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ABSTRACT This study aimed (i) to compare the performance of the BD Onclarity
human papillomavirus (HPV) assay with the Cobas HPV test in identifying cervical in-
traepithelial neoplasia 2/3 or above (CIN2/3�) in an Asian screening population and
(ii) to explore improving the cervical cancer detection specificity of Onclarity by ma-
chine learning. We tested 605 stratified random archived samples of cervical liquid-
based cytology samples with both assays. All samples had biopsy diagnosis or re-
peated negative cytology follow-up. Association rule mining (ARM) was employed to
discover coinfection likely to give rise to CIN2/3�. Outcome classifiers interpreting
the extended genotyping results of Onclarity were built with different underlying
models. The sensitivities (Onclarity, 96.32%; Cobas, 95.71%) and specificities (Onclar-
ity, 46.38%; Cobas, 45.25%) of the high-risk HPV (hrHPV) components of the two
tests were not significantly different. When HPV16 and HPV18 were used to further
interpret hrHPV-positive cases, Onclarity displayed significantly higher specificity (On-
clarity, 87.10%; Cobas, 80.77%). Both hrHPV tests achieved the same sensitivities (On-
clarity, 90.91%; Cobas, 90.91%) and similar specificities (Onclarity, 48.46%; Cobas,
51.98%) when used for triaging atypical squamous cells of undetermined signifi-
cance. Positivity in both HPV16 and HPV33/58 of the Onclarity channels entails the
highest probability of developing CIN2/3�. Incorporating other hrHPVs into the out-
come classifiers improved the specificity of identifying CIN2/3 to up to 94.32%. The
extended genotyping of Onclarity therefore can help to highlight patients having
the highest risk of developing CIN2/3�, with the potential to reduce unnecessary
colposcopy and negative psychosocial impact on women receiving the reports.
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Cervical cancer can be prevented effectively by screening, which has been per-
formed traditionally by cytological examination of exfoliated cervical cells (Pap

smear) to identify women having cervical intraepithelial neoplasia (CIN). In recent years,
primary screening of cervical cancer increasingly relied on high-risk human papilloma-
virus (hrHPV) detection, as it has been demonstrated that HPV tests generally have
higher sensitivity and higher negative predictive value than cytology (1–4).

Most (�70%) cervical cancers are caused by HPV16 and HPV18 (5). Large trials, such
as ATHENA, have demonstrated that patients infected with HPV16 or HPV18 have a
higher chance of developing CIN3 or above than patients infected with other hrHPV
types (6). It follows that if the HPV test is adopted as the primary screening tool in
women aged �25 years, women positive for HPV16 and -18 should be immediately
referred for colposcopy, whereas those positive for non-16 or -18 HPV types could be
further triaged by cytology (Fig. 1A) (7). Our previous studies also found that detection
of HPV16 and HPV18 improved the specificity of identifying CIN2/3 or above (CIN2/3�)
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in our local population (8, 9). The Cobas HPV assay (Cobas) (Roche Molecular Systems,
Pleasanton, CA) is an example of the recent generation of an HPV test on the market
providing partial genotyping by highlighting HPV16- and HPV18-infected cases among
those infected with hrHPV. It is the first HPV test that is approved by the U.S. Food and
Drug Administration (FDA) for primary cervical cancer screening. The optimal manage-
ment of women infected with other hrHPV types, however, is less clear-cut. In addition,
while there is evidence suggesting that infection involving multiple high-risk HPV types
confers extra risk of cervical cancer (10–12), the clinical significance is unclear and no
recommendation has been formulated to specifically address the management of these
patients.

