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Introduction
With the implementation of cytologic Papanicolaou (Pap) smear as
a detection method for cervical cell abnormality since the 1960s, overall
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for CIN2þ. Cotesting demonstrated higher sensitivities (HC2
cotesting: 99%; PCR cotesting: 84%), but at the cost of lower
speciﬁcities (92%–95%) compared with HPV stand-alone (HC2:
95%; PCR: 94%) and cytology (97% or 99%). Cotesting versus
HPV stand-alone showed equivalent relative sensitivity [HC2:
1.06, 95% conﬁdence interval (CI), 1.00–1.21; PCR: 1.07, 95% CI,
1.00–1.27]. Relative speciﬁcity of Pap cotesting with either HPV
test was inferior to stand-alone HPV. LBC cotesting demonstrated equivalent speciﬁcity (both tests: 0.99, 95% CI, 0.99–1.00).
NNC was highest for Pap cotesting.
Conclusions: Cotesting offers no beneﬁt in detection over standalone HPV testing, resulting in more false positive results and
colposcopy referrals.
Impact: HPV stand-alone screening offers a better balance of
beneﬁts and harms than cotesting.
See related commentary by Wentzensen and Clarke, p. 432

cervical cancer incidence and mortality rates in high income countries
have fallen drastically (1). Lately however, incidence rates have
remained stagnant in many of these settings (1, 2). Despite its
successes, screening with cytology is resource-intensive and prone to
poor reproducibility with a widely ranging sensitivity of 43% to 96%,
even in high-resource countries such as Germany (3). In addition, since
the discovery of the causative agent human papillomavirus (HPV) in
almost all cervical cancers, prophylactic vaccines that target HPV types
attributable in up to 90% of cervical cancers have been developed (4).
Consequently, as HPV-vaccinated cohorts move toward screening
eligibility, accuracy of cytology will be even further compromised
because of the signiﬁcant reduction in precancerous and cancerous
lesions (5). Therefore, more objective detection methods are needed.
Molecular testing for HPV DNA has recently appeared as an
alternative screening method, offering greater reproducibility and
high-throughput beneﬁts. These advantages led to U.S. FDA approval
of HPV testing as an adjunct to cytology (reﬂex testing) or as a
concomitant test (cotest). Since then, pooled studies and metaanalyses of several randomized controlled trials and observational
studies have demonstrated superior detection of HPV-based screening
(both stand-alone and cotesting) in comparison with cytology (3, 6, 7).
These ﬁndings coupled with results from the ATHENA trial prompted
regulatory approval of HPV testing as a stand-alone screening strategy
in 2014 (8). As a result, stand-alone HPV testing has become the
preferred strategy over cytology in European and U.S. guidelines
among others (9, 10). In the Netherlands, cytology has already been
replaced by stand-alone HPV testing at 5-year intervals (11).
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Background: Some countries have implemented stand-alone
human papillomavirus (HPV) testing while others consider cotesting for cervical cancer screening. We compared both strategies
within a population-based study.
Methods: The MARZY cohort study was conducted in Germany.
Randomly selected women from population registries aged ≥30 years
(n ¼ 5,275) were invited to screening with Pap smear, liquid-based
cytology (LBC, ThinPrep), and HPV testing (Hybrid Capture2, HC2).
Screen-positive participants [ASC-USþ or high-risk HC2 (hrHC2)]
and a random 5% sample of screen-negatives were referred to
colposcopy. Post hoc HPV genotyping was conducted by GP5þ/6þ
PCR-EIA with reverse line blotting. Sensitivity, speciﬁcity (adjusted for
veriﬁcation bias), and potential harms, including number of colposcopies needed to detect 1 precancerous lesion (NNC), were calculated.
Results: In 2,627 screened women, cytological sensitivities
(Pap, LBC: 47%) were lower than HC2 (95%) and PCR (79%)

