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Abstract

Background

HPV test appears to be more effective in cervical cancer (CC) screening. However, the deci-

sion of its adoption as a primary screening method by substituting the established cytology

lies in the evaluation of multiple criteria. Aim of this study is to evaluate the economic and

clinical impact of HPV test as primary screening method for CC.

Methods

A decision tree and a Markov model were developed to simulate the screening algorithm

and the natural history of CC. Fourteen different screening strategies were evaluated, for

women 25–65 years old. Clinical inputs were drawn from the HERMES study and cost

inputs from the official price lists. In the absence of CC treatment cost data, the respective

Spanish costs were used after being converted to 2017 Greek values. One-way and proba-

bilistic sensitivity analyses were conducted.

Results

All screening strategies, that offer as primary screening method triennial HPV genotyping

(simultaneous or reflex) alone or as co-testing with cytology appear to be more effective

than all other strategies, with regards to both annual CC mortality, due to missed disease

(-10.1), and CC incidence(-7.5) versus annual cytology (current practice). Of those, the

strategy with HPV test with simultaneous 16/18 genotyping is the strategy that provides sav-

ings of 1.050 million euros annually. However, when the above strategy is offered quinquen-

nially despite the fact that outcomes are decreased it remains more effective than current

practice (-7.7 deaths and -1.3 incidence) and more savings per death averted (1.323 million)

or incidence reduced (7.837 million) are realized.
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Conclusions

HPV 16/18 genotyping as a primary screening method for CC appears to be one of the most

effective strategies and dominates current practice in respect to both cost and outcomes.

Even when compared with all other strategies, the outcomes that it generates justify the

cost that it requires, representing a good value for money alternative.

Introduction

Cervical cancer represents the fourth most frequent cancer in women worldwide and the

eighth in Europe, with annual new incidence of 569,847 and 61,072, respectively [1]. The bur-

den of disease in Greece is estimated at 696 incidence [1] annually and cervical cancer is

responsible for 21.6 potential years of life lost / 100,000 females [2] and 5,800 disability

adjusted life years [3].

Since its introduction, in 1954 [4], and its adoption as a screening method, the Papanico-

laou test (Pap test) has contributed considerably in the prevention of cervical cancer in the

developed countries but less in low income countries due to the absence of effective national

policies and low compliance rates [5]. Until a few years ago, cytology was the primary method

in all the developed health care systems for the detection and prevention of cervical cancer. In

Greece Pap-test is still the primary screening method offered annually for all women and fully

covered by the social insurance. However, there is not an organized screening program and

only 30.3% of women appear to perform the test regularly and annually for more than 5 years

[6].

In the late 1970s, the human papillomavirus (HPV) was associated with the development of

squamous cell carcinomas [7] and is currently perceived as the main risk factor for invasive

cervical cancer (CC) [8]. Twelve types of the virus (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and

59) have been proven to be high-risk regarding carcinogenicity [8] and, out of these, types 16

and 18 are considered as those with the highest risk. Hence, this can explain the fact that 76.2%

of the cervical cancers in Europe have been explicitly attributed to genotypes 16 and 18 [9].

The association of HPV with cervical cancer led to the development of diagnostic methods

for the detection of the virus’s DNA (HPV DNA test), which can ultimately be used as a pri-

mary screening method for cervical cancer screening and substitute or complement the Papa-

nicolaou test. The performance of the HPV DNA test has been proven superior to the Pap test

in the detection of CIN2 or greater, as the latter has demonstrated sensitivity that varies from

44% to 74%, with an average of 53%, while the sensitivity of the HPV DNA test reaches 100%

[10–16]. The specificity of the HPV DNA test appears slightly lower than Pap’s test as it has

been estimated at 90.3% versus 96.8% of the cytology’s [12].

However, according to Cochrane and Holland [17, 18] beyond a diagnostics method’s per-

formance (sensitivity and specificity), several additional criteria should be fulfilled in order for

the intervention to be adopted as a method for population screening. These are the interven-

tion’s a) simplicity as it should be easy to be performed and interpreted and capable of use

even by paramedics and other personnel, b) acceptability by the individuals, c) accuracy, as it

should provide with a true measurement of the condition or symptom under investigation, d)

repeatability, as it should provide consistent results in repeated trials and last but not least e)

cost.

The aim of the study is the investigation of the latter by exploring the economic efficiency

of the HPV test as a primary screening method for cervical cancer in Greece. The cobas HPV
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test was used for the current analysis which detects 14 high-risk types (16, 18, 31, 33, 35, 39, 45,

51, 52, 56, 58, 59, 66, 68) and simultaneously the 16 and the 18 genotypes. The study is con-

ducted from the social insurance’s perspective and compares the budget impact, the cost per

death averted and the cost per incidence reduced of screening with a) cytology annually (cur-

rent practice) and triennially, b) the HPV test with simultaneous HPV 16 and 18 genotyping

every three and every five years, c) the HPV test with reflex 16 and 18 genotyping every three

and every five years, d) the HPV test with no genotyping every three and every five years, e)

Co-testing with cytology and the HPV test with simultaneous 16 and 18 genotyping every

three and every five years, f) Co-testing with cytology and the HPV test with reflex 16 and 18

genotyping every three and every five years, g) Co-testing with cytology and the HPV test with

no genotyping every three and every five years. The aim of the study was achieved by providing

a comparative evaluation of both the clinical and economic impact of all the above screening

strategies, under two reimbursement scenarios.

Materials and methods

A decision tree was developed to model the screening and diagnosis of cervical cancer. The

baseline assumption of individuals’ compliance to cervical cancer screening was 30.3% [6].