The BD Onclarity HPV assay (Onclarity) (Becton Dickinson Diagnostics, Sparks, MD)
is a multiplex real-time PCR assay detecting the E6 or E7 sequences of 14 hrHPV types.
In addition to hrHPV positivity, the assay also provides extended genotyping informa-
tion by distinguishing the more carcinogenic HPV16, -18, -31, -45, -51, -52 (as six
separate channels), and HPV33/58 (combined in one channel) from the remaining 6
hrHPV types reported in two channels of three types each (HPV56/59/66 and HPV35/
39/68). It received approval in 2018 from the U.S. FDA for use as a primary screening
test, as an adjunct to the Pap test, and for triaging women with atypical squamous cells
of undetermined significance (ASC-US) detected by the Pap test (13). Extended geno-
typing information has been suggested to provide additional indicators of increased

FIG 1 HPV test results can be used to predict the outcome of cervical cancer screening recipients. (A) A
classifier using HPV16/18 to triage hrHPV-positive cases. (B) A classifier based on a decision tree model
using extended HPV genotyping information.

Wong et al. Journal of Clinical Microbiology

December 2019 Volume 57 Issue 12 e00997-19 jcm.asm.org 2

https://jcm.asm.org


cervical cancer risk, as HPV16, -18, -31, -33, -52, and -58 confer higher risk than other
hrHPV types (14, 15). Therefore, genotyping information may provide a means to
stratify patients positive for hrHPV by signifying which of them would benefit most
from immediate colposcopy referral.

In this study, we performed HPV DNA detection with extended genotyping by
Onclarity and Cobas in 605 archival cervical cytology samples from Hong Kong women.
Using tissue biopsy diagnosis as the standard, we compared the performance of
Onclarity and Cobas in identifying high-grade lesions and in triaging equivocal smears.
While the hrHPV and HPV16/18 components of Onclarity and Cobas performed simi-
larly, the extended genotyping of Onclarity may provide information for further strat-
ifying patients through machine learning.

MATERIALS AND METHODS
Cervical cytology specimen. Stratified random samples of 605 archived liquid-based cytology (LBC)

residues in PreservCyt solution were selected from the archive of the Cervical Cytology Laboratory,
Department of Pathology, The University of Hong Kong. The age of women ranged from 15 to 86 years
(median, 39). The selections were made to encompass various cytological diagnostic categories, includ-
ing 50 negative for intraepithelial lesion (NIL), 238 atypical squamous cells of undetermined significance
(ASC-US), 43 atypical glandular cells (AGC), 69 ASC– cannot exclude HSIL (ASC-H), 117 low-grade
squamous intraepithelial lesions (LSIL), 58 high-grade squamous intraepithelial lesions (HSIL), and 30
squamous cell carcinomas (SCC) (Table 1). All samples, except NIL and ASC-US samples previously tested
HPV negative by Cobas as a management routine, have biopsy specimen-proven diagnoses within 2
years of the initial cytology results. All NIL samples have been confirmed with 2 negative follow-up
cytologies. HPV-negative ASC-US cases were also followed up by cytology.

Cobas test and Onclarity test were performed on a Cobas 4800 platform and a Viper LT platform,
respectively, according to instructions from the manufacturers. All of the genotyping channels of
Onclarity were unlocked. A negative result in the hrHPV channel automatically entails negativity in all
genotyping channels. The use of archival human cytology specimens for research purposes was
approved by the Institutional Review Board of The University of Hong Kong/Hospital Authority Hong
Kong West Cluster (HKU HKW/IRB UW 17-249).

Association rule mining (ARM). Association rules were discovered within a data subset containing
only the Onclarity genotyping test results and the binary biopsy specimen-proven outcome (CIN1 or
below [CIN1�] and CIN2/3 or above [CIN2/3�]) using the Apriori algorithm (16) within the R extension
package arules (17). The parameters were the following: minimum support, 0.009; minimum confidence,
0.01; minimum rule length, 2. Only rules containing CIN2/3� on the right-hand side (rhs) were retained.
The conviction and rule power factor were also calculated with arules.

Classifier construction. A number of classifiers with different underlying models were built to
predict whether a case’s biopsy diagnosis is CIN1� or CIN2/3� using all results from the ten HPV test
channels from Onclarity (hrHPV and HPV16, -18, -31, -45, -51, -52, -33/58, -56/59/66, and -35/39/68). The
605 cases were randomly split into a training set consisting of 485 (80%) of the cases and a test set with
the remaining 120 (20%) cases, with proportion of outcomes retained. The training set was used to train
4 classifiers with the model decision tree, random forest, supported vector machine (SVM)-linear, and
SVM-nonlinear using the rpart, rf, svmLinear, and svmRadial functions, respectively, of the Caret package
of R. Three repeated 10-fold cross validations were performed when building each classifier.