Comparing Cervical Cancer Screening Strategies

Materials and Methods
Data stem from MARZY, a randomized prospective cohort study
with a population-based sample of women eligible for cervical cancer
screening in Germany between 2005 and 2012. Details on recruitment
and intervention have been published in detail elsewhere (22). Brieﬂy
described, a random sample of 9,383 women selected from population
registries were randomized into two intervention arms (sole invitation
to screening, invitation with information brochure) and a noinvitation control arm to observe differences in screening attendance.
At baseline, women randomized to both intervention arms (n ¼ 5,275;
eligible ¼ 3,759) were invited to undergo screening with a conventional
Pap smear, a LBC study swab, and HPV testing (Fig. 1). These analyses
focus on baseline-screened participants between 2005 and 2007
(n ¼ 2,627).
Participants
Inclusion criteria were women 30 years or older and residing within
the urban and rural region of Mainz and Mainz-Bingen, Germany.
Women with any previous cervical cancer diagnoses, hysterectomy, or
pregnancy at baseline were excluded. To preserve real-world screening,
all gynecological practices and general practitioners conducting routine
cervical cancer screening within the study region or who were elected by
participants outside the study region were contacted to cooperate (n ¼
121) and closely monitored for quality assurance (23). Participants
provided written informed consent before undergoing screening.
Cytology
In line with the standard practice, gynecologists ﬁrst obtained a
conventional Pap smear and sent the specimen ﬁxed onto a glass slide
to their routine laboratory for assessment. Diagnostic results were
relayed back to the study team. A second cytologic study swab was
obtained using an Ayres spatula and endocervical broom or cytobrush
when the transformation zone was not visible. The cells of this
specimen were directly suspended in a vial containing 20 mL of
PreservCyt Liquid Solution (ThinPrep, Cytyc/Hologic) and sent to
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a centralized laboratory (CytoMol, Frankfurt, Germany) routinely
conducting LBC assessment.
Cytologic ﬁndings at baseline were based on the Munich II Nomenclature, which was used prior to Munich III, the current classiﬁcation
system in Germany (24). As up to 10% of moderate cervical intraepithelial neoplasia (CIN2) and 4% of severely dysplastic CIN3 are
detected in equivocal cytology (25), all women with atypical squamous
cells of undetermined signiﬁcance or worse (ASC-USþ) were referred
to colposcopy. In German nomenclature, Pap IIw is an unofﬁcial
category widely used to denote equivocal results and is considered
equivalent to ASC-US (24) from the International Bethesda Classiﬁcation for Cytology (2014) (26). Pap IIID is equivalent to low-grade
intraepithelial lesions, LSIL, and was also assessed for comparison.
HPV DNA testing
Remaining PreservCyt solution was directly used for HPV DNA
detection by Hybrid Capture2 (HC2, Qiagen), detecting 13 high-risk
HPV types (hrHPV: 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68).
Detection of hrHPV was set at the manufacturer recommended cut-off
ratio of 1.0 relative light units (RLU). In addition to HC2, we analyzed
the accuracy of another standard HPV comparator. All available
PreservCyt solution samples were processed post hoc using GP5þ/
6þ PCR with enzyme immunoassay (EIA) probes targeting 14 hrHPV
types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, 68) and low-risk
types [6, 11, 26, 30, 32, 34, 40, 42, 43, 44, 53, 54, 55, 57, 61, 64, 67, 69, 70,
71, 72, 73, 81, 82 (variants mm4 and is39), 83, 84, 85, 86, 89 (formerly
cp6108), 90 (formerly jc9710)]. GP5þ/6þ PCR-EIA–positive samples
were typed and classiﬁed by reverse line dot blot hybridization
performed at the Department of Pathology, Amsterdam UMC location
VU Medical Center, the Netherlands. PCR results were not used to
refer women to colposcopy as these were processed post hoc. HrHPV
types were based on IARC 2012 classiﬁcations of probably carcinogenic and cervical carcinogens thus HPV 66 was not analyzed as highrisk (27).
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There are still, however, several concerns of stand-alone HPV
screening regarding lowered speciﬁcity, safety of extended screening
intervals, testing in women under 30 years of age, and observations of
HPV test–negative carcinomas (12, 13). These concerns have been
frequently used to advocate cotesting over stand-alone HPV screening
and have even bolstered cotesting as a screening modality alongside
HPV testing and triennial cytology in the United States (10). While a
large robust body of evidence supports HPV-based screening, there is
an ongoing debate around cotesting versus stand-alone HPV testing (14). Few studies have compared accuracy of the two strategies (6, 15, 16), with some observing minor differences in detection,
albeit based on retrospective analyses (17, 18). Moreover, separate
comparisons between HPV testing and Pap or liquid-based cytology
(LBC) are lacking, and few have compared Pap to LBC-based cotesting (19, 20). To our knowledge, no study has directly compared both
Pap and LBC as cotesting strategies to stand-alone HPV testing with
two standard HPV comparators. Findings from such analyses provide
necessary evidence on optimal screening strategies, especially for
countries considering HPV-based screening, such as Germany, which
has implemented an organized screening program with cotesting only
in 2020 (21). Therefore, in a large population-based sample of women
within an opportunistic screening setting, we compared absolute and
relative clinical test accuracy of stand-alone and cotesting strategies
with conventional Pap, LBC, and two HPV tests.

Colposcopy and histology
Women were considered screen-positive if either cytology was
ASC-USþ or HC2 was positive (hrHC2) and subsequently referred
to colposcopy, conducted centrally by certiﬁed study colposcopists
(Department of Obstetrics and Gynecology, Mainz University Hospital, Mainz, Germany). Screen-positive women who did not arrange a
colposcopy appointment within 2 months were contacted and encouraged to attend. If unable or unwilling, participants were further
interviewed on reasons for non-attendance. Screen-negative was
deﬁned as both cytology (negative for intraepithelial lesion or malignancy, NILM) and HC2 negative. PCR results were not considered for
colposcopy referral, as this test was only conducted post hoc. A random
sample (5%) of all screen-negative women was also invited to colposcopy (Fig. 1).
Colposcopic examinations were conducted in accordance to 2002
International Federation of Cervical Pathology and Colposcopy
(IFCPC) guidelines (28) with 5% acetic acid application ﬁrst followed
by Lugol’s iodine solution. Participants with macroscopically visible
lesions (abnormal colposcopic ﬁndings, colposcopic features suggestive of invasive cancer) underwent punch biopsy with multiple samples
obtained for multiple acetowhitened lesions. Endocervical curettage
was conducted if the transformation zone was obscured. Colposcopists
were additionally instructed to take two biopsies from participants
without visible lesions at the 12 and 6 o’ clock regions of the cervix. All
biopsies were assessed centrally by an experienced histopathologist.
To maintain quality assurance, all histopathologic samples were
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Figure 1.
Flow chart of study design and end results. LBC, liquid-based cytology; HC2, Hybrid Capture2 HPV test; hrHC2, high-risk HC2 type; ASC-USþ, atypical squamous cells
of undetermined signiﬁcance or worse; NILM, negative for intraepithelial lesion or malignancy;  excluded due to hysterectomy, pregnancy, or history of cervical
cancer;   no sample obtained;    external histopathology results reported within 1 year of study swab.