The model timelines are equivalent to two screening intervals, according to each strategy’s

routine screening interval. The performance of the test and the incidence of the disease deter-

mine whether women are sent to follow-up testing or routine screening. All screened women

between the ages of 25 to 65 enter the model at the same time and exit the model when they

are indicated for treatment (either diagnosed with CIN2, CIN3 or invasive cervical cancer).

Women may be lost to follow-up at re-test or at the next routine screening interval, at which

time they may become infected with HPV or their disease can either progress or regress.

Between screening intervals, women may become infected with HPV or their disease can

either progress or regress. The natural history of HPV and cervical cancer is simulated by a

Markov model.

The compared screening algorithms and strategies are:

a) Cytology: Cytology is offered and reimbursed annually by the social insurance fund in

Greece. The model’s algorithm determines that a woman with negative cytology results returns

to routine screening in one or three years. Women with intermediate results—referred to as

atypical squamous cells of undetermined significance (ASCUS)—are re-tested with cytology in

6 months, and then, in case of cytology results of ASCUS or worse they are referred to immedi-

ate colposcopy, otherwise they return to routine screening. In case of positive results at the pri-

mary test [Low Grade Squamous Intraepithelial Lesion(LSIL), High Grade Squamous

Intraepithelial Lesion (HSIL), Atypical Glandular Cells (AGC)] women are referred to colpos-

copy (Fig 1).

b) Primary HPV test with 16/18 genotyping: HPV screening is assumed to be offered every

3 or 5 years. Women with negative results return for routine screening in 3 or 5 years. Women

who are HPV 16/18 positive are referred for immediate colposcopy. Women who are HPV 16/

18 negative, but positive to the rest of the 12 high risk HPV types are referred to cytology. In

case of abnormal results, women are referred to colposcopy. Normal results are retested in 12

months and half of them that test hrHPV positive receive cytology and the rest colposcopy

(Fig 2).

c) Primary HPV test with no genotyping: HPV screening is provided every 3 or 5 years. As

above women with no HPV findings return to routine screening. HPV positive women are

referred for cytology and those with negative results are retested with HPV test in 12 months.
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Women with intermediate (ASCUS) and or positive results (LSIL, HSIL, AGC) are referred for

colposcopy (Fig 3).

d) Co-testing with cytology and HPV with genotyping. Both cytology and HPV test are

offered every 3 or 5 years. Women with normal cytology results who are HPV negative return

to routine screening. Those with positive HPV results and/or ASCUS cytology results and

those positive to 16/18 genotypes are referred for colposcopy. Women with borderline cytol-

ogy results (<ASCUS) and positive to HPV but negative to 16/18 are retested in 12 months

(Fig 4).

e) Co-testing with cytology and HPV with no genotyping. Both tests are offered every 3 or 5

years. As above, women with negative cytology and HPV results return to routine screening.

Those with cytology results worse than ASCUS or ASCUS and HPV positive are referred for

colposcopy. In the case of borderline results (<ASCUS) and HPV positive are retested in 12

months with co-testing (Fig 5).

Fig 1. Cytology screening strategy.

https://doi.org/10.1371/journal.pone.0226335.g001

Fig 2. Primary HPV test with 16/18 genotyping screening strategy.

https://doi.org/10.1371/journal.pone.0226335.g002
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As mentioned above a Markov 7-state transition model with 1-month cycle (inputs are

entered annually and converted to monthly) was developed to simulate women’s transition

from one state of the disease to another (Fig 6). Women may transition to different health

states when they are (1) lost to follow-up or (2) between screening intervals. The health states

include Well, HPV16/18, hrHPV (12 pooled), cervical intraepithelial neoplasia of mild degree

(CIN1), CIN2, CIN3, CC and Death (Fig 6). The model does not differentiate between the dif-

ferent stages of CC and the average probabilities of progression and regression of CIN used

were not stratified by HPV type. The model only includes the probability of dying from CC

and all-cause mortality is not considered. The annual probability of progression and regression

to each state is based on published literature. The risk of progression and regression was sim-

plified to be constant over time and is not stratified by age. The main clinical outcomes that

Fig 3. Primary HPV test with no genotyping screening strategy.

https://doi.org/10.1371/journal.pone.0226335.g003

Fig 4. Co-testing with cytology and HPV with genotyping screening strategy.

https://doi.org/10.1371/journal.pone.0226335.g004
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the model estimates are annual cervical cancer incidence and cervical cancer deaths. All out-

comes were discounted with a rate of 3.5%.

The vast majority of clinical, epidemiological and diagnostic tests’ performance inputs were

drawn from the HERMES study (HEllenic Real life Multicentric cErvical Screening) [12],

which was carried out in Greece from April 2011 until September 2013 and recruited 4,009

women (Table 1). The respective study used the cobas HPV test and thus, the characteristics of

the specific test were used in the current analysis. In addition, it was assumed that the clinical

outcomes regarding the detection of all the high risk genotypes do not differ significantly from

other HPV panel tests. Colposcopy’s sensitivity and specificity was assumed to be 100%. Due

to the fact that the HERMES study did not detect any CC case, the sensitivity of all diagnostic

tests for the detection of cancer was assumed to be equal to that for the detection of CIN3. The

Fig 5. Co-testing with cytology and HPV with no genotyping screening strategy.

https://doi.org/10.1371/journal.pone.0226335.g005

Fig 6. Natural history model of cervical cancer.

https://doi.org/10.1371/journal.pone.0226335.g006
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Markov’s model transition probabilities for the simulation of the natural history of the disease

were drawn from international literature. In the case of multiple sources, a weighted average

was used (Table 2).