Statistical analysis. For comparing hrHPV detection by Onclarity and Cobas, the overall percent
agreements, positive percent agreements, negative percent agreements, and Cohen’s kappa (�) values
were calculated for the entire set of samples. A kappa value of 0 indicates no agreement better than

TABLE 1 Description of the study cohort

Cyto dxa

No. with worst biopsy specimen finding within 2 yr % hrHPV positive by:

P valuedNo malignancy CIN1/condylomac CIN2/3 or abovec CAc Total Onclarity Cobas

NILM 50b 0 0 0 50 16.00 18.00 1.0000
ASC-US 112 115 11 0 238 53.36 50.00 0.2012
AGC 6 24 9 4 43 53.49 81.40 0.0015
ASCH 1 24 44 0 69 92.75 91.30 1.0000
LSIL 5 105 7 0 117 76.07 73.50 0.6464
HSIL 0 0 48 10 58 94.83 96.55 1.0000
SCC 0 0 0 30 30 93.33 100.00 0.4795
Total 174 268 119 44 605 65.12 65.79 0.7404
aCyto dx, cytology diagnosis; NILM, negative for intraepithelial lesion or malignancy; ASC-US, atypical squamous cells of undetermined significance; AGC, atypical
glandular cells; ASCH, atypical squamous cells– cannot exclude HSIL; LSIL, low-grade squamous intraepithelial lesion; HSIL, high-grade squamous intraepithelial lesion;
SCC, squamous cell carcinoma.

bThe 2-year diagnosis of no malignancy was reached by at least 2 consecutive NILM cytology findings in the follow-up period.
cCIN1, cervical intraepithelial neoplasia 1; CIN2/3, cervical intraepithelial neoplasia 2/3; CA, SCC/adenocarcinoma.
dDetermined by McNemar’s test.
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chance, and a kappa value of 1 indicates perfect agreement. Kappa values from 0 to 0.20, 0.21 to 0.40,
0.41 to 0.60, 0.61 to 0.80, and above 0.81 indicate poor, fair, moderate, good, and very good strength of
agreement, respectively (18). For testing the performance in primary screening, sensitivities and speci-
ficities of both tests in detecting biopsy specimen-proven CIN2/3� were calculated. For testing the
performance in ASC-US triage, the hrHPV test results were used to highlight biopsy specimen-proven
CIN2/3�. McNemar’s test was used to test the difference between the sensitivities or specificities of
Onclarity and Cobas HPV tests. A P value of �0.05 was considered statistically significant.

RESULTS
Onclarity and Cobas perform similarly in identifying CIN2/3�. To evaluate the

performance of Onclarity and Cobas in identifying high-grade lesions, we performed
the two tests on 605 LBC samples collected in PreservCyt. Although Onclarity test was
designed for HPV detection in samples collected in SurePath, a previous study dem-
onstrated that the use of PreservCyt as an alternative transport medium did not lead to
remarkable alteration in the performance of the test (19). Stratified random sampling
was enforced to ensure inclusion of a significant portion of samples with high-grade
cytological findings. The composition of the samples is summarized in Table 1. The
overall hrHPV positivities detected by Onclarity and Cobas were similar and were not
significantly different (65.12% versus 65.79%; P � 0.7404) (Table 1). Similarly, the hrHPV-
positive rates by the two tests in individual cytology diagnosis groups were insignifi-
cantly different, except in the AGC group, where the Cobas-positive rate was signifi-
cantly higher than that of Onclarity (81.40% versus 53.49%; P � 0.0015) (Table 1).