independently reviewed by a second histopathologist. A third histopathologist was called upon to settle discrepancies. The ﬁnal agreed
upon result was used for evaluation. In addition, external information
regarding colposcopy and histopathology conducted outside the study
during the study period were traced. Results reported within 1 year of
the study swab were included. This active tracing of information was
necessary due to the lack of centralized data registration of precan-
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cerous lesions in Germany and an opportunistic screening system.
Women with suspected lesions at colposcopy or histopathologic
lesions were managed as per local protocols for standard care.
Statistical analyses
The a priori sample size estimation for MARZY was based on the
primary outcome assuming 5% increase in participation rate
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Ethics approval and consent to participate
All participants provided signed informed consent to the study.
The MARZY study was approved by the ethical committee of
the state of Rhineland-Palatinate [Landes€arztekammer RheinlandPfalz: 837.438.03 (4100)] and the state government data protection
ofﬁce. All recruitment, data collection, and analyses were performed in
accordance to Good Epidemiological Practice guidelines and the
Declaration of Helsinki.
Consent for publication
Not applicable.
Data availability statement
Anonymized data that support the ﬁndings of this study may be
available from the corresponding author upon reasonable request.
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Results
Of the 5,275 women invited for screening within MARZY arms A
and B, 2,627 (49.8%) were screened (Fig. 1). Mean age was 47.09 years
(SD ¼ 9.97; range 30–68 years). In women aged 30–39 years, 27%
attended screening while only 15% of ≥60-year-old women attended.
Approximately 9% of all participants either reported to have never
undergone screening or did not attend screening at the recommended
interval nor within a 5-year period (Supplementary Table S1 shows
characteristics).
Pap and LBC detected 69 (2.7%) and 47 (1.8%) equivocal or worse
cytology (ASC-USþ), respectively, while HC2 and PCR detected 165
(6.3%) and 165 (6.6%) hrHPV, respectively. Among the 2,627 screened
(Fig. 1), 228 (8.7%) were screen-positive where 63 (2.4%) were
ASC-USþ only, 130 (5.0%) were hrHC2 only, and 35 (1.3%) were
both ASC-USþ and hrHC2. Six women were not referred to colposcopy for reasons including planned hysterectomy elsewhere. Of 222
remaining screen-positives, despite active callback, 145 (65.3%) underwent colposcopy at the study center. Of all 2,393 screen-negatives,
142 (5.9%) attended study colposcopy (attendance rate, 142/398 ¼
35.7%). Colposcopies were conducted on average 4.9 months after
screening (SD ¼ 4.9), 6.0 months among screen-positives (SD ¼ 6.4)
and 3.7 months among screen-negatives (SD ¼ 1.9).
Of the 203 histopathologic results (190 from study colposcopy:
range of biopsies taken 1–5; 13 from externally conducted colposcopies), 3 squamous cell carcinomas (SCC; 1.5%), 7 high-grade (CIN3;
3.5%), 9 moderate-grade (CIN2; 4.4%), and 7 mild lesions (CIN1;
3.5%) were reported (Fig. 1). No adenocarcinomas or glandular lesions
were detected (Supplementary Table S2). All CIN2þ were HPV
positive (Supplementary Table S3).
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between randomized arms described elsewhere (22). The endpoints
of interest for screening purposes were CIN2 or worse (CIN2þ) and
CIN3 or worse (CIN3þ). Absolute sensitivity, speciﬁcity, and
positive predictive values (PPV) were calculated. We calculated the
complement of the negative predictive value (cNPV) to show the
risk of CIN2þ or CIN3þ among screen-negative women (1-NPV).
Although a random 5% sample of screen-negatives were invited to
colposcopy, partial veriﬁcation bias could still lead to an overestimation of sensitivity and an underestimation of speciﬁcity. Therefore, we adjusted all test accuracy estimates based on the probability
to be followed-up for veriﬁcation via the following sampling fractions (formula previously described in ref. 29: negative (0.04),
cytology positive only (ASC-USþ; 0.44), and hrHC2 (0.46). The
inverse of these probabilities was applied as a weight to participants
in their assigned strata (negative: 24.39, ASC-USþ: 2.27, hrHC2:
2.17). As PCR test results did not inﬂuence test status nor strata
allocation (processed post hoc), veriﬁcation adjustment is equally
appropriate for post hoc test results. Conﬁdence intervals (CI) were
obtained using bootstrap resampling methods (n ¼ 1,000) at the
lower 2.5% and upper 97.5% quantiles (30). To avoid problems with
proportion calculations, we added 0.5 to each 2  2 contingency cell
for HC2 cotesting and all PCR-based strategies (Haldane correction;
ref. 31).
Comparisons of stand-alone sensitivity and speciﬁcity were conducted using McNemar’s paired sample test, stratiﬁed by veriﬁed
disease status. Positive and negative likelihood ratios (PLR, NLR)
were calculated to compare cotesting strategies with stand-alone
components. Relative sensitivity and speciﬁcity were calculated to
directly compare all strategies, deﬁned as the ratios of sensitivity and
speciﬁcity between tests (no Haldane correction). CIs for crude ratios
were based on Wald for paired data and adjusted ratios were based on
bootstrap resampling.
For potential harms, we calculated false positive and negative
rates (FPR: 1-speciﬁcity, FNR: 1-sensitivity) and the number of
women needed to undergo colposcopy to detect one CIN2þ or
CIN3þ case (NNC: 1/PPV) per test strategy. In sensitivity analyses,
we calculated accuracy for women aged ≥35 years and of withinstudy collected biopsies (i.e., excluding external ﬁndings). HC2 test
accuracy at higher viral load cutoffs at 2.0, 3.0, and 10.0 RLU were
also conducted to determine speciﬁcity. All analyses were conducted using SAS 9.4 (SAS Institute). We complied with the STARD
guidelines for reporting and followed Good Epidemiological Practice guidelines. The MARZY study was approved by the ethical
committee of the state of Rhineland-Palatinate and the state government data protection ofﬁce.