All costs were discounted at 3.5% and included all interventions reimbursed by the social

insurance fund (EOPYY) for the diagnosis and the treatment of CIN and invasive cervical can-

cer. The HPV test is currently partially reimbursed by the social insurance fund, as users’

Table 1. Clinical data.

Base case Range References

Screened population

Total population 10,816,286 - Hellenic Statistical Authority (2017) [19]

% of females between the age 25 and 65 27,7% - Hellenic Statistical Authority (2017) [19]

Test performance� CIN 2
Cytology (threshold = ASCUS)
% of population testing ASCUS or worse 5.3% Agorastos et al. (2015) [12]

Sensitivity of cytology for CIN 2+ 53.7% 37.4–69.3 Agorastos et al. (2015) [12]

Sensitivity of cytology for CIN 3+ 64.3% 35.1–87.2 Agorastos et al. (2015) [12]

Sensitivity of cytology for CC 64.3%� 35.1–87.2 Agorastos et al. (2015) [12]

Specificity of cytology 96.8 96.2–97.4 Agorastos et al. (2015) [12]

Cytology (threshold = LSIL)
% of population testing LSIL 1.9% Agorastos et al. (2015) [12]

Sensitivity of cytology for CIN 2+ 41.5% 26.3–57.9 Agorastos et al. (2015) [12]

Sensitivity of cytology for CIN 3+ 57.1% 28.9–82.3 Agorastos et al. (2015) [12]

Sensitivity of cytology for CC 57.1%� 28.9–82.3 Agorastos et al. (2015) [12]

Specificity of cytology 98.8 98.4–99.1 Agorastos et al. (2015) [12]

Cytology (threshold = HSIL)
% of population testing HSIL 0.4% Agorastos et al. (2015) [12]

Sensitivity of cytology for CIN 2+ 17.7% 8.5–31.3 Agorastos et al. (2015) [12]

Sensitivity of cytology for CIN 3+ 21.43% 7.6–47.6 Agorastos et al. (2015) [12]

Sensitivity of cytology for CC 21.43% 7.6–47.6 Agorastos et al. (2015) [12]

Specificity of cytology 99.8% 99.6–99.9 Agorastos et al. (2015) [12]

HPV testing
% of population that is cytology+ HPV+ 2.8% Agorastos et al. (2015) [12]

Sensitivity of HPV test for CIN2 100% 91.4–100.0 Agorastos et al. (2015) [12]

Sensitivity of HPV test for CIN3 100% 76.8–100.0 Agorastos et al. (2015) [12]

Sensitivity of HPV test for CC 100% 76.8–100.0 Agorastos et al. (2015) [12]

Specificity of HPV testing 90.3% 89.3–91.2 Agorastos et al. (2015) [12]

Sensitivity of HPV test with 16/18 genotyping for CIN2 58.5% 42.1–73.7 Agorastos et al. (2015) [12]

Sensitivity of HPV test with 16/18 genotyping for CIN3 78.6% 49.2–95.3 Agorastos et al. (2015) [12]

Sensitivity of HPV test with 16/18 genotyping for CC 78.6% 49.2–95.3 Agorastos et al. (2015) [12]

Specificity of HPV test with 16/18 genotyping 97,5% 96.9–98.0 Agorastos et al. (2015) [12]

Colposcopy
Sensitivity of colposcopy for CIN1 100% - Model’s assumption

Sensitivity of colposcopy for CIN2 100% - Model’s assumption

Sensitivity of colposcopy for CIN3 100% - Model’s assumption

Sensitivity of colposcopy for CC 100% - Model’s assumption

Specificity of colposcopy 100% Model’s assumption

� No CC cases were observed in the HERMES study thus, the respective sensitivity for CIN3 was used

https://doi.org/10.1371/journal.pone.0226335.t001

Economic evaluation of HPV DNA test as primary screening method for cervical cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0226335 December 12, 2019 7 / 23

https://doi.org/10.1371/journal.pone.0226335.t001
https://doi.org/10.1371/journal.pone.0226335


Table 2. Natural history parameters.

Base

case

References

Natural history parameters
Well to hrHPV 4.2% Kulasingam SL, et al. (2013)[20]

Progression from hrHPV (12)�

to CIN1 8.1% Kulasingam et al. (2013) [20], Kjær et al. (2010) [21]

to CIN2 0.1% Khan et al. (2005) [22]

to CIN3 0.1% Khan et al. (2005) [22]

Progression from hrHPV 16/18

to CIN1 9.9% Kjær et al. (2010) [21], Khan et al. (2005)[22], Insinga et al. (2007) [23],

Insinga et al. (2011) [24]

to CIN2 0.6% Kjær et al. (2010) [21], Khan et al. (2005) [22], Insinga et al. (2007) [23],

Insinga et al. (2011) [24]

to CIN3 1.5% Kjær et al. (2010) [21], Khan et al. (2005)[22], Insinga et al. (2007) [23],

Insinga et al. (2011) [24]

Progression from CIN1

to CIN2 3.2% Kataja et al. (1989) [25], Holowaty et al. (1999) [26]

Matsumoto et al. (2006) [27]

to CIN3 0.9% Kataja et al. (1989) [25], Holowaty et al. (1999)[26]

Progression from CIN2

to CIN3 4.2% Kataja et al. (1989) [25], Holowaty et al. (1999) [26], Matsumoto et al.

(2006) [27], Guedes et al. (2010) [28], Omori et al. (2007) [29]

to CC 0.0% base case assumes CIN2 does not progress directly to CC

Progression from CIN3

to CC 1.1% Kulasingam et al. (2013) [20], Kataja et al. (1989) [25], Holowaty et al.