The hrHPV components of the two tests agreed well with each other (86.45%
agreement, � � 0.700) (Table 2). Of the 605 samples, 316 were used in a previous study
comparing Aptima and Cobas performance (20). Thus, we were able to gauge some of
the discrepant cases with Aptima test results. Out of the 316 samples, 40 yielded
discrepant Onclarity and Cobas hrHPV results. As shown in Table S1 in the supplemen-
tal material, in the majority (70%) of the samples the hrHPV test results of Aptima
agreed with those of Onclarity. The two tests displayed similar sensitivities (Onclarity,
96.32%; Cobas, 95.71%; P � 1.0000) and specificities (Onclarity, 46.38%; Cobas, 45.25%;
P � 0.6397) in detecting cases that developed CIN2/3� within the 2-year follow-up
period (Table 3). On the other hand, the two tests showed larger disagreement on
HPV16 and HPV18 genotyping. For both HPV types, Cobas yielded more positive results
than Onclarity (Table 2). When HPV16 and HPV18 genotyping information was used to
interpret hrHPV cases (represented by Fig. 1A), Onclarity was significantly less sensitive
(50.92% versus 74.23%; P � 0.0001) but was significantly more specific (87.10% versus
80.77%; P � 0.0003) (Table 3).

Onclarity and Cobas perform similarly in triage of ASC-US. To evaluate the
utilities of the two tests in triaging equivocal abnormal cases, we calculated and

TABLE 2 Concordance between Onclarity and Cobas HPV detection tests

Onclarity result

All Cobas Cobas HPV16 Cobas HPV18

Positive Negative Total Positive Negative Total Positive Negative Total

All Onclaritya

Positive 355 39 394
Negative 43 168 211
Total 398 207 605

Onclarity HPV16b

Positive 100 8 108
Negative 85 412 497
Total 185 420 605

Onclarity HPV18c

Positive 26 9 35
Negative 26 544 570
Total 52 553 605

aNo. of observed agreements, 523 (86.45% of the observations); kappa � 0.700 (95% CI, 0.640 to 0.760).
bNo. of observed agreements, 512 (84.63% of the observations); kappa � 0.590 (95% CI, 0.519 to 0.662).
cNo. of observed agreements, 570 (94.21% of the observations); kappa � 0.568 (95% CI, 0.440 to 0.696).
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compared the sensitivity and specificity of them in highlighting those ASC-US cases
which later developed high-grade lesions. Among the 238 ASC-US cases within the
cohort, 11 had colposcopic biopsy specimen-proven CIN2/3� detected within 2 years
of the first cytology. Both Onclarity and Cobas hrHPV were positive in 10 of the cases
(sensitivity, 90.91%) (Table 4), and their specificities were insignificantly different
(48.46% versus 51.98%; P � 0.2012) (Table 4). Similar to the case of primary CIN2/3�

identification, adding HPV16 and HPV18 interpretation increased the specificity. The
sensitivities (Onclarity, 54.55%; Cobas, 45.45%) and specificities (Onclarity, 89.43%;
Cobas, 88.55%) were insignificantly different (P � 1.000 and 0.6831, respectively) (Table
4). Thus, the two tests performed similarly if they were used for triaging ASC-US.

HPV16, HPV33/58, and HPV31 confer higher RR for CIN2/3 or above than
hrHPV. It has been shown that HPV16 and HPV33/58 detection by Onclarity confers
higher 3-year risk for CIN2/3� than pooled hrHPV detection (21). Here, we also ask
whether certain hrHPV genotypes confer higher risk for CIN2/3� than hrHPV in our
cohort. We calculated the relative risk (RR) to develop CIN2/3� for all the HPV type
channels provided by the test relative to results for hrHPV-negative cases. Within the
cohort, there were 6 histologically confirmed CIN2/3� results that were tested hrHPV
negative by Onclarity. Thus, the RR of hrHPV-positive cases was 14.01 (Table 5). HPV16-,
HPV33/58-, and HPV31-positive cases had higher RR of 24.10, 16.20, and 19.78, respec-
tively (Table 5). Thus, HPV31 showed higher RR than HPV33/58, different from what was
observed in reference 21. On the other hand, RR of HPV56/59/66 and -51 were 5.94 and
7.69, respectively, which were much lower than those of hrHPV (Table 5). Hence, our
results support the different risk associations of different HPV genotypes besides HPV16
and -18 in different geographic populations.

A machine learning approach identifies HPV16 and HPV33/58 coinfection as
the highest-risk test result. The Onclarity extended genotyping provides more infor-
mation based on which prediction of high-grade lesions could be made. Here, we asked
whether any of the hrHPV genotypes, when coinfected, entailed higher risk of devel-
oping CIN2/3 or above. An association rule mining (ARM) algorithm, Apriori (16), was
employed for this purpose. ARM is a machine learning approach originally developed
for market basket analysis to reveal rules in the combination of items in retail settings.
It can be applied to exhaustively identify relationships between variables within a data
set, which can then be ranked according to desired parameters. The results of ARM
analysis are rules in the form of {item A, item B, . . .} ¡ {item X, item Y, . . .}, with three
parameters (support, confidence, and lift) associated with each rule. Lift quantifies the
strength of the rule by calculating the ratio of support of the rule to the support of the
individual items in the rule. A lift value greater than 1 represents a positive association,

TABLE 3 Sensitivity, specificity, PPV, and NPV for diagnoses of biopsy specimen-proven CIN2/3 or above by Onclarity and Cobas tests

Test

Test resulta [% (95% CI)]

Sensitivity Specificity PPV NPV

Onclarity hrHPV 96.32 (92.16–98.64) 46.38 (41.66–51.15) 39.85 (34.98–44.87) 97.16 (93.91–98.95)
Cobas hrHPV 95.71 (91.35–98.26) 45.25 (40.54–50.02) 39.20 (34.47–44.18) 96.62 (93.16–98.63)
Onclarity hrHPV (HPV16 or HPV18) 50.92 (42.98–58.82) 87.10 (83.62–90.08) 59.29 (50.67–67.50) 82.80 (79.05–86.12)
Cobas hrHPV (HPV16 or HPV18) 74.23 (66.81–80.76) 80.77 (76.78–84.34) 58.74 (51.69–65.53) 89.47 (86.04–92.31)
aPPV, positive predictive value; NPV, negative predictive value.

TABLE 4 Sensitivity, specificity, PPV, and NPV for triage of ASC-US by Onclarity and Cobas testsa

Test

Test resulta [% (95% CI)]

Sensitivity Specificity PPV NPV

Onclarity hrHPV 90.91 (58.72–99.77) 48.46 (41.79–55.16) 7.87 (3.84–14.00) 99.10 (95.08–99.98)
Cobas hrHPV 90.91 (58.72–99.77) 51.98 (45.27–58.64) 8.40 (4.10–14.91) 99.16 (95.41–99.98)
Onclarity hrHPV (HPV16 or HPV18) 54.55 (23.38–83.25) 89.43 (84.68–93.11) 20.00 (7.71–38.57) 97.60 (94.48–99.21)
Cobas hrHPV (HPV16 or HPV18) 45.45 (16.75–76.62) 88.55 (83.67–92.38) 16.13 (5.45–33.73) 97.10 (93.80–98.93)
aPPV, positive predictive value; NPV, negative predictive value.
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i.e., items on the left-hand side (lhs) will increase the probability of the items on the rhs,
whereas a lift value of �1 indicates a negative association or substitution (comple-
mentary) effect between the lhs and rhs items. Lift equal to or close to 1 suggests the
lhs and rhs items are independent. In addition to lift, there are other measures for
association rules proposed by various researchers (22). Here, we also calculated the
conviction (23) and rule power factor (24) of the rules.

By restricting the resulting rules to contain only CIN2/3 or above on the rhs, 13 rules
were identified and ranked by lift (Table 6). Remarkably, all of the rules having single
HPV genotyping channels on the lhs were identified except {HPV45} ¡ {CIN2/3 or
above}, which was filtered due to insufficient support. Moreover, the ranking by lift
mirrored that obtained by RR, e.g., {HPV16} ¡ {CIN2/3 or above} was ranked the highest
among rules involving a single channel on the lhs. Therefore, the ARM approach
appeared to correctly identify important relationships within the data set.

We noticed that a number of rules involving more than one genotyping channel on
the lhs ranked high on the list (rule no. 1, 3, 4, 5, and 7) (Table 6). In fact, the rule {HPV16,
HPV33/58} ¡ {CIN2/3 or above} appeared to be the most important one within the data
set, with the highest confidence, lift, and conviction values. Confidence can be inter-
preted as an estimate of the conditional probability of finding the rhs under the
condition that items on the lhs are found (22). Conviction is similar to lift but also
considers the rule’s consequences (23). Thus, a high conviction value of the rule
suggests that HPV16-HPV33/58 coinfection and CIN2/3 are unlikely to be independent.
Rule power factor indicates how intensely a rule’s items are associated with each other
in terms of positive relationships by weighting the rule’s confidence by support (24).
The rule {HPV16} ¡ {CIN2/3 or above} exhibited the highest rule power factor, as it also

TABLE 5 Relative risk for developing CIN2/3 or above by genotype channels of Onclarity

HPV type No. of CIN2/3� cases No. of positive cases Relative risk to CIN2/3� (95% CI)

16 74 108 24.10 (10.84–53.57)
18 11 35 11.05 (4.37–27.96)
45 3 9 11.72 (3.48–39.50)
33/58 47 102 16.20 (7.16–36.65)
31 9 16 19.78 (8.05–48.62)
56/59/66 12 71 5.94 (2.32–15.25)
51 7 32 7.69 (2.76–21.44)
52 30 103 10.24 (4.40–23.83)
35/39/68 22 64 12.09 (5.12–28.52)
16 and 33/58 10 11 31.97 (14.21–71.90)
33/58 and 35/39/68 6 9 8.79 (2.50–30.93)
33/58 and 52 11 18 21.49 (9.00–51.33)
35/39/68 and 52 6 10 21.10 (8.27–83.86)
16 and 52 7 13 18.94 (7.43–48.26)
hrHPV 157 394 14.01 (6.31–31.12)
Negative 6 211 Reference group

TABLE 6 Rules identified by association rule mining

Rule Support Confidence Rule power factor Lift Conviction Count

1. {HPV16,HPV33/58} ¡ {CIN2/3 or above} 0.017 0.909 0.015 3.374 8.036 10
2. {HPV16} ¡ {CIN2/3 or above} 0.122 0.685 0.084 2.543 2.321 74
3. {HPV33/58,HPV35/39/68} ¡ {CIN2/3 or above} 0.010 0.667 0.007 2.474 2.192 6
4. {HPV33/58,HPV52} ¡ {CIN2/3 or above} 0.018 0.611 0.011 2.268 1.879 11
5. {HPV35/39/68,HPV52} ¡ {CIN2/3 or above} 0.010 0.600 0.006 2.227 1.826 6
6. {HPV31} ¡ {CIN2/3 or above} 0.015 0.563 0.008 2.088 1.670 9
7. {HPV16,HPV52} ¡ {CIN2/3 or above} 0.012 0.538 0.006 1.999 1.583 7
8. {HPV33/58} ¡ {CIN2/3 or above} 0.078 0.461 0.036 1.710 1.355 47
9. {HPV35/39/68} ¡ {CIN2/3 or above} 0.036 0.344 0.013 1.276 1.113 22
10. {HPV18} ¡ {CIN2/3 or above} 0.018 0.314 0.006 1.167 1.065 11
11. {HPV52} ¡ {CIN2/3 or above} 0.050 0.291 0.014 1.081 1.031 30
12. {HPV51} ¡ {CIN2/3 or above} 0.012 0.219 0.003 0.812 0.935 7
13. {HPV56/59/66} ¡ {CIN2/3 or above} 0.020 0.169 0.003 0.627 0.879 12
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has the highest support (Table 6). However, {HPV16,HPV33/58} ¡ {CIN2/3 or above}
remained the third rule with the highest rule power factor, highlighting its importance
(Table 6).

We calculated the RR to develop CIN2/3� for cases with coinfections of HPV16 and
HPV33/58, HPV33/58 and HPV35/39/68, HPV33/58 and HPV52, HPV35/39/68 and HPV52,
and HPV16 and HPV52. Coinfection by HPV16 and HPV33/58 conferred an RR of 31.97,
much higher than those for pooled hrHPV, HPV33/58, or HPV16 alone (Table 5).
Notably, coinfection by HPV33/58 and HPV52, HPV35/39/68 and HPV52, and HPV16 and
HPV52 also conferred higher RR than pooled hrHPV (Table 5).

Classifiers incorporating extended genotyping results can enhance specificity.
The fact that certain HPV genotype combinations confer even higher risk than HPV16 and
pooled hrHPV alone suggested that incorporating the extended genotyping results en-
hances test specificity. To utilize the additional information, we built a number of classifiers
to predict whether a case’s biopsy diagnosis is CIN1 or below or CIN2/3 or above based on
all 10 HPV test results (hrHPV and HPV16, -18, -31, -45, -51, -52, -33/58, -56/59/66, and
-35/39/68) provided by Onclarity assay. Four hundred eighty-five of the 605 cases (80%;
selected randomly) were used as the training set to train the classifiers. As an example of
the classifiers, a decision tree using information gain as the split method is shown in Fig. 1B.
Three additional classifiers, using random forest, supported vector machine (SVM)-linear,
and SVM-nonlinear as the underlying models, were built, and the classifiers were used to
make predictions on the test set and compared with the usual way of interpreting HPV test
results (represented in Fig. 1A). The performance of the classifiers on predicting the
outcome of the test set is shown in Table 7. Of the six ways to interpret Onclarity results,
hrHPV has the highest sensitivity of 96.88%, whereas the decision tree model gave the
highest specificity of 94.32%. In fact, all of the classifiers incorporating all HPV test results
achieved over 90% specificity. However, triaging hrHPV-positive cases with HPV16/18
results gave the best balance of sensitivity and specificity (Table 7).

DISCUSSION
Summary of principal findings and their significance. In this study, we demon-

strated that the hrHPV component of the Onclarity HPV test performed similarly to that of
the Cobas HPV test when used to indicate women at risk of developing CIN2/3�. However,
the HPV16 and HPV18 components of the two tests behaved noticeably differently. It
follows that when HPV16 and HPV18 genotyping results were incorporated to further triage
hrHPV-positive women, Cobas was remarkably more sensitive but Onclarity displayed
higher specificity. The specificity of Onclarity could be further enhanced by including the
extended genotyping results in the interpretation process. We attempted to derive a
decision-making system based on the additional genotyping information available in
Onclarity by machine learning. The best classifier achieved a specificity of 94.32%. A specific
HPV test can help reduce the unnecessary downstream examinations, such as colposcopy
and biopsy tests. Our earlier studies have shown that women receiving positive hrHPV
reports suffer from significant anxiety with prolonged psychosocial burden (25).

The higher specificity could partly be attributed to the fact that some of the HPV
types are more oncogenic than others (14, 15), and certain HPV genotype combinations

TABLE 7 Performance of the classifiers using Onclarity extended genotyping results to predict the outcome of the cases in the test set

Classifier

Test resulta [% (95% CI)]

Sensitivity Specificity PPV NPV

hrHPV 96.88 (83.78–99.91) 51.14 (40.25–61.95) 41.89 (30.51–53.94) 97.83 (88.47–99.94)
hrHPV (HPV16 � HPV18) 62.50 (43.69–78.90) 89.77 (81.47–95.22) 68.97 (49.17–84.72) 86.81 (78.10–93.00)
Decision treeb 50.00 (31.89–68.11) 94.32 (87.24–98.13) 76.19 (52.83–91.78) 83.84 (75.09–90.47)
Random forest 53.13 (34.74–70.91) 90.91 (82.87–95.99) 68.00 (46.50–85.05) 84.21 (75.30–90.88)
SVMc-linear 56.25 (37.66–73.64) 90.91 (82.87–95.99) 69.23 (48.21–85.67) 85.11 (76.28–91.61)
SVMc-nonlinear 53.13 (34.74–70.91) 90.91 (82.87–95.99) 68.00 (46.50–85.05) 84.21 (75.30–90.88)
aPPV, positive predictive value; NPV, negative predictive value.
bDecision tree is shown in Fig. 1B.
cSVM, support vector machine.
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may confer higher risks. There is also evidence that coinfection of multiple types of HPV
modulates the risk of cervical cancer development. For instance, genotyping analysis of
the National Cancer Institute-sponsored Costa Rica HPV Vaccine Trial suggested that
coinfection with multiple �9 species was associated with significantly increased risk of
CIN2� or HSIL� (10). In a study conducted in South America, coinfection of HPV68 with
HPV16 increases the risk of CIN2-3� compared to infection by HPV16 or HPV68 alone
(11). Similarly, multiple HPV genotype infection was associated with poorer invasive
cervical cancer survival in a Brazilian study (12). On the other hand, the risk of CIN2
progression is reported to be lower in women with combined infection of high-risk HPV
and low-risk HPV (26). While the biological effect of multiple HPV infection is unclear,
it has been shown that multiple infection entails a larger chance of oncogenic E6/E7
mRNA expression than single infection. Therefore, multiple infection might be a
clinically important finding even in low-grade lesions (27).