Absolute test accuracy
Estimates adjusted for veriﬁcation bias for ASC-USþ are presented
in Table 1 (crude estimates: Supplementary Tables S4 and S5) and are
based on 41 CIN2þ and 22 CIN3þ hypothetical lesions after adjustment. HC2 presented the highest sensitivities (cotesting 98.82%, standalone 94.56%) with HC2 stand-alone signiﬁcantly more sensitive than
either cytology (Pap and LBC both 47.47%; P < 0.0001). Speciﬁcity of
HC2 stand-alone (95.12%) was signiﬁcantly lower than cytology (Pap
97.48%; LBC 98.64%; P < 0.0001). Contrasting to stand-alone, cotesting speciﬁcity was reduced (Pap/HC2 93.09%; LBC/HC2 94.58%). For
CIN3þ, sensitivity of both Pap and LBC stand-alone was 70.11% and
89.67% for HC2 stand-alone. Speciﬁcities were similar to CIN2þ.
With PCR, high sensitivities were also observed for CIN2þ (both
cotests 84.24%, stand-alone 78.99%) and stand-alone was signiﬁcantly
higher than cytology (P < 0.01). PCR cotesting conferred the lowest
speciﬁcities (Pap/PCR 92.21%; LBC/PCR 93.73%) increasing to
94.25% stand-alone, but signiﬁcantly lower than cytology (P <
0.0001). For CIN3þ, PCR presented the highest sensitivity
(97.81%) but speciﬁcities were lower than cytology.
PPVs also indicated higher probability of disease by cytology,
particularly with LBC, than HPV-based screening. However, for
CIN2þ lesions, HC2-based strategies revealed similar PPVs to Pap.
cNPVs revealed greater safety against CIN2þ among screen-negatives
with HPV-based strategies, particularly HC2 cotesting (<0.1%). Safety
against CIN2þ was lowest with cytology only (0.86%).
For LSILþ, sensitivities of cytology were lower (Table 2). LBC and
HC2 cotesting conferred lower sensitivity than Pap and HC2 cotesting,
but the former showed identical sensitivity as HC2 stand-alone. LBC
and HC2 cotesting performed similarly to Pap and HC2 cotesting in
terms of speciﬁcity and PPV. Sensitivity for stand-alone PCR for
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CIN3þ

ASC-USþ

Pap
LBC
HC2
PCR
Pap/HC2
LBC/HC2
Pap/PCR
LBC/PCR
Pap
LBC
HC2
PCR
Pap/HC2
LBC/HC2
Pap/PCR
LBC/PCR

Test

Speciﬁcity %
(95% CI)a
97.48 (96.44–98.41)b,c
98.64 (97.89–99.26)b,c,d
95.12 (93.55–96.42)
94.25 (90.08–97.52)
93.09 (91.09–95.07)
94.58 (92.94–95.97)
92.21 (88.09–95.95)
93.73 (89.49–97.03)
97.34 (96.24–98.27)b,c
98.48 (97.64–99.11)b,c,d
94.41 (92.66–95.76)
93.85 (89.70–97.15)
92.39 (90.11–94.15)
93.87 (92.13–95.32)
91.75 (87.65–95.26)
93.25 (89.08–96.62)

Sensitivity %
(95% CI)a
47.47 (25.00–68.26)b,c
47.47 (25.00–70.11)b,c
94.56 (82.09–100.0)
78.99 (58.40–94.74)
98.82 (96.54–100.0)
98.82 (96.54–100.0)
84.24 (66.67–100.0)
84.24 (65.10–100.0)
70.11 (36.47–100.0)
70.11 (38.12–100.0)
89.67 (65.87–100.0)
97.81 (95.71–100.0)
97.81 (93.69–100.0)
97.81 (93.69–100.0)
97.81 (93.69–100.0)
97.81 (93.69–100.0)
23.25 (10.16–37.23)
35.78 (16.62–54.93)
23.68 (14.57–33.14)
18.19 (8.33–38.26)
19.01 (11.73–26.68)
23.01 (13.97–31.82)
14.92 (7.52–26.46)
17.85 (8.68–34.63)
18.10 (6.78–30.54)
27.86 (11.29–45.73)
11.84 (4.66–19.62)
12.35 (4.81–26.80)
10.13 (4.18–15.95)
12.26 (5.02–19.38)
9.51 (3.91–17.76)
11.37 (4.64–23.26)

PPV %
(95% CI)a
0.86 (0.37–1.38)
0.85 (0.36–1.38)
0.09 (0.0–0.32)
0.36 (0.08–0.75)
0.02 (0.02–0.02)
0.02 (0.02–0.02)
0.28 (0.0–0.63)
0.27 (0.0–0.62)
0.26 (0.0–0.60)
0.25 (0.0–0.57)
0.09 (0.0–0.32)
0.02 (0.02–0.02)
0.02 (0.02–0.02)
0.02 (0.02–0.02)
0.02 (0.02–0.02)
0.02 (0.02–0.02)

cNPV %
(95% CI)a
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18.86 (12.63–28.16)
34.79 (21.99–55.04)
19.38 (16.10–23.33)
13.73 (10.99–17.15)
14.31 (12.37–16.55)
18.23 (15.47–21.49)
10.81 (8.96–13.05)
13.43 (11.00–16.40)
26.31 (18.36–37.69)
46.09 (30.49–69.68)
16.03 (12.96–19.83)
15.91 (13.52–18.72)
12.86 (11.09–14.90)
15.95 (13.56–18.77)
11.85 (10.27–13.67)
14.49 (12.40–16.94)

PLR
(95% CI)

0.54 (0.40–0.72)
0.53 (0.40–0.71)
0.06 (0.02–0.20)
0.22 (0.12–0.40)
0.01 (0.00–0.20)
0.01 (0.00–0.20)
0.17 (0.08–0.35)
0.17 (0.08–0.34)
0.31 (0.16–0.58)
0.30 (0.16–0.58)
0.11 (0.03–0.38)
0.02 (0.0–0.36)
0.02 (0.0–0.37)
0.02 (0.0–0.36)
0.02 (0.0–0.37)
0.02 (0.0–0.36)

NLR
(95% CI)

Note: cNPV ¼ 1-NPV; complement of the NPV.
ASC-USþ ¼ Atypical squamous cells of undetermined signiﬁcance or worse.
CIN2þ ¼ Moderate cervical intraepithelial neoplasia or worse.
CIN3þ ¼ Severe cervical intraepithelial neoplasia (incl. carcinoma in situ) or worse.
Abbreviations: HC2, Hybrid Capture2 HPV test; LBC, liquid-based cytology; NLR, negative likelihood ratio; Pap, conventional Pap smear; PCR, GP5þ/6þ HPV PCR test; PLR, positive likelihood ratio; PPV, positive
predictive value.
a
95% CI based on bootstrap resampling (n ¼ 1,000 resamples).
b
Signiﬁcant McNemar’s test comparing Pap or LBC to HC2, P < 0.05.
c
Signiﬁcant McNemar’s test comparing Pap or LBC to PCR, P < 0.05.
d
Signiﬁcant McNemar’s test comparing LBC to Pap, P < 0.05.

CIN2þ

Endpoint

ASC-USþ

Cut-off

Table 1. Sensitivity, speciﬁcity, NPV, PPV, and likelihood ratios adjusted for veriﬁcation bias for ASC-USþ equivalent.
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CIN2þ

CIN3þ

LSILþ

LSILþ

Pap
LBC
HC2
PCR
Pap/HC2
LBC/HC2
Pap/PCR
LBC/PCR
Pap
LBC
HC2
PCR
Pap/HC2
LBC/HC2
Pap/PCR
LBC/PCR

Test

Speciﬁcity %
(95% CI)a
99.40 (98.88–99.83)b,c
99.07 (98.43–99.59)b,c
95.12 (93.55–96.42)
94.25 (90.08–97.52)
94.84 (93.11–96.29)
94.95 (93.37–96.27)
93.89 (89.68–97.15)
94.07 (89.94–97.39)
99.24 (98.67–99.70)b,c
98.99 (98.34–99.50)b,c
94.41 (92.66–95.76)
93.85 (89.70–97.15)
94.12 (92.23–95.54)
94.23 (92.47–95.61)
93.41 (89.35–96.72)
93.59 (89.52–97.01)

Sensitivity %
(95% CI)a
42.22 (18.93–64.42)b,c
36.77 (16.62–58.16)b,c
94.56 (82.09–100.0)
78.99 (58.40–94.74)
98.82 (96.54–100.0)
94.56 (82.09–100.0)
84.24 (64.92–100.0)
84.24 (65.97–100.0)
60.14 (25.68–90.98)c
59.78 (27.63–88.89)b,c
89.67 (65.87–100.0)
97.81 (95.71–100.0)
97.81 (93.69–100.0)
89.67 (65.87–100.0)
97.81 (93.69–100.0)
97.81 (93.69–100.0)
53.06 (26.53–79.71)
38.73 (16.57–61.37)
23.68 (14.57–33.14)
18.19 (8.33–38.26)
23.90 (14.46–33.12)
23.06 (14.25–32.39)
18.27 (9.35–35.21)
18.70 (9.48–35.80)
39.86 (15.19–66.48)
33.20 (12.39–53.20)
11.84 (4.66–19.62)
12.35 (4.81–26.80)
12.74 (5.28–19.87)
11.53 (4.60–18.93)
11.64 (4.60–23.77)
11.91 (5.14–24.76)

PPV %
(95% CI)a
0.92 (0.46–1.49)
1.01 (0.49–1.60)
0.09 (0.0–0.32)
0.36 (0.08–0.75)
0.02 (0.02–0.02)
0.09 (0.0–0.32)
0.27 (0.0–0.62)
0.27 (0.0–0.62)
0.34 (0.08–0.71)
0.34 (0.08–0.69)
0.09 (0.0–0.32)
0.02 (0.02–0.02)
0.02 (0.02–0.02)
0.09 (0.0–0.32)
0.02 (0.02–0.02)
0.02 (0.02–0.02)

cNPV %
(95% CI)a

70.41 (38.18–129.85)
39.48 (22.46–69.39)
19.38 (16.10–23.33)
13.73 (10.99–17.15)
19.14 (16.17–22.66)
18.71 (15.59–22.46)
13.78 (11.27–16.86)
14.21 (11.60–17.41)
78.88 (45.22–137.60)
59.31 (35.49–99.11)
16.03 (12.96–19.83)
15.91 (13.52–18.72)
16.65 (14.10–19.65)
15.55 (12.59–19.20)
14.84 (12.67–17.38)
15.26 (13.01–17.91)

PLR
(95% CI)

0.58 (0.45–0.75)
0.64 (0.51–0.81)
0.06 (0.02–0.20)
0.22 (0.12–0.40)
0.01 (0.00–0.20)
0.06 (0.02–0.20)
0.17 (0.08–0.34)
0.17 (0.08–0.34)
0.40 (0.24–0.67)
0.41 (0.24–0.68)
0.11 (0.03–0.38)
0.02 (0.0–0.36)
0.02 (0.0–0.36)
0.11 (0.03–0.38)
0.02 (0.0–0.36)
0.02 (0.0–0.36)

NLR
(95% CI)

Note: cNPV ¼ 1-NPV; complement of the NPV.
LSILþ ¼ Low-grade squamous intraepithelial lesion or worse.
CIN2þ ¼ Moderate cervical intraepithelial neoplasia or worse.
CIN3þ ¼ Severe cervical intraepithelial neoplasia (incl. carcinoma in situ) or worse.
Abbreviations: HC2, Hybrid Capture2 HPV test; LBC, liquid-based cytology; NLR, negative likelihood ratio; Pap, conventional Pap smear; PCR, GP5þ/6þ HPV PCR test; PLR, positive likelihood ratio; PPV, positive
predictive value.
a
95% CI based on bootstrap resampling (n ¼ 1,000 resamples).
b
Signiﬁcant McNemar’s test comparing Pap or LBC to HC2, P < 0.05.
c
Signiﬁcant McNemar’s test comparing Pap or LBC to PCR, P < 0.05.
d
Signiﬁcant McNemar’s test comparing LBC to Pap, P < 0.05.
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Table 2. Sensitivity, speciﬁcity, NPV, PPV, and likelihood ratios adjusted for veriﬁcation bias for LSILþ equivalent.
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CIN2þ was lower than PCR cotesting sensitivities, but for CIN3þ no
differences were observed.
Relative test accuracy
In Fig. 2, the relative sensitivity and speciﬁcity for CIN2þ conferred
similar estimates for crude and veriﬁcation bias–adjusted calculations,
but speciﬁcities appear under or overestimated (from unity) when
potential veriﬁcation bias is not accounted for. When compared with
either cytology (Fig. 2A), HC2 stand-alone [1.99, 95% CI, 1.30–4.00]
and both respective cotesting strategies detected twice as many CIN2þ
lesions (Pap/HC2 2.11, 95% CI, 1.43–4.04; LBC/HC2 2.11, 95% CI,
1.39–4.01). Cotesting did not detect more CIN2þ compared with
HC2 stand-alone (Pap and LBC 1.06, 95% CI, 1.00–1.21). Similar
results were also observed among PCR strategies (Fig. 2C), however
sensitivity estimates were reduced (PCR stand-alone 1.66; PCR
cotesting 1.77).

Speciﬁcity of HC2 stand-alone (Fig. 2B) was signiﬁcantly lower
than cytology (Pap 0.98, 95% CI, 0.97–0.98; LBC 0.96, 95% CI, 0.96–
0.97) and similar ﬁndings were observed for PCR stand-alone
versus cytology (Fig. 2D). Pap cotesting was signiﬁcantly less
speciﬁc than HPV stand-alone while LBC cotesting presented no
signiﬁcant difference in detection compared with either HPV test
stand-alone. For CIN3þ, relative sensitivities were not statistically
signiﬁcant due to the low number of CIN3þ (n ¼ 10). These relative
speciﬁcities appeared similar to the CIN2þ cutoff (Supplementary
Fig. S1).
Potential harms
For CIN2þ, the highest FPRs were observed with HPV testing
(Table 3), particularly cotesting strategies (6.27%–7.79%) with
the exception of HC2 cotesting (5.42%). HC2 and PCR standalone demonstrated moderate FPRs (4.88%–5.75%), followed by
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Figure 2.
Relative sensitivity and speciﬁcity of tests comparing both crude and adjusted estimates for CIN2 or worse at ASC-USþ. A, Relative sensitivity for HC2. B, Relative
speciﬁcity for HC2. C, Relative sensitivity for PCR. D, Relative speciﬁcity for PCR. Crude CIs based on Wald for paired data and adjusted CIs based on bootstrap
resampling (n ¼ 1,000); CIN2þ, moderate cervical intraepithelial neoplasia or worse; Pap, conventional Pap smear; LBC, liquid-based cytology; HC2, Hybrid Capture2
HPV test; PCR, GP5þ/6þ HPV PCR test.
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Table 3. False positives, false negatives, and number needed to colposcopy at all cytology and precancerous lesion cutoffs.

Test

CIN2þ

Pap
LBC
HC2
PCR
Pap/HC2
LBC/HC2
Pap/PCR
LBC/PCR
Pap
LBC
HC2
PCR
Pap/HC2
LBC/HC2
Pap/PCR
LBC/PCR

2.52 (1.59–3.56)
1.36 (0.74–2.11)
4.88 (3.58–6.45)
5.75 (2.43–9.70)
6.91 (5.23–9.22)
5.42 (4.03–7.06)
7.79 (4.23–11.60)
6.27 (2.99–10.25)
2.66 (1.73–3.76)
1.52 (0.89–2.36)
5.59 (4.24–7.34)
6.15 (2.88–10.05)
7.61 (5.85–9.89)
6.13 (4.68–7.87)
8.25 (4.72–12.28)
6.75 (3.47–10.69)

CIN3þ

52.53 (31.74–75.00)
52.53 (29.89–75.00)
5.44 (0.0–17.35)
21.01 (5.56–44.22)
1.18 (0.84–1.89)
1.18 (0.84–1.89)
15.76 (0.0–35.71)
15.76 (0.0–35.71)
29.89 (0.0–63.04)
29.89 (0.0–62.08)
10.33 (0.0–35.15)
2.19 (1.38–4.43)
2.19 (1.38–4.43)
2.19 (1.38–4.43)
2.19 (1.38–4.43)
2.19 (1.38–4.43)

LSILþ
False positive rate %
False negative rate %
(95% CI)a
(95% CI)a
0.60 (0.18–1.12)
0.93 (0.41–1.57)
4.88 (3.58–6.45)
5.75 (2.43–9.70)
5.16 (3.85–7.05)
5.05 (3.73–6.63)
6.11 (2.58–9.94)
5.93 (2.65–9.80)
0.76 (0.30–1.33)
1.01 (0.50–1.66)
5.59 (4.24–7.34)
6.15 (2.88–10.05)
5.88 (4.46–7.77)
5.77 (4.39–7.53)
6.59 (3.05–10.49)
6.41 (3.10–10.32)

57.78 (35.58–81.07)
63.23 (41.84–83.38)
5.44 (0.0–17.35)
21.01 (4.77–42.60)
1.18 (0.84–1.89)
5.44 (0.0–17.35)
15.76 (0.0–35.71)
15.76 (0.0–35.71)
39.86 (12.44–83.33)
40.22 (13.91–77.87)
10.33 (0.0–35.15)
2.19 (1.38–4.43)
2.19 (1.38–4.43)
10.33 (0.0–35.15)
2.19 (1.38–4.43)
2.19 (1.38–4.43)

NNC
1/PPV (95% CI)a
4.30 (2.80–8.81)
2.79 (1.82–5.63)
4.22 (3.00–7.10)
5.50 (2.78–10.81)
5.30 (3.72–8.62)
4.37 (3.07–7.10)
6.70 (3.85–12.82)
5.60 (2.97–11.04)
5.52 (3.42–14.85)
3.59 (2.21–8.69)
8.44 (5.20–20.00)
8.24 (3.91–19.59)
10.05 (6.26–21.42)
8.30 (5.19–17.39)
10.71 (5.76–24.67)
8.95 (4.51–20.79)
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ASC-USþ
False positive rate %
False negative rate %
(95% CI)a
(95% CI)a

Note: ASC-USþ ¼ Atypical squamous cells of undetermined signiﬁcance or worse.
LSILþ ¼ Low-grade squamous intraepithelial lesion or worse.
False positive rate ¼ Proportion of index test positives among biopsy veriﬁed normal results (1-speciﬁcity).
False negative rate ¼ Proportion of index test negatives among biopsy veriﬁed abnormal results i.e., CIN present (1-sensitivity).
NNC ¼ Number of women needed to undergo colposcopy to detect 1 precancerous lesion with ASC-USþ.
Abbreviations: HC2, Hybrid Capture2 HPV test; LBC, liquid-based cytology; Pap, conventional Pap smear; PCR, GP5þ/6þ HPV PCR test.
a
95% CI based on bootstrap resampling (n ¼ 1,000 resamples).

Pap (2.52%) and LBC (1.36%). For CIN3þ lesions a similar
pattern was observed. Conversely, FNRs were lowest among HC2
strategies but for CIN3þ, PCR-based strategies and HC2 cotesting were identical. The number of women needed to undergo
colposcopy to detect one CIN2þ was highest under Pap and
PCR cotesting (6.70) followed by other cotesting strategies and
HPV stand-alone (HC2 4.22, PCR 5.50; Table 3). For CIN3þ a
larger difference between Pap and LBC cotesting was observed,
and had greater colposcopy referrals than HPV stand-alone and
cytology.
Sensitivity analyses
For women ≥35 years, test accuracy increased for CIN2þ
(Supplementary Table S6), namely sensitivity of cytology standalone (up to 56.35% for Pap and LBC with ASC-USþ and 50.11%
for Pap, 43.65% for LBC with LSILþ). Accuracy based on the 190
within-study histopathology results yielded similar estimates (Supplementary Table S7). After increasing the RLU cutoff of HC2
testing to 2.0, 3.0, and 10.0, further gains in speciﬁcity and PPV
were observed (Supplementary Table S8). However, sensitivity was
further reduced. These patterns were similar for both HC2 cotesting strategies. At all RLU cutoffs, NPV remained very similar,
decreasing slightly with increasing RLU. Screening women ≥30 and
≥35 years of age revealed similar adjusted FPRs (Supplementary
Figs. S2 and S3). All HPV-based strategies incurred more false
positives; however, this was more pronounced among cotesting
strategies.
We observed 94 discordant HPV results with genotyping information. 82 (87.2%) were HC2 negative but high-risk PCR positive and the
most common detected types were HPV 16 (53.7%), 56 (12.2%), 45
(9.8%), and 18 (7.3%). All 12 PCR high-risk negative but hrHC2
positive were low-risk HPV types.

AACRJournals.org

Discussion
Few studies have compared stand-alone HPV test accuracy to
cotesting strategies (6, 15–17) and to our knowledge none have directly
compared the two most common cytology methods and standard HPV
comparators using these strategies. On the basis of a large populationbased sample of women above 30 years of age within an opportunistic
screening setting and notably poor quality in cytology (3), our results
demonstrated similar accuracy of stand-alone HPV testing and LBC
cotesting. In particular, sensitivity of any cotesting strategy was
equivalent to stand-alone HPV, and speciﬁcity of Pap cotesting was
signiﬁcantly lower than stand-alone HPV. Between cotesting strategies, LBC cotesting indicated some advantage over Pap cotesting where
speciﬁcity was equivalent to HPV stand-alone. Furthermore, false
positive test results and colposcopy referrals were highest with cotesting, particularly Pap cotesting. These results are relevant for countries
that offer cotesting like Germany (32) and the United States (10), and
for many other countries globally that are yet to decide on HPV-based
screening.
We found neither cotesting strategies outperformed stand-alone
HC2 or PCR. Between cotests, LBC cotesting was more favorable over
Pap cotesting in terms of speciﬁcity and PPV. These ﬁndings correspond to meta-analysis results of ﬁve large randomized trials, although
Pap and LBC-based cotesting were not assessed separately (6). In a
meta-analysis of observational studies, cotesting demonstrated marginally but signiﬁcantly higher sensitivity and reduced speciﬁcity over
HPV testing for CIN2þ; however, this was predominantly based on
Pap cotesting (15). Furthermore, the higher sensitivity of cotesting
could be due to the inconsistent use of the gold standard by some
individual studies leading to misclassiﬁcation bias (15, 33). Although
these two studies indirectly compared test accuracy, that is, across
study populations or varying trial arms and are thus prone to biases,
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cially important to note as Germany rolls out cotesting of women
≥35 years within an organized screening program, but speciﬁc details
on approved tests are yet to be deﬁned (21), despite existing criteria and
recommendations (48).
Limitations
We report cross-sectional results. Longitudinal outcomes such as
cumulative risk incidence among screen-negative women are needed
to determine the interval of protection. Nevertheless, we were able to
make direct comparisons of distinct cytologic and HPV test strategies
within the same study population, which have previously not been
reported. Second, despite active reminders for colposcopy, attendance
was less than optimal among screen-positives (65.3%) and negatives
(35.7%). Historically, follow-up colposcopies in Germany were rather
uncommon and the lack of a centralized screening register complicates
disease veriﬁcation. There is still a need for more novel tactics to
improve compliance with follow-up of positive screening results and
with the roll-out of the new organized program, the latter issue of
incomplete data might improve. Accordingly, we adjusted the analyses
to account for veriﬁcation bias and although there may be residual bias
due to low sampling fractions of screen-negatives (49), our estimates
aligned with previous observations (19, 29, 39, 44). Third, no masking
to screening results of the colposcopist and ﬁrst histopathologist was
possible as we attempted to maintain real-world screening. This was
addressed by independent second and third histopathology reviews.
The number of severe precancerous lesions CIN3þ and cervical
carcinomas was also low in our study and we included HPVunvaccinated women.
Conclusions
We found similar accuracy of stand-alone HPV testing and LBC
cotesting, and superior accuracy of stand-alone HPV compared with
Pap-based cotesting. However, adding cytology to HPV as a cotest
offers nearly no beneﬁt in detection at the cost of more false positive
results and colposcopy referrals. For settings optimizing cervical
cancer screening such as Germany coming from opportunistic and
annual cytology-based screening, triennial cotesting in women 35 years
and older is a positive ﬁrst step toward HPV-based screening. Ultimately, consideration of stand-alone HPV screening once the organized program has been adequately implemented with high quality is
warranted. Screening women aged ≥30 years with sole HPV-based
testing should also be considered in the future to maximize early
detection and to further reduce the incidence of cervical cancer toward
elimination.
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our results support the argument that cotesting, regardless of cytology
method, does not outperform stand-alone HPV screening in detection.
Current arguments for cotesting are based on retrospective results
from the United States, which have demonstrated marginally lower
cumulative incidence of CIN3þ under triennial cotesting compared
with HPV stand-alone (18). However, the translation of this marginally lower risk by cotesting into real screening practice may not be
realized until many tens of thousands of women are screened (13),
particularly with opportunistic screening. Cotesting arguments are
also further undermined because this strategy leads to greater costs and
number of lifetime tests (34, 35). Up to an additional 400 colposcopy
referrals per 1,000 women could be expected when cotesting at
triennial intervals (34). This evidence highlights screening algorithm
complexities, greater costs, and potential harm for apparent minimal
gains in detection with cotesting.
On the other hand, positivity to HPV without adequate triage
may lead to an increase in colposcopies (36), which could result in
overtreatment (7). In our study, colposcopies needed to detect one
precancer were greatest under cotesting strategies (17). Between
cotests, Pap cotesting incurred a greater degree of harms than LBC
cotesting. The latter indicated similar but elevated potential harms
compared with stand-alone HPV testing. It is conceivable that
screening with other HPV tests detecting mRNA for example can
mitigate these costs and harms (37), but these technologies may
not be widely available and are not yet approved for stand-alone
screening. As we observed, increasing the cutoff of viral load
for HPV DNA detection might mitigate false positives, especially
if using HC2 (38). In addition, compared with cotesting with
triage, fewer colposcopies were needed when screening with HPV
16/18 genotyping and triage, further highlighting the beneﬁt of
stand-alone HPV testing (16).
Although observational studies with opportunistic screening (19, 29, 39) do not directly compare cotesting strategies to HPV
stand-alone (40–43), our study conﬁrms observations that HPV
testing is superior to cytology in detection of precancerous lesions.
We observed low accuracy of cytology, particularly for ASC-USþ.
However sensitivity was higher than previous reports in Germany
possibly due to biopsies of nonvisible lesions, but is still low compared
with other high-resource countries (3, 39, 44). This might explain why
our results were higher than relative sensitivity and speciﬁcity from
previous studies (3, 43). Possible reasons for poorer accuracy of Pap
include the continued use of dry cotton–tipped swabs in screening and
lack of standardized quality assurance with opportunistic screening (9).
Fewer inadequate samples and from-the-vial testing advantages of
LBC may also explain why LBC cotesting performed similarly to standalone HPV testing (45). Furthermore, in the same screening context,
accuracy of LBC has been reported to be higher than Pap, likely due to
the poor quality of the latter (46).
Our results conferred lower HC2 sensitivity than previously
reported in Germany (39, 44), possibly because we recruited a random
population-based sample via population registries rather than women
already attending routine screening. In addition, our sample represents
older women. The reduced sensitivity of HC2 for CIN3þ compared
with CIN2þ is likely due to the low number of CIN3þ detected. In
addition, in our study, all CIN3þ were correctly identiﬁed by HC2
cotesting and PCR-based strategies, while one woman with invasive
cancer tested stand-alone HC2 negative (Supplementary Table S3).
HPV test results may differ possibly due to insufﬁcient viral load,
differences in targeted regions of the HPV DNA or cross-reactivity to
IARC classiﬁed group 2b types (47). Nonetheless, discordance can be
avoided by stringent quality assurance and control (9). This is espe-
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