(1999) [26], McCredie et al. (2008) [30], Sasieni et al. (2009) [31], Goldie

et al. (2004) [32], Mandelblatt et al. (2002) [33], Insinga et al. (2009) [34]

Progression from CC

to death 0.6% National Cancer Institute [35]

Regression from hrHPV (12)

Normal smear to

well

58.6% Bulkmans et al. (2007) [36]

Abnormal smear to well 45.6% Bulkmans et al. (2007) [36]

Regression from hrHPV 16/18

Normal smear to

well

43.8% Insinga et al. (2011) [24], Bulkmans et al. (2007)[36]

Abnormal smear to well 21.8% Insinga et al. (2011) [24], Bulkmans et al. (2007)[36]

Regression from CIN1

to well 21.2% Kataja et al. (1989) [25], Holowaty et al. (1999) [26], Matsumoto et al.

(2006) [27]

to hrHPV (12) 2.4% Kataja et al. (1989) [25], Holowaty et al. (1999) [26], Matsumoto et al.

(2006) [27]

Regression from CIN2

to well 9.4% Kataja et al. (1989) [25], Holowaty et al. (1999) [26], Guedes et al. (2010)

[28], Omori et al. (2007) [29]

to CIN1 9.4% Kataja et al. (1989) [25], Holowaty et al. (1999) [26], Guedes et al. (2010)

[28], Omori et al. (2007) [29], Meyskens et al. (1994)[37], Castle et al. (2009)

[38]

Regression from CIN3

to well 3.9% Kataja et al. (1989) [25], McCredie et al. (2008) [30]

to CIN1 1.6% Kataja et al. (1989) [25], McCredie et al. (2008) [30]

Epidemiology parameters

(Continued)
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coinsurance rate has been set at 15% (12€). However, the analysis is conducted by estimating

the economic impact in both the scenarios of partial and full reimbursement. On the contrary,

cytology-based screening is fully reimbursed and is typically offered by the employment of two

different examinations, i.e. 1) cytological examination of cervicovaginal smear, and 2) particu-

lar examination of endocervical smear, which are charged separately at 6.66 euros each (13.32

€ in total). Unit costs for the resources used were obtained from the official price lists [39]

(Table 3).

For strategies with the HPV test with simultaneous HPV 16 and 18 genotyping—no addi-

tional cost for reflex genotyping was included. In the absence of relevant data, the cost of treat-

ing cervical intraepithelial neoplasia (CIN2+) and cervical cancer was based on the respective

Spanish costs [40], which were converted to 2017 Greek values using the relevant Consumer

Price Index and Purchasing Power Parity exchange rate [41]. Both one-way sensitivity analysis

(OWSA) and probabilistic sensitivity analysis (PSA), using Monte Carlo simulation (5,000 iter-

ations), were performed for all model’s parameters. The clinical variables tested range was

drawn from the HERMES study [12]; the cost, the epidemiology and natural history parame-

ters range was ±20%, ±10% and ±5%, respectively (S1 Table). The adherence and compliance

rate ranged from 20% to 80% (S1 Table). The distributions assumed for the above variables

were lognormal for the clinical inputs, gamma for costs, normal for the epidemiology parame-

ters and the compliance rate and beta for the natural history parameters.

Ethics statement

The present study is an economic modelling study, which employs published data from the lit-

erature. In this context, it does not involve human participants and there were no direct or

indirect interactions with patients or human specimens or tissue. The clinical data that were

used (Table 1) were drawn from the study of Agorastos et al. [12], which has been reviewed

and approved by an institutional review board (Ethical Committee of the Aristotle University

of Thessaloniki). The respective Ethics Statement and the Ethical committee’s Protocol num-

ber can be found in the published article [12].

Results

The comparison of the under investigation strategies reveals that current practice (annual

cytology) is inferior with regards to the incident of cancer and mortality due to missed disease

from the majority of the comparators. Table 4 summarizes the results ranking all strategies

from most to least effective according to their impact on cervical cancer incidence. When

Table 2. (Continued)

Base

case

References

Prevalence of 14hrHPV 12.7% Agorastos et al. (2015) [12]

Prevalence of HPV16 and/

or 18

3.9% Agorastos et al. (2015) [12]

Prevalence of CIN1 2.1% Agorastos et al. (2015) [12]

Prevalence of CIN2 0.7% Agorastos et al. (2015) [12]

Prevalence of CIN3 0.4% Agorastos et al. (2015) [12]

Prevalence of invasive

cervical cancer

0.053% [13]

� All high risk genotypes except the 16 and 18

https://doi.org/10.1371/journal.pone.0226335.t002
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disease incidences are considered, five of the strategies appear to be less effective than current

practice. Optimal effectiveness is demonstrated by the strategies that offer the HPV test trien-

nially with genotyping either as co-testing with cytology or alone as a primary screening

method. Compared to current practice, these strategies appear to decrease cervical cancer inci-

dence by 32.2% (-7.5 incidence annually). This is in contrast to the strategies that include HPV

testing–as co-testing or alone–without genotyping and the strategy with cytology alone every

three years, which are estimated to provide worse outcomes, as the incidence of cancer appear

to increase from 8.6% to 35.6% compared to annual cytology (Table 4).

With regards to cervical cancer deaths, it appears that all but three strategies have a signifi-

cant positive impact on mortality from missed cases (Table 4). The most effective strategies

decrease mortality by 73.2% and these are the triennial strategies, which include HPV testing

with simultaneous or reflex genotyping. These are followed by the same strategies with 5 year

screening interval which offer a mortality reduction of 55.8%.The less effective ones, are those

offering cytology alone every 3 years (15.2% mortality increase) and those which include HPV

testing with no genotyping, in a 5 year screening interval which reduce mortality by 0.7% and

5.1%. In more detail, cervical cancer deaths appear to decrease to 3.7 annually (10.1 deaths less

than current practice) by the adoption of the aforementioned most effective strategies. Quin-

quennial co-testing with no genotyping and HPV testing alone with no genotyping appear to

have a minor impact on mortality (-0.7 and -0.1 deaths compared to current practice) and tri-

ennial cytology is estimated to increase mortality by 2 deaths annually.

From a strict economic perspective, this analysis proves that, in most of the cases, current

practice consumes more resources for inferior outcomes in both the partial and the full reim-

bursement scenarios, leading to inefficient resource allocation. Irrespective of the outcomes

generated, under the partial reimbursement scenario all strategies appear to provide savings to

social insurance, apart from those that are offered triennially and incorporate reflex genotyp-

ing. When full reimbursement is applied, the co-testing strategies with 16/18 genotyping and

Table 3. Cost data.

Cost and resource utilization Base case Range References

Screening

Office visit (routine/repeat screening) (€) 10.00 8.00–12.00 EOPYY (2015)[39]

Office visit (diagnostic follow up) (€) 10.00 8.00–12.00 EOPYY (2015)[39]

Cytology test (liquid based) (€) 13.32 10.66–15.98 EOPYY (2015)[39]

Cytology test (conventional) (€) 13.32 10.66–15.98 EOPYY (2015)[39]

Cytology test additional cost of abnormal test (€)� 13.32 10.66–15.98 EOPYY (2015)[39]

HPV test(€)† 68.00 54.40–81.60 EOPYY (2015)[39]

HPV test(€)‡ 80.00 64.00–96.00 EOPYY (2015)[39]

Linear array HPV genotyping test (€)† 68.00 54.40–81.60 EOPYY (2015)[39]

Linear array HPV genotyping test (€)‡ 80.00 64.00–96.00 EOPYY (2015)[39]

Diagnosis

Colposcopy plus biopsy (€) 38.74 30.99–46.49 EOPYY (2015)[39]

Treatment

Treatment for CIN 2+ (€) �� 1,533.02 1,226.41–1,839.62 Diaz et al. (2010) [40]

Treatment of invasive cervical cancer (€)�� 20,572.60 16,458.08–24,687.12 Diaz et al. (2010) [40]

� The cytology test’s additional cost of an abnormal test equals the full cost of a conventional or liquid based cytology test
†The cost reimbursed by the social insurance fund excluding user’s copayment.
‡The cost if fully reimbursed by social insurance

��Cost were drawn from Diaz et al. (2010) and extrapolated to 2017 Greek values.

https://doi.org/10.1371/journal.pone.0226335.t003

Economic evaluation of HPV DNA test as primary screening method for cervical cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0226335 December 12, 2019 10 / 23

https://doi.org/10.1371/journal.pone.0226335.t003
https://doi.org/10.1371/journal.pone.0226335


without genotyping provided every three years are added to the strategies that demand more

resources than annual cytology.

By evaluating cost and outcomes it becomes evident that annual cytology is dominated by

the majority of screening strategies. All strategies that include genotyping show better efficacy

in reducing cancer incidence and among them, the optimum outcomes are generated by the

screening strategies that are offered triennially and are accompanied by HPV genotyping.

However, even in the scenario of full HPV test reimbursement, the strategy of HPV test with

simultaneous 16/18 genotyping every 3 years appears to be a cost saving strategy (-1,050,188

euros) that provides maximum cancer protection by considering both annual cancer incidence

and mortality (Tables 4 and 5 and Figs 7 and 8). Adding cytology to the HPV test at primary

screening, and/or substituting simultaneous 16/18 genotyping with reflex genotyping,

increases the annual cost of the program from 19.2 million euros to 34.7 million euros without

evidence of outcomes improvement. On the other hand, the extension of the screening interval

to 5 years to the above strategies increases savings–apart from co-testing with reflex

Table 4. Annual cervical cancer mortality and incidence resulting from different screening strategies.

Screening strategies Clinical impact

Cancers

detected (%)

CIN 2

+ detected (%)

Annual cervical

cancer mortality�
Annual cervical cancer

mortality compared to

cytology alone (1 year)

Annual incidence

of cervical cancer�
Annual incidence of cervical

cancer compared to cytology

(1 year)

HPV test 16/18 genotyping

(3 years)

94.1% 88.7% 3.7 -73.2% (-10.1) 15.8 -32.2% (-7.5)

HPV test reflex genotyping

(3years)

94.1% 88.7% 3.7 -73.2% (-10.1) 15.8 -32.2% (-7.5)

Co-testing with cytology &

HPV 16/18 genotyping (3

years)

94.5% 89.6% 3.7 -73.2% (-10.1) 15.8 -32.2% (-7.5)

Co-testing with reflex

genotyping (3 years)

94.5% 89.6% 3.7 -73.2% (-10.1) 15.8 -32.2% (-7.5)

HPV test 16/18 genotyping

(5 years)

94.1% 88.7% 6.1 -55.8% (-7.7) 22 -5.6% (-1.3)

HPV test reflex genotyping

(5years)

94.1% 88.7% 6.1 -55.8% (-7.7) 22 -5.6% (-1.3)

Co-testing with cytology &

HPV 16/18 genotyping (5

years)

94.5% 89.6% 6.1 -55.8% (-7.7) 22 -5.6% (-1.3)

Co-testing with reflex

genotyping (5 years)

94.5% 89.6% 6.1 -55.8% (-7.7) 22 -5.6% (-1.3)

Cytology (1 year) (current

practice)

58.5% 56.4% 13.8 0.0 23.3 0.0

Co-testing with cytology &

HPV test (no genotyping) (3

years)

74.6% 70.5% 10.7 - 22.5% (-3.1) 25.3 +8.6% (2.0)