Using ARM we demonstrated that some infections involving multiple HPV types
confer extra risk. While it is possible to calculate the RR of every possible HPV genotype
combination, the ARM approach represents a faster and easier-to-implement alterna-
tive to highlight the most important combinations, which can then be verified with RR
calculations. This attribute is important when correlations were being drawn from
larger data sets containing more variables, for example, when the samples were
genotyped by HPV line blot assays or chips that cover larger numbers of HPV genotypes
(9, 28) or when the samples not only were tested for HPV but also were subjected to
quantitative DNA image cytology (29).

Our study suggested that subjects testing positive for the HPV33/58 channel and
those positive for HPV16 and HPV33/58 channels of Onclarity were at high risk of
developing high-grade lesions. As the Onclarity test cannot distinguish between HPV33
and HPV58 infection, we do not know which of the genotypes is responsible for the
elevated risk. However, there were reports that the worldwide uncommon genotype
HPV58 was the second most common genotype detected in patients with cervical
carcinoma in Hong Kong and displayed a significant association with CIN2/3 and
carcinoma (30). HPV58 could be commonly found among squamous cell carcinoma in
China and other countries in East Asia, including South Korea and Japan (31). T20I
and/or G63S substitution(s) at E7 of HPV58 is common in Asia and is associated with a
higher risk for cervical neoplasia (32). HPV58 was the third most common hrHPV within
our collection previously evaluated by dot blot assay (9). Therefore, we believe that
HPV58 is the more likely genotype to confer increased cancer risk in our cohort.

It is unclear why the two HPV tests performed differently in the AGC group (Table
1), but we noted that discrepant HPV test results tend to happen in samples with
equivocal or low-grade lesion cytology diagnosis. In fact, quite a number of ASC-US
cases also yielded different Cobas and Onclarity results, but the difference did not reach
statistical significance (Table 1). In one of our previous studies, Cobas and Aptima test
results were significantly different in ASC-US, AGC, and ASCH samples (20). Tewari et al.
also reported that discrepancy between Cobas and Aptima in �CIN2 samples was
significantly higher than that in CIN2� cases (33). Similarly, we have also demonstrated
in our earlier study that ASC-US and AGC were the categories yielding the highest
percentage of discrepant genotyping results by GenoFlow and Linear Array HPV
genotyping assays (9). It has been postulated that compared with samples with
apparent high-grade lesions, equivocal or low-grade samples may have lower HPV viral
load, which poses challenges to the sensitivities of HPV tests (34, 35).

Limitations of the study. The study was limited by the small number of samples
from which association rules and decision-making models were derived. During ARM
many associations were filtered due to insufficient representation within the data set.
Similarly, in the resultant decision tree, a number of HPV types are missing, probably
because they are underrepresented in the training set.

It did not escape our attention that in the decision tree shown in Fig. 1B, some
hrHPV genotypes surprisingly may signify lower risk under certain situations. For
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example, among hrHPV-positive cases, when a case was HPV16 positive and HPV33/58
negative, HPV56/59/66 positivity prompted CIN1� classification. hrHPