomy and death from all causes8,9 as well as death from cervical cancer based 

on survival data from the Surveillance, Epidemiology, and End Results (SEER) Program.10 

Transition probabilities can vary by age, HPV type, duration of infection or lesion status, 

and a woman’s history of prior HPV infection and CIN treatment. Uncertain parameters, 

such as HPV incidence, CIN progression and regression, and HPV natural immunity were 

calibrated to data on HPV prevalence and type distribution among women with and without 

cervical disease.11–13 The model focuses on squamous cell carcinoma, the most common 

histologic subtype of cervical cancer.

Screening is used to detect the presence of high-grade precancers, which can be treated 

before progressing to cancer, or for the earlier detection of invasive cancer. Screening 

assumptions in the model can vary by screening start and stop ages, frequency, coverage, 

follow-up (i.e., triage) testing, and adherence to recommended follow-up. Tests for primary 

screening and triage include cytology, high-risk HPV DNA testing, and cytology and HPV 

cotesting, with varying test characteristics (Table 1).14–18 Diagnostic colposcopy and biopsy 

were assumed to be 100% accurate in confirmation of histologic status, and the effectiveness 

of precancer treatment (i.e., loop electrosurgical excisional procedure (LEEP)) was assumed 

to be 100%, but both assumptions were varied in sensitivity analysis. Details on the selection 

of input data and assumptions are available in the full report.

The model was validated against data from SEER cancer registries (years 2000–2013), 

under assumptions of current screening practice patterns (eFigure 1 in the Supplement).19–21 

Additional model validation exercises included comparing model projections against 

reported outcomes from the HPV for cervical cancer screening (HPV FOCAL) trial, a 

randomized trial evaluating stand-alone HPV testing for primary screening.22

Screening Strategies

The analysis focused on the comparative effectiveness and harms of primary HPV testing, 

compared to currently recommended screening strategies. Table 2 summarizes the 19 main 

strategies evaluated. Guideline-based screening strategies comprised cytology alone every 3 

years from ages 21–65 years (strategy 1), and cytology alone every 3 years from ages 21–29 

years, with a switch to cytology and HPV cotesting every 5 years from ages 30–65 years 

(strategy 2).1–3 Management of women with equivocal or abnormal tests were assumed 

to follow established guidelines.2,23 For cotesting, HPV-positive/cytology-negative women 

were managed by repeat cotesting at 12 months, with referral to colposcopy for any positive 

result.
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The primary HPV testing strategies (strategies 3–14) were varied by: (1) age to switch from 

cytology to HPV screening, (2) rescreening interval following an HPV-negative result, and 

(3) triage options for HPV-positive results. Age to switch to HPV screening was evaluated 

at ages 25, 27, and 30 years, following cytology-only screening starting at age 21. The 

rescreening interval for primary HPV testing was evaluated at every 3 years and every 

5 years, consistent with current guidelines for cytology-only and cotesting. Two triage 
strategies for HPV-positive screening results were examined (eFigure 2 in the Supplement): 

(a) assuming HPV-16/18 genotype information is available, 16/18-positive women are 

referred to colposcopy, whereas women positive for other high-risk HPV types receive 

cytology triage (those with a cytology result of ASCUS or worse are referred to colposcopy; 

those with a cytology-negative result receive a follow-up test in 12 months); (b) all women 

with high-risk HPV receive cytology triage. Additional cotesting strategies (strategies 15–

19) were also included varying the age to switch and rescreening interval.

In the base-case analysis, the age to stop screening was 65 years, assuming no recent 

history of abnormal results, consistent with current guidelines; sensitivity analysis was used 

to evaluate the effect of extending the age threshold at which to terminate screening to 

70 and 75 years. The analysis assumed full adherence to screening initiation, rescreening 

interval, and follow-up for both diagnostic and pre-cancer treatment referrals. Furthermore, 

the base-case analysis focused on women who did not receive HPV vaccination.

Screening Outcomes

The model was used to generate a number of outcomes associated with each screening 

strategy, reflecting both health benefits and harms over the lifetime of screening starting at 

age 21 years. Harms included total number of cytology and HPV tests (including screening, 

triage, and surveillance), colposcopies, and false positive screening results (defined as total 

number of colposcopies without underlying CIN2, CIN3 or cancer); benefits included CIN2 

and CIN3 detected, CIN3+ detected (including CIN3 and cervical cancers detected through 

screening), cervical cancer cases and deaths averted, and life-years gained. These measures 

were calculated as the cumulative number of events or time spent in the different health 

states, which were then modified by the interventions, over the selected time horizon (i.e., 

lifetime).

Analysis

The relative efficiency of each screening strategy was evaluated to examine the tradeoff 

of harms versus benefits for the general population of women being screened and was 

expressed as the incremental number of colposcopies per year of life gained (life-year 

gained, LYG). This efficiency ratio was defined as the additional number of colposcopies 

divided by the additional life-years of a specific strategy compared to the strategy with the 

next fewer colposcopies. Strategies with more harms (colposcopies) and less benefits (life-

years) than an alternative strategy, or with a higher harm-to-benefit ratio than a strategy with 

more harms, were considered “inefficient” and eliminated from the calculation; all other 

strategies were considered “efficient.” Because there is no consensus on the appropriate 

metric to assess efficiency, results are also presented in terms of (1) the incremental number 
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of total screening tests per life-year gained, and (2) the incremental number of colposcopies 

per cervical cancer case averted.

Sensitivity Analyses

The effects of uncertainty and alternative assumptions on the results were also assessed. 

Data uncertainty included screening test characteristics, colposcopy/biopsy performance, 

and precancer treatment effectiveness. Alternative screening scenarios included variations in 

management of HPV-positive women, including cytology triage with a colposcopy referral 

threshold of LSIL (base-case assumed ASC-US), varying intervals for follow-up testing 

from 6 months to 24 months (base-case assumed 12 months), and immediate colposcopy 

for all HPV-positive women. To reflect a low-risk population, screening in HPV-vaccinated 

women was evaluated, assuming that 100% of women were vaccinated with the three-dose 

HPV-16/18 vaccine in pre-adolescence and that vaccination conferred 100% protection 

against HPV-16 and −18 infections over the lifetime. The model was programmed in C++, 

and model output were analyzed in R version 1.0.136.

RESULTS

In the absence of screening, the lifetime risk of cervical cancer incidence was 1.9% and 

lifetime risk of cervical cancer mortality was 0.83%, resulting in a life expectancy of 63.9 

years (Table 3) for 20-year-old women. Compared to no screening, all modeled cervical 

cancer screening strategies were estimated to result in substantial reductions in cancer cases 

and deaths, and gains in life-years. However, the effectiveness of screening across the 

different strategies was estimated to be similar, with primary HPV-based and alternative 

cotesting strategies having slightly higher effectiveness in terms of life-years gained and 

cancer cases and deaths averted than current guidelines-based cytology testing. For example, 

cervical cancer deaths associated with the guidelines-based strategies (strategies 1 and 2) 

ranged from 0.30 to 0.76 deaths per 1,000 women, whereas the new strategies involving 

primary HPV testing or cotesting varying switch age, interval and triage option (strategies 

3–19) had fewer cervical cancer deaths, ranging from 0.23 to 0.29 deaths per 1,000 women 

(an improvement of 0.01 to 0.53 lives saved per 1,000 women screened).

In terms of harms, more frequent interval (i.e., 3-year versus 5-year) and cotesting strategies 

were generally associated with a greater number of lifetime total tests, whereas the age to 

switch from cytology to HPV testing or cotesting did not have much effect on the estimates. 

Using cytology triage for HPV-positive women was associated with increased lifetime total 

tests slightly (1–2%) compared to 16/18 genotype triage. With cotesting, the number of 

lifetime total tests were 60% to 82% greater than that with the analogous strategy involving 

HPV testing alone.

Cytology testing alone every 3 years from age 21 to 65 years was associated with the lowest 

number of lifetime colposcopies (i.e., 645 per 1,000 women) but also the lowest number of 

CIN2,3 and CIN3+ detected. All other strategies were associated with higher colposcopies, 

especially for cotesting (strategies 2, 15–19), followed by primary HPV testing with 16/18 

genotype triage (strategies 3–8). HPV testing with 16/18 genotype triage had 12–14% 

greater colposcopies than HPV testing with cytology triage. Consistent with the trend of 
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colposcopies, the number of false positives increased from cytology testing every 3 years to 

HPV testing or cotesting.

Relative Efficiency Analysis

Three different metrics were calculated to reflect different ways of capturing the harm-to-

benefit tradeoff (Figure 2).

Colposcopies per life-year gained—The strategy with the lowest number of 

colposcopies per LYG was the current guidelines-based strategy of cytology testing alone 

every 3 years from ages 21 to 65 (strategy 1), with 3 colposcopies per LYG compared 

to no screening (Figure 2A). By comparison, primary HPV and cotesting strategies were 

associated with both increased life-years and number of colposcopies. Primary HPV testing 

with cytology triage every 5 years at a switch age of 30, 27 and 25 years (strategies 14, 13, 

12) were associated with 73, 143 and 195 colposcopies per LYG, respectively. Increasing 

the frequency of screening to 3-year primary HPV testing and switching at age 25 required 

a much greater number of colposcopies per LYG, ranging from 2,188 (cytology triage, 

strategy 9) to 3,822 (16/18 genotype triage, strategy 3). All other strategies, including 

cotesting (strategies 2, 15–19) were not efficient, given the similar gains in life-years but 

much higher number of colposcopies.

Tests per life-year gained—When the analysis was expressed in terms of tests (i.e., 

cytology and HPV tests) per LYG, the only efficient strategies were primary HPV testing 

with 16/18 genotype triage at a switch age of 25 (Figure 2B); the efficiency ratio was 

43 tests per LYG for 5-year screening (strategy 6) and increased substantially to 22,335 

tests per LYG for 3-year screening (strategy 3). Both cytology only and cotesting strategies 

(strategies 1–2, 15–19) were either equally or less effective but had higher numbers of tests 

than primary HPV testing strategies and were therefore not efficient.

Colposcopies per cervical cancer case averted—Efficient strategies were consistent 

with those identified in the analysis of colposcopies per LYG. Cytology-only screening 

every 3 years (strategy 1) had the lowest ratio of 39 colposcopies per CC averted (Figure 

2C). Switching from cytology to 5-year primary HPV testing at age 30 (strategy 14) was 

associated with a ratio of 640 colposcopies per CC averted; earlier switch ages required 

a greater number of colposcopies per CC averted, ranging from 1,161 for switch age 27 

(strategy 13) and 1,735 for switch age 25 (strategy 12). HPV testing every 3 years at a 

switch age of 25, increased the ratio to 7,018 colposcopies per CC averted (cytology triage, 

strategy 9) and 23,974 colposcopies per CC averted (16/18 genotype triage, strategy 3). As 

with colposcopies per LYG, cotesting strategies (strategies 2, 15–19) were not efficient given 

the much higher rate of colposcopies.

Sensitivity Analysis

When the age to end screening was extended to 70 or 75 years, the efficiency results 

were similar to the base-case analyses (i.e., age to end screening at 65 years) for all three 

efficiency outcomes (eFigure 3 and eTables 2–4 in the Supplement). The corresponding 
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ratios increased as the end age increased, indicating that when screening is continued to later 

ages, it becomes less efficient.

Sensitivity analyses assessed the effect of test performance characteristics on the main 

results (eTables 2–4 in the Supplement). When test sensitivity for cytology was increased 

to the upper-bound (with a corresponding decrease in specificity), the efficient strategies 

remained the same for all three efficiency metrics, but the ratios generally increased (i.e., 

became less efficient) given the increase in downstream colposcopies and tests. In contrast, 

when specificity for cytology was increased (with a decrease in sensitivity), the effectiveness 

of all strategies decreased – especially for screening with cytology alone – but given the 

corresponding decrease in colposcopies, the ratios using this measure decreased (became 

more efficient) for all strategies.

The lower-bound (worst-case) relative sensitivity of HPV testing was varied, affecting both 

HPV testing alone and cotesting. Despite a decrease in the effectiveness of the primary HPV 

testing strategies, these strategies were still associated with greater benefits than the current 

guidelines-based strategies. Since the decrease in effectiveness was also accompanied by a 

decrease in colposcopies, the ratios among efficient strategies improved and more strategies 

involving 3-year screening with HPV testing alone (strategies 3, 9, 10) became efficient, 

likely due to an offset from the lower sensitivity value.

In analyses that introduced error in the performance of colposcopy/biopsy in classifying a 

woman’s true histologic status, or assumed the effectiveness of precancer treatment (i.e., 

LEEP) was decreased to 82%, the base-case results of the efficiency analyses remained 

stable under both sensitivity analyses, with slight decreases in the ratios due to the relatively 

greater reductions in harms (i.e., colposcopies and tests) than benefits (i.e., life-years and 

cases averted).

Alternative follow-up algorithms based on protocols from empirical studies were examined, 

including, for women who receive cytology triage, a more stringent cutoff of LSIL as the 

threshold for colposcopy referral (i.e., ASC-US in the base case), as well as varying the 

time to repeat testing after a normal cytology triage result to 6 months or 24 months (i.e., 

12 months in the base case). Each of these sensitivity analyses resulted in similar efficient 

strategies as in the base-case analysis, and the ratios for the strategies across the different 

efficiency outcomes changed only marginally.

A third alternative triage option was evaluated in which all HPV-positive women are referred 

directly to colposcopy. The number of colposcopies and false positives was much greater 

with only a small increase in effectiveness. For ratios that used colposcopies as a measure of 

harm, all strategies that referred HPV-positive women directly to colposcopy without further 

testing were not efficient.

For women assumed to be completely protected from HPV-16/18 infections over the lifetime 

due to vaccination, the same strategies were identified as efficient as in the base case; 

however, the harm-to-benefit ratios for these strategies (assumed for unvaccinated women) 

became less favorable given the considerably lower cervical cancer risk in HPV-vaccinated 

women.
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DISCUSSION

In this analysis, consistent with short-term evidence from clinical studies, the model 

projected that strategies involving primary HPV testing or cotesting were associated with 

greater health benefits compared to current guidelines-based cytology testing alone but come 

at a harm of greater testing, colposcopies, and false positives. In all analyses, across three 

different efficiency measures, primary HPV testing strategies occurring at 5-year intervals 

were efficient, with the harm-to-benefit ratios decreasing (i.e., becoming more efficient) 

as the switch age extended from 25 to 30 years. By comparison, strategies involving 

3-year HPV testing generally had much higher ratios. The efficiency of triage options for 

HPV-positive women depended on which outcome was used as a proxy for harm: cytology 

triage was more efficient than 16/18 genotype triage for the two efficiency metrics that used 

colposcopy as the proxy for harm (per LYG and per CC averted); however, 16/18 genotype 

testing was the preferred triage option when using screening tests as the proxy for harm (per 

LYG).

Cytology alone every 3 years from ages 21 to 65, had the lowest benefit in terms of 

life-years gained and cancer cases averted, as well as the lowest number of colposcopies. 

When colposcopies was used as the measure of harm, cytology testing alone every 3 years 

was associated with very low (i.e., efficient) ratios; however, when using total tests as 

the measure of harm, cytology testing was inefficient. Cotesting strategies, including one 

that is currently recommended in the United States (consisting of cytology testing every 3 

years starting at age 21, switching to cotesting every 5 years at age 30; strategy 2), were 

predominantly inefficient compared to strategies involving HPV testing alone across all 

analyses.

This analysis, used to inform the USPSTF recommendations for cervical cancer screening, 

extends the 2012 decision analysis, which primarily evaluated cytology-based strategies.24 

The current analysis focused specifically on HPV testing for primary screening and included 

variations in age to switch from cytology-only screening to HPV testing, the rescreening 

interval, and triage options for HPV-positive women. For strategies that overlapped in both 

reports, the results from the current analysis were similar to the findings from the previous 

analysis.

When extending age to end screening from 65 to 70 or 75 years (assuming no recent 

abnormal results), the model projected slight increases in each of the ratios due to decreased 

efficiency of screening in older ages. However, given the uncertainties regarding the natural 

history of HPV infection and screening effectiveness in older women – which were not 

extensively explored in the current analysis – the findings of screening end age should be 

viewed as exploratory and interpreted with caution.

When multiple strategies are identified as efficient, selecting the “optimal” strategy depends 

on a threshold ratio that would be considered a reasonable balance of harms and benefits. 

The desired thresholds for each of the three efficiency measures is not clear when using 

intermediate metrics such as colposcopies or tests as a proxy for harm as it is difficult to 

directly compare against other (non-cervical cancer) health interventions.
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Limitations

This study has several limitations. First, the analysis was based on assumptions of perfect 

adherence to screening intervals and management of screen-positive women; however, it is 

well-documented that screening practice is not perfect and quite variable across the United 

States. How loss-to-follow up might differ across testing modalities, age, and interval is 

uncertain but could affect the overall effectiveness and relative efficiency of the screening 

strategies. Second, although a number of unique strategies were analyzed, there may be 

other strategies that could lead to a more attractive balance of harms and benefits. For 

example, the rescreening interval was restricted to not extend beyond every 5 years, but 

extending intervals longer (e.g., 7 or 10 years) may be more efficient without compromising 

on effectiveness. Third, the analyses did not explore different assumptions regarding the 

natural history of HPV infection in older women, nor did they examine other strategies 

or criteria to determine when to stop screening. There is much uncertainty regarding the 

prevalence and clinical importance of a newly-acquired HPV infection versus re-activation 

of a previously-acquired infection in older ages, which may affect the optimal age at which 

to stop screening. Two studies have indicated that the incidence and mortality rates from 

cervical cancer are underestimated by Surveillance, Epidemiology, and End Results Program 

(SEER) given high rates of hysterectomies in US women, and suggest that the current 

recommendation for terminating screening may not be optimal.25,26 The findings from the 

microsimulation model, which do correct for hysterectomy rates by age in the population, 

indicate efficiency and greater effectiveness by extending the screening end age to 70 or 75; 

however, other screening exit criteria and strategies should be further explored in analyses 

under various assumptions of disease risk and screening effect at older ages.

Fourth, issues regarding HPV-negative cancers and the implications for the relative 

effectiveness of HPV testing alone versus cytology alone or cotesting were not fully 

addressed.27 The sensitivity analysis in which HPV relative test sensitivity (compared to 

cytology) was decreased to a lower bound estimate mimics a scenario of greater missed 

disease due to HPV negativity; this scenario was the only one in which strategies involving 

3-yearly HPV screening became more efficient with ratios comparable to 5-yearly HPV 

screening in the base-case analysis. In assessing screening in a low-risk population, only 

one very specific subset of low-risk women was represented, those who receive protection 

against HPV-16/18 infection and disease from vaccination. While there are other low-

risk segments of the population, this question will become increasingly more pertinent 

as vaccinated women enter screening age. Fifth, the results from the model represent 

average outcomes across the whole population and are intended to inform guidelines at 

the population level, not at an individual level.

CONCLUSIONS

In this microsimulation modeling study, it was estimated that primary HPV screening may 

represent a reasonable balance of harms and benefits when done every 5 years. Switching 

from cytology to HPV testing at age 30 yielded the most efficient harm-to-benefit ratio when 

using colposcopy as a proxy for harms.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Model Schematic. The main health states of the natural history model comprise no infection, 

HPV infection (by genotype), precancer (cervical intraepithelial neoplasia or CIN, grades 

2 and 3), invasive cancer (by stage), hysterectomy, and death (from all-causes or from 

cervical cancer). Movement between these health states occur as monthly transitions. The 

model focuses on squamous cell carcinoma, the most common histologic subtype of cervical 

cancer. Screening is used to detect the presence of CIN 2 or 3, which can be treated and 

removed before progressing to cancer, as well as for early detection of invasive cancer.
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Figure 2. 
Efficiency Frontiers. These graphs show results from the efficiency analysis in terms of 

colposcopies per life-year gained (colpo/LYG) (panel A), tests per life-year gained (tests/

LYG) (panel B), and colposcopies per cervical cancer case averted (colpos/(CC avt) (panel 

C) for all 19 cervical cancer screening strategies. Strategies varied in terms of primary 

screening test (shape: diamond=cytology with a switch to cotesting; circle=cytology with a 

switch to primary HPV testing with HPV-16/18 genotype testing for triage of HPV-positive 

women; square=cytology with a switch to primary HPV testing with cytology triage of HPV-

positive women; triangle=cytology only); screening interval (shape border: grey=3-year; 

black=5-year); switch age from cytology to primary HPV testing or cotesting (pattern: x=25 

years; checker=27 years; diagonal=30 years). The efficiency ratios were calculated as the 

additional number of harms (i.e., colposcopies or tests) divided by the additional benefits 

(i.e., LYG or CC averted) of a specific strategy compared to the strategy with the next fewer 

harms. Efficient strategies (i.e., that lie on the efficiency frontier) were those that yielded 

more benefit and less harm than another strategy, or a lower harm-to-benefit ratio than a 

strategy with less harms; all other strategies (i.e., that do not lie on the efficiency frontier) 

were considered “inefficient.” All strategies assume cytology alone starting at age 21 years 

and screening end age of 65 years. Tests include the total number of screening tests over the 
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lifetime of screening, including both routine screening and any surveillance testing but not 

diagnostic (i.e., colposcopy/biopsy) testing.
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Table 1.

Screening Test Characteristics

Test characteristic
a Base-Case Value Source Worst-Case Value Best-Case Value Source

Cytology
b

14,15 Sensitivity 0.727 14 0.514 0.815

 Specificity 0.919 0.880 0.936

HPV
c

15–18 Relative sensitivity 1.24 15 1.15 1.37

 Relative specificity 0.97 0.96 0.98

Cotest
c

15–18 Relative sensitivity 1.31 15 1.20 1.42

 Relative specificity 0.93 0.93 0.94

a
Sensitivity (specificity) for all tests defined as probability to detect presence (absence) of cervical intraepithelial neoplasia, grade 2 (CIN 2) or 

worse.

b
For cytology testing, positivity threshold is atypical squamous cells of undetermined significance (ASC-US).

c
For HPV testing and cotesting, given the wide variation in absolute test characteristics across studies due to differences in protocols and 

populations, we elected to utilize relative sensitivity and specificity values, compared with cytology testing (positivity threshold of ASC-US). For 
example, the base-case test sensitivity values for primary HPV testing was 0.901 (0.727 × 1.24) and for cotesting was 0.952 (0.727 × 1.31).

JAMA. Author manuscript; available in PMC 2021 December 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kim et al. Page 19

Ta
b

le
 2

.

C
er

vi
ca

l C
an

ce
r 

Sc
re

en
in

g 
St

ra
te

gi
es

a

#
St

ra
te

gy
 N

am
e

Sc
re

en
 (

1)
 t

es
t,

 in
te

rv
al

Sc
re

en
 (

1)
 s

ta
rt

 a
ge

Sc
re

en
 (

2)
 t

es
t,

 in
te

rv
al

Sc
re

en
 (

2)
 s

ta
rt

 a
ge

T
ri

ag
e 

st
ra

te
gi

es
 fo

r 
H

P
V

-p
os

 r
es

ul
ts

1
C

Y
T

O
-3

Y
, 2

1 
b

C
yt

ol
og

y,
 3

y
21

--
--

H
PV

 f
or

 A
SC

-U
S

2
C

Y
T

O
-3

Y
, 2

1/
C

O
T

E
ST

-5
Y

, 3
0 

b
C

yt
ol

og
y,

 3
y

21
C

ot
es

t, 
5y

30
R

ep
ea

t c
ot

es
t, 

12
 m

os

3
C

Y
T

O
-4

Y
, 2

1/
H

PV
-3

Y
 (

16
/1

8)
, 2

5
C

yt
ol

og
y,

 4
y

21
H

PV
, 3

y
25

H
PV

-1
6/

18
 g

en
ot

yp
e

4
C

Y
T

O
-3

Y
, 2

1/
H

PV
-3

Y
 (

16
/1

8)
, 2

7
C

yt
ol

og
y,

 3
y

21
H

PV
, 3

y
27

H
PV

-1
6/

18
 g

en
ot

yp
e

5
C

Y
T

O
-3

Y
, 2

1/
H

PV
-3

Y
 (

16
/1

8)
, 3

0
C

yt
ol

og
y,

 3
y

21
H

PV
, 3

y
30

H
PV

-1
6/

18
 g

en
ot

yp
e

6
C

Y
T

O
-4

Y
, 2

1/
H

PV
-5

Y
 (

16
/1

8)
, 2

5
C

yt
ol

og
y,

 4
y

21
H

PV
, 5

y
25

H
PV

-1
6/

18
 g

en
ot

yp
e

7
C

Y
T

O
-3

Y
, 2

1/
H

PV
-5

Y
 (

16
/1

8)
, 2

7
C

yt
ol

og
y,

 3
y

21
H

PV
, 5

y
27

H
PV

-1
6/

18
 g

en
ot

yp
e

8
C

Y
T

O
-3

Y
, 2

1/
H

PV
-5

Y
 (

16
/1

8)
, 3

0
C

yt
ol

og
y,

 3
y

21
H

PV
, 5

y
30

H
PV

-1
6/

18
 g

en
ot

yp
e

9
C

Y
T

O
-4

Y
, 2

1/
H

PV
-3

Y
 (

cy
to

),
 2

5
C

yt
ol

og
y,

 4
y

21
H

PV
, 3

y
25

C
yt

ol
og

y 
tr

ia
ge

10
C

Y
T

O
-3

Y
, 2

1/
H

PV
-3

Y
 (

cy
to

),
 2

7
C

yt
ol

og
y,

 3
y

21
H

PV
, 3

y
27

C
yt

ol
og

y 
tr

ia
ge

11
C

Y
T

O
-3

Y
, 2

1/
H

PV
-3

Y
 (

cy
to

),
 3

0
C

yt
ol

og
y,

 3
y

21
H

PV
, 3

y
30

C
yt

ol
og

y 
tr

ia
ge

12
C

Y
T

O
-4

Y
, 2

1/
H

PV
-5

Y
 (

cy
to

),
 2

5
C

yt
ol

og
y,

 4
y

21
H

PV
, 5

y
25

C
yt

ol
og

y 
tr

ia
ge

13
C

Y
T

O
-3

Y
, 2

1/
H

PV
-5

Y
 (

cy
to

),
 2

7
C

yt
ol

og
y,

 3
y

21
H

PV
, 5

y
27

C
yt

ol
og

y 
tr

ia
ge

14
C

Y
T

O
-3

Y
, 2

1/
H

PV
-5

Y
 (

cy
to

),
 3

0
C

yt
ol

og
y,

 3
y

21
H

PV
, 5

y
30

C
yt

ol
og

y 
tr

ia
ge

15
C

Y
T

O
-4

Y
, 2

1/
C

O
T

E
ST

-3
Y

, 2
5

C
yt

ol
og

y,
 4

y
21

C
ot

es
t, 

3y
25

R
ep

ea
t c

ot
es

t, 
12

 m
os

16
C

Y
T

O
-3

Y
, 2

1/
C

O
T

E
ST

-3
Y

, 2
7

C
yt

ol
og

y,
 3

y
21

C
ot

es
t, 

3y
27

R
ep

ea
t c

ot
es

t, 
12

 m
os

17
C

Y
T

O
-3

Y
, 2

1/
C

O
T

E
ST

-3
Y

, 3
0

C
yt

ol
og

y,
 3

y
21

C
ot

es
t, 

3y
30

R
ep

ea
t c

ot
es

t, 
12

 m
os

18
C

Y
T

O
-4

Y
, 2

1/
C

O
T

E
ST

-5
Y

, 2
5

C
yt

ol
og

y,
 4

y
21

C
ot

es
t, 

5y
25

R
ep

ea
t c

ot
es

t, 
12

 m
os

19
C

Y
T

O
-3

Y
, 2

1/
C

O
T

E
ST

-5
Y

, 2
7

C
yt

ol
og

y,
 3

y
21

C
ot

es
t, 

5y
27

R
ep

ea
t c

ot
es

t, 
12

 m
os

A
bb

re
vi

at
io

ns
: C

yt
o,

 c
yt

ol
og

y;
 H

PV
, h

um
an

 p
ap

ill
om

av
ir

us
.

a C
ot

es
t s

tr
at

eg
ie

s 
in

vo
lv

e 
cy

to
lo

gy
 a

nd
 h

ig
h-

ri
sk

 H
PV

 te
st

in
g;

 m
an

ag
em

en
t o

f 
w

om
en

 w
ith

 a
bn

or
m

al
 s

cr
ee

ni
ng

 r
es

ul
ts

 w
as

 a
ss

um
ed

 to
 f

ol
lo

w
 c

lin
ic

al
 g

ui
de

lin
es

2,
23

 a
nd

 in
cl

ud
es

: f
or

 c
yt

ol
og

y 
te

st
in

g,
 

re
fl

ex
 H

PV
 te

st
in

g 
fo

r 
w

om
en

 w
ith

 a
ty

pi
ca

l s
qu

am
ou

s 
ce

lls
 o

f 
un

de
te

rm
in

ed
 s

ig
ni

fi
ca

nc
e 

(A
SC

-U
S)

 a
nd

 r
ef

er
ra

l t
o 

co
lp

os
co

py
 f

or
 w

om
en

 w
ith

 m
or

e 
se

ve
re

 a
bn

or
m

al
 r

es
ul

ts
; f

or
 c

ot
es

tin
g,

 r
ep

ea
t c

ot
es

tin
g 

in
 1

2 
m

on
th

s 
fo

r 
w

om
en

 w
ith

 c
yt

ol
og

y-
ne

ga
tiv

e,
 H

PV
-p

os
iti

ve
 r

es
ul

ts
; f

or
 H

PV
 te

st
in

g,
 tw

o 
tr

ia
ge

 o
pt

io
ns

 w
er

e 
ev

al
ua

te
d:

 “
H

PV
 (

16
/1

8)
” 

st
ra

te
gi

es
 in

vo
lv

ed
 r

ef
er

ra
l t

o 
co

lp
os

co
py

 f
or

 w
om

en
 p

os
iti

ve
 

on
 H

PV
-1

6/
18

 g
en

ot
yp

e 
te

st
in

g 
an

d 
cy

to
lo

gy
 tr

ia
ge

 f
or

 w
om

en
 p

os
iti

ve
 f

or
 o

th
er

 (
no

n-
16

/1
8)

 h
ig

h-
ri

sk
 H

PV
, a

nd
 “

H
PV

 (
cy

to
)”

 s
tr

at
eg

ie
s 

in
vo

lv
ed

 c
yt

ol
og

y 
tr

ia
ge

 f
or

 a
ll 

hi
gh

-r
is

k 
H

PV
-p

os
iti

ve
 w

om
en

. 
A

na
ly

si
s 

as
su

m
es

 s
cr

ee
ni

ng
 e

nd
 a

ge
 o

f 
65

 y
ea

rs
.

b T
he

se
 s

tr
at

eg
ie

s 
ar

e 
cu

rr
en

tly
 r

ec
om

m
en

de
d 

by
 th

e 
U

SP
ST

F 
an

d 
ot

he
r 

gu
id

el
in

es
-m

ak
in

g 
or

ga
ni

za
tio

ns
.1

–3

JAMA. Author manuscript; available in PMC 2021 December 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kim et al. Page 20

Ta
b

le
 3

.

O
ut

co
m

es
 f

or
 C

er
vi

ca
l C

an
ce

r 
Sc

re
en

in
g 

St
ra

te
gi

es
 O

ve
r 

th
e 

L
if

et
im

e 
of

 S
cr

ee
ni

ng
a

P
er

 1
,0

00
 w

om
en

#
St

ra
te

gy
C

yt
o 

te
st

s
H

P
V

 t
es

ts
To

ta
l t

es
ts

b
C

ol
po

s
C

IN
2,

3 
de

te
ct

ed
C

IN
3+

 

de
te

ct
ed

c
F

al
se

 p
os

it
iv

es
d

C
C

 c
as

es
C

C
 d

ea
th

s
L

if
e-

ye
ar

s

0
N

o 
sc

re
en

in
g

0
0

0
0

0
0

0
18

.8
6

8.
34

63
92

1.
34

1
C

Y
T

O
-3

Y
, 2

1–
65

13
87

7
78

6
14

66
2

64
5

16
0

46
48

4
2.

34
0.

76
64

18
1.

89

2
C

Y
T

O
-3

Y
, 2

1 
/ C

O
T

E
ST

-5
Y

, 3
0–

65
11

42
5

83
80

19
80

6
16

30
20

1
54

14
29

1.
08

0.
30

64
19

2.
97

3
C

Y
T

O
-4

Y
, 2

1 
/ H

PV
-3

Y
 (

16
/1

8)
, 2

5–
65

19
05

14
80

7
16

71
2

25
30

21
8

57
23

12
0.

74
0.

23
64

19
5.

61

4
C

Y
T

O
-3

Y
, 2

1 
/ H

PV
-3

Y
 (

16
/1

8)
, 2

7–
65

28
76

13
77

2
16

64
8

22
78

21
4

56
20

63
0.

83
0.

25
64

19
5.

08

5
C

Y
T

O
-3

Y
, 2

1 
/ H

PV
-3

Y
 (

16
/1

8)
, 3

0–
65

38
24

12
42

8
16

25
2

19
78

20
5

54
17

73
1.

01
0.

27
64

19
3.

51

6
C

Y
T

O
-4

Y
, 2

1 
/ H

PV
-5

Y
 (

16
/1

8)
, 2

5–
65

17
06

10
06

5
11

77
1

20
68

21
1

55
18

57
0.

79
0.

25
64

19
5.

39

7
C

Y
T

O
-3

Y
, 2

1 
/ H

PV
-5

Y
 (

16
/1

8)
, 2

7–
65

26
97

92
90

11
98

7
18

61
20

7
55

16
55

0.
89

0.
28

64
19

4.
69

8
C

Y
T

O
-3

Y
, 2

1 
/ H

PV
-5

Y
 (

16
/1

8)
, 3

0–
65

36
75

84
76

12
15

1
16

35
19

9
53

14
35

1.
05

0.
29

64
19

3.
38

9
C

Y
T

O
-4

Y
, 2

1 
/ H

PV
-3

Y
 (

cy
to

),
 2

5–
65

22
77

14
79

0
17

06
7

22
09

21
7

56
19

92
0.

75
0.

23
64

19
5.

53

10
C

Y
T

O
-3

Y
, 2

1 
/ H

PV
-3

Y
 (

cy
to

),
 2

7–
65

32
05

13
73

8
16

94
3

19
92

21
3

56
17

79
0.

85
0.

25
64

19
4.

82

11
C

Y
T

O
-3

Y
, 2

1 
/ H

PV
-3

Y
 (

cy
to

),
 3

0–
65

41
02

12
39

7
16

49
9

17
34

20
3

54
15

30
1.

04
0.

28
64

19
3.

19

12
C

Y
T

O
-4

Y
, 2

1 
/ H

PV
-5

Y
 (

cy
to

),
 2

5–
65

19
93

10
04

9
12

04
2

18
26

20
9

55
16

17
0.

81
0.

25
64

19
5.

35

13
C

Y
T

O
-3

Y
, 2

1 
/ H

PV
-5

Y
 (

cy
to

),
 2

7–
65

29
50

92
73

12
22

3
16

48
20

5
54

14
43

0.
91

0.
28

64
19

4.
44

14
C

Y
T

O
-3

Y
, 2

1 
/ H

PV
-5

Y
 (

cy
to

),
 3

0–
65

38
88

84
59

12
34

8
14

52
19

8
53

12
54

1.
08

0.
29

64
19

3.
07

15
C

Y
T

O
-4

Y
, 2

1 
/ C

O
T

E
ST

-3
Y

, 2
5–

65
15

72
3

14
69

3
30

41
6

25
35

22
3

57
23

12
0.

76
0.

23
64

19
5.

50

16
C

Y
T

O
-3

Y
, 2

1 
/ C

O
T

E
ST

-3
Y

, 2
7–

65
15

76
5

13
72

3
29

48
8

23
03

21
8

57
20

84
0.

83
0.

25
64

19
4.

75

17
C

Y
T

O
-3

Y
, 2

1 
/ C

O
T

E
ST

-3
Y

, 3
0–

65
15

45
6

12
41

1
27

86
7

20
21

20
9

55
18

12
1.

03
0.

27
64

19
3.

17

18
C

Y
T

O
-4

Y
, 2

1 
/ C

O
T

E
ST

-5
Y

, 2
5–

65
10

94
4

99
14

20
85

9
20

29
21

3
55

18
16

0.
82

0.
26

64
19

5.
26

19
C

Y
T

O
-3

Y
, 2

1 
/ C

O
T

E
ST

-5
Y

, 2
7–

65
11

27
5

92
33

20
50

8
18

46
20

9
55

16
37

0.
89

0.
27

64
19

4.
40

A
bb

re
vi

at
io

ns
: C

C
, c

er
vi

ca
l c

an
ce

r;
 C

IN
, c

er
vi

ca
l i

nt
ra

ep
ith

el
ia

l n
eo

pl
as

ia
; C

ol
po

s,
 c

ol
po

sc
op

ie
s;

 C
yt

o,
 c

yt
ol

og
y;

 H
PV

, H
um

an
 p

ap
ill

om
av

ir
us

.

JAMA. Author manuscript; available in PMC 2021 December 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kim et al. Page 21
a O

ut
co

m
es

 c
al

cu
la

te
d 

fr
om

 a
ge

 2
0 

to
 1

00
 y

ea
rs

 a
nd

 e
xp

re
ss

ed
 p

er
 1

,0
00

 w
om

en
; a

na
ly

si
s 

as
su

m
es

 s
cr

ee
ni

ng
 e

nd
 a

ge
 o

f 
65

 y
ea

rs
.

b To
ta

l n
um

be
r 

of
 te

st
s,

 ir
re

sp
ec

tiv
e 

of
 p

ri
m

ar
y,

 tr
ia

ge
 o

r 
su

rv
ei

lla
nc

e 
co

nt
ex

t.

c C
IN

3+
 in

cl
ud

es
 c

as
es

 o
f 

C
IN

3 
an

d 
ce

rv
ic

al
 c

an
ce

rs
 d

et
ec

te
d 

th
ro

ug
h 

sc
re

en
in

g 
(e

xc
lu

de
s 

cl
in

ic
al

ly
 d

et
ec

te
d 

ca
nc

er
s)

.

d To
ta

l n
um

be
r 

of
 c

ol
po

sc
op

ie
s 

th
at

 d
id

 n
ot

 r
es

ul
t i

n 
C

IN
2,

 C
IN

3 
or

 c
an

ce
r 

de
te

ct
io

n.

JAMA. Author manuscript; available in PMC 2021 December 08.


	Abstract
	METHODS
	Model Description
	Screening Strategies
	Screening Outcomes
	Analysis
	Sensitivity Analyses

	RESULTS
	Relative Efficiency Analysis
	Colposcopies per life-year gained
	Tests per life-year gained
	Colposcopies per cervical cancer case averted

	Sensitivity Analysis

	DISCUSSION
	Limitations

	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.
	Table 3.