HPV test (no genotyping) (3

years)

72.6% 67.9% 11.2 -18.8% (-2.6) 25.8 +10.7% (2.5)

Co-testing with cytology &

HPV test (no genotyping) (5

years)

74.6% 70.5% 13.1 -5.1% (-0.7) 30.4 +30.5% (7.1)

HPV test (no genotyping) (5

years)

72.6% 68.0% 13.7 -0.7% (-0.1) 30.9 +32.6% (7.6)

Cytology (3 years) 58.5% 56.4% 15.9 +15.2% (2.1) 31.6 +35.6% (8.3)

�Impact of screening strategy and interval on missed disease and resulting progression.

https://doi.org/10.1371/journal.pone.0226335.t004
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genotyping—for the social insurance budget, though these come by forgoing cervical cancer

outcomes. Among them, the strategy of HPV test with simultaneous 16/18 genotyping every 5

years provides the maximum annual savings (10,187,916 euros) without trading off clinical

Table 5. Annual cost of screening strategies under partial and full HPV test reimbursement.

Screening

strategies

Economic impact

Partial reimbursement (85%) Full reimbursement (100%)

Annual

total cost

Annual

screening

cost

Annual

diagnostic

cost

Annual

treatment

cost

Annual cost

comapred with

cytology (1

year)

Annual

total cost

Annual

screening

cost

Annual

diagnostic

cost

Annual

treatment

cost

Annual cost

comapred with

cytology (1

year)

HPV test 16/18

genotyping (3

years)

19,241,165 15,017,256 357,422 3,866,487 -3,325,970 21,516,948 17,293,038 357,422 3,866,487 - 1,050,188

HPV test reflex

genotyping

(3years)

31,842,217 27,618,308 357,422 3,866,487 9,275,082 36,341,714 32,117,805 357,422 3,866,487 13,774,579

Co-testing with

cytology & HPV

16/18

gegnotyping (3

years)

21,938,911 17,371,974 677,014 3,889,923 -628,224 24,197,170 19,630,233 677,014 3,889,923 1,630,035

Co-testing with

reflex genotyping

(3 years)

34,735,713 30,168,776 677,014 3,889,923 12,168,578 39,252,231 34,685,294 677,014 3,889,923 16,685,096

HPV test 16/18

genotyping (5

years)

11,077,501 8,590,137 205,304 2,282,059 -11,489,634 12,379,219 9,891,856 205,304 2,282,059 - 10,187,916

HPV test reflex

genotyping

(5years)

18,284,713 15,797,350 205,304 2,282,059 -4,282,422 20,858,292 18,370,929 205,304 2,282,059 - 1,708,843

Co-testing with

cytology & HPV

16/18 genotyping

(5 years)

12,621,056 9,937,151 387,209 2,296,696 -9,946,079 13,912,814 11,228,909 387,209 2,296,696 - 8,654,321

Co-testing with

reflex genotyping

(5 years)

19,941,019 17,257,114 387,209 2,296,696 -2,626,116 22,524,536 19,840,631 387,209 2,296,696 - 42,599

Cytology (1 year) 22,567,135 14,443,447 665,645 7,458,043 0 22,567,135 14,443,447 665,645 7,458,043 0

Co-testing with

cytology & HPV

test (no

genotyping) (3

years)

21,192,982 17,526,116 455,906 3,210,961 -1,374,153 23,470,953 19,804,087 455,906 3,210,961 903,817

HPV test (no

genotyping) (3

years)

18,515,026 15,231,454 152,447 3,131,124 -4,052,109 20,809,265 17,525,693 152,447 3,131,124 - 1,757,870

Co-testing with

cytology & HPV

test (no

genotyping) (5

years)

12,166,836 10,024,454 261,001 1,881,381 -10,400,299 13,469,773 11,327,391 261,001 1,881,381 -9,097,362

HPV test (no

genotyping) (5

years)

10,633,042 8,712,125 87,938 1,832,979 -11,934,093 11,945,232 10,024,315 87,938 1,832,979 -10,621,903

Cytology (3 years) 7,224,599 4,583,723 211,275 2,429,601 -15,342,537 7,224,599 4,583,723 211,275 2,429,601 -15,342,537

https://doi.org/10.1371/journal.pone.0226335.t005
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outcomes. When cost per death averted and cost per incidence reduced are considered, the

above strategy appears to be more attractive compared to triennial HPV with simultaneous 16/

18 genotyping as the respective ratios reveal that the former saves 1,323,106€/death averted

and 7,836,858 €/incidence reduced when the latter saves 103,979€/death averted and 140,025

€/incidence reduced compared to current practice (Table 6).

The difference in the total annual cost between the strategies is attributed to the compared

screening algorithms’ clinical effectiveness and cost. All HPV strategies detect more CIN2+

(Table 4) and thus provide the health system with the opportunity to treat these cases earlier

and subsequently to increase cost as more cases are being detected and have to be managed. In

parallel, the social insurance fund avoids later costs that are associated with CIN2+ cases

Fig 7. Annual cost and cancer incidence of all screening strategies compared to current practice.

https://doi.org/10.1371/journal.pone.0226335.g007

Fig 8. Annual cost and cancer mortality of all screening strategies.

https://doi.org/10.1371/journal.pone.0226335.g008
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progression to CC, which is depicted by the decrease of the annual cancer mortality due to

missed disease that the HPV strategies achieve. The above is shown in Table 5 where the

majority of the strategies appear to incur higher annual and diagnostic costs, but lower treat-

ment costs than current practice. In addition, adding cytology to the HPV test in first line

screening and using reflex genotyping, instead of simultaneous 16/18 genotyping, adds sub-

stantial cost to the system without impacting the outcomes of the respective screening

algorithm.

Both OWSA and PSA were conducted for all screening strategies and proved that the

results of the model are robust. The outcomes of both the sensitivity analyses for the screening

strategies of 3-year and 5-year HPV testing with simultaneous 16/18 genotyping versus annual

cytology are presented in Figs 9, 10 and 11 and in S1 and S2 Figs. As expected, the OWSA

shows that the incremental cost, the deaths averted and the incidence reduced of the respective

strategies are sensitive mostly to the compliance rate and the attendance rate for management

algorithms. In addition, the 3-year strategy’s incremental cost appears to be sensitive to

Fig 9. One way sensitivity analysis results of 3-year HPV testing with simultaneous 16/18 genotyping versus annual cytology.

https://doi.org/10.1371/journal.pone.0226335.g009

Fig 10. One way sensitivity analysis results of 5-year HPV testing with simultaneous 16/18 genotyping versus annual cytology.

https://doi.org/10.1371/journal.pone.0226335.g010
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cycology’s sensitivity for invasive cervical cancer (ICC) and the deaths averted to the sensitivity

of the HPV test with genotyping for ICC (Fig 9). On the other hand, the 5-year strategy’s incre-

mental cost appears to be sensitive to the cytology’s cost while the deaths averted and the inci-

dence reduced to the sensitivity of the HPV test with genotyping for ICC and the prevalence of

CIN3, respectively (Fig 10). However, the PSA results reveal that the results of the analysis

regarding the aforementioned strategies are robust in 95% confidence interval (Fig 11).

Discussion

The analysis supports that from a public health perspective, adopting the HPV test with geno-

typing (simultaneous or reflex) with or without cytology in first line screening for cervical can-

cer is more clinically effective than cytology alone. However, from the most effective strategies,

the screening algorithm of triennial HPV testing with simultaneous 16/18 genotyping appear

to provide to the social insurance fund the opportunity to save resources (-1,050,188€) by

achieving the optimum outcomes, at the same time. These savings are realized in both the par-

tial and full reimbursement of the HPV test scenarios, though higher in the former (-3,325,970

€).

Fig 11. Probablisitic Sensitivity Analysis results of 3-year and 5-year HPV testing with simultaneous 16/18 genotyping versus annual cytology.

https://doi.org/10.1371/journal.pone.0226335.g011
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Nevertheless, it appears that the aforementioned strategy when offered quinquennially

instead of triennially still provide better outcomes than current practice, but it generates signif-

icant higher savings (up to 10 million euros) at the expense of lower outcomes than when

offered more frequently. The dilemma the decision makers face in such cases is whether the

increased savings can justify or compensate for the lower health outcomes they come with.

From an economist’s point of view, this decision could be justified in the case that these sav-

ings can be invested in another intervention that will provide more health outcomes than

those lost from this choice. An example of this could probably be investing in interventions to

increase participation in the HPV vaccination program. However, this still remains a political

decision and is outside of the scope of this study. Despite that, the adoption of 5 year screening

interval is supported by relevant studies that present efficiency gains and outcomes improve-

ment [42, 43].

In contrast to cost-utility analyses, budget impact and cost per death averted or per inci-

dence reduced analyses are not usually accompanied by an established national threshold

regarding the additional cost for the outcomes provided and thus, efficiency in such cases is

mostly subject to current political views and the economic environment. Though, from an eco-

nomic perspective, the current analysis provides strong arguments towards the adoption of

HPV test with simultaneous 16/18 genotyping every 3 or 5 years and is in parallel supported

by increasing evidence that adopting the HPV test as a primary screening method is a cost-

effective or even cost-saving option compared to cytology [44–51]. Moreover, given that the 4

different types of HPV strategies–HPV with or without cytology in first line screening and

with simultaneous or reflex genotyping—are equally effective, when identical screening inter-

vals are applied, this analysis could also serve as a cost-minimization analysis between HPV

test 16/18 genotyping, HPV test reflex genotyping, co-testing with cytology & HPV 16/18 gen-

otyping and co-testing with reflex genotyping. In this context, the former clearly dominates

the others, as it results in the same outcomes with substantially fewer resources.

By considering Cochrane’s and Holland’s screening program criteria [17, 18], the HPV test

seems to be superior or at least equal to cytology in most of the evaluation criteria. In contrast

to cytology, the HPV test is simpler to perform and interpret due to the fact that the sample

analysis is an automated method, it does not require significant expertise and thus, the results

are not subjective as in the case of cytology [52].

Regarding its acceptability by the individuals, the HPV test can be safely assumed to be as

acceptable as the cytology, due to the fact that women are going through the same procedure

in order to perform the test.

In terms of test’s accuracy, even though the HPV test and cytology examine different clini-

cal outcomes, the HPV test initiated screening algorithms proved to be more accurate than

cytology alone. This is attributed to HPV test’s superior performance and to the fact that in

contrast to cytology, it provides the opportunity to better identify individuals’ risk of develop-

ing CIN3 [13–16, 53] in the upcoming 5 to 15 years and hence, optimizes the cancer risk

management.

Repeatability is an additional criterion under which the tests should be evaluated and as

described above the HPV test is more capable of providing consistent results in repeated trials

compared to cytology for which interpretation involves a significant level of subjectivity as

shown in relevant studies [52, 54].

In terms of the under comparison tests’ performance, it has been demonstrated in numer-

ous clinical studies that HPV test dominates cytology when sensitivity is examined, but shows

slightly lower specificity [10–16]. However, HPV test’s specificity appears not to impact the

screening algorithm’s budget impact as shown by the OWSA conducted (S1 Fig, S2 Fig).
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Based on the discussion above, it becomes evident that HPV 16/18 genotyping according to

Cochrane’s and Holland’s criteria is superior to cytology. On the contrary, any discussion

regarding the adoption of an HPV test with reflex genotyping or co-testing with simultaneous

or reflex genotyping appears to be redundant, since these strategies demand more resources

compared to current practice for the same outcomes that the HPV 16/18 genotype provides.

Adjusting the discussion to the Greek public health setting, the adoption of HPV 16/18 gen-

otyping provides the opportunity to improve cervical cancer prevention even with low and

inadequate levels of screening compliance rates, as those currently observed. Individuals’

adherence to all screening guidelines in Greece is quite low over time and hence, from a health

policy perspective several interventions should be adopted in order to optimize secondary pre-

vention. In line with the above, any intervention that improves access, awareness or screening

effectiveness even for the few screened, should be placed as a priority in the health policy

agenda. This is also enforced by the fact that in times of economic turmoil and fiscal restric-

tions health care resources should be shifted to primary care and public health in order to

increase the efficiency of the resources invested in health care and to optimize population

health status [55–57]. In addition, Greece appears to be missing the opportunity of primary

prevention of cervical cancer. The vaccine is offered free of charge to girls 11–18 years old and

to three special groups of 18–26 years of age that are HIV positive, immunocompromised or

are men having sex with men. Despite that, the vaccination coverage is far below the optimal

(27%) [58]. The latter also stress the need of a more efficient secondary prevention strategy in

order to control the burden of cervical cancer which could partly be offered by a more effective

screening test like the case of HPV 16/18 genotyping.

HPV vaccination can contribute to the reduction of HPV infection and consequently to the

burden of CIN2+ and CC. Therefore, as vaccination coverage increases, the marginal benefit

of screening decreases due to the fact that fewer women will be tested positive to the virus. In

this sense, this could be perceived as limitation of the present study as the vaccine’s impact has

not been taken into account. Though, the vaccination coverage in Greece is quite low and thus

the value of screening remains high. Nonetheless, regardless of the vaccination coverage, HPV

screening still appears to be of great importance and of good value for money versus cytology

[59]. However, as vaccination increases, screening frequency as long as screening age-group

should be revaluated. In this context, the strategy of HPV test with simultaneous 16/18 geno-

typing every 5 years will become even more attractive.

In the absence of relevant data, the screening compliance rate and the attendance rate at re-

testing have been assumed equal. Given that in light of positive or equivocal results, the atten-

dance rate at retesting can be assumed increased, this could be seen as a limitation and a

parameter that impacts the results of the model, as well, as shown by the OWSA. However, the

PSA conducted included both high (80%) and low (20%) attendance rates and revealed that

the model’s results remain robust.

The prevalence of CC was assumed equal to that observed in the ATHENA trial [13] as in

the local HERMES [12] trial no CC cases were detected. In addition, due to the absence of data

regarding the management and treatment cost of CINs and CC the relevant cost inputs were

inferred by adjusting respective data from Spain, as described in the methods section, which is

a practice that is being employed in similar cases [46]. However, all the above parameters have

been included in both the OWSA and the PSA and show that do not impact the results of the

model.

In addition, the present study estimates a specific incidence outcome which is (the differ-

ence in) incidence and mortality due to missed disease and resulting progression from the dif-

ferent screening strategies under investigation. Currently, there are no relevant local real
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world data of such an estimate (i.e. incidence and mortality due to missed disease) that could

be used to compare our results and to validate the disease natural history model in this way.

The transition probabilities used for CIN are not stratified by HPV type due to our cur-

rently limited relevant knowledge and as Wright et al.[13] argue in a relevant analysis, the

effectiveness of HPV 16/18 genotyping in this case could be underestimated. This assumption

could also serve as a limitation of the present study however; it appears that probably leads to

an overestimation of the budget impact of the HPV genotyping strategy.

The present study was conducted for both HPV partial reimbursement (current reimburse-

ment status) and full reimbursement scenarios. In this context, the adherence rate in HPV

screening under the scenario of partial reimbursement may be overestimated as it has been

proved that co-payment negatively impacts health services utilization [60–62]. For this reason,

the analysis was focused on the full reimbursement scenario for eliminating such concerns and

more importantly to highlight the importance of full reimbursement of screening programs in

order to minimize barriers in access and thus maximize adherence and outcomes.

Finally, despite the fact that HPV screening is being discussed for age groups>25 and>30

years old, the present study examined the first scenario as there is evidence to suggest that

HPV screening is more effective when it begins earlier, at the age of 25 [13], which is also sup-

ported by experts views [63] and due to the fact that the HERMES study [12], from which the

clinical data were drawn, was also carried out for women >25 years of age.

Screening with the HPV test is an issue that has received a lot of international attention

from academic societies, physicians and health care systems. In this direction, the international

discussion of whether the HPV test should replace cytology as a primary screening method for

cervical cancer concludes in favor of the former [64–68]. In line with the above, numerous

countries of different economic status including the Netherlands [69], Australia [70], New

Zealand [71], Turkey [72], Argentina, Mexico [73] and Italy [74], have decided to adopt the

test as a first line screening method.

Our analysis appears to support the outcome of the international dialogue and sets ground

to the point that HPV screening is the most effective intervention to adopt in a National

Screening Program. Primary screening with HPV test 16/18 genotyping alone every 3 or 5

years is the strategy that provides the opportunity of optimal resource allocation and health

outcomes improvement. However, the adoption of the most cost-effective strategy is a health

policy decision, which will be based on the current economic environment and the cost and

benefits trade off. In this context, the present study could serve as an input to the decision

making process and contribute to the discussion regarding cervical cancer prevention in

Greece.
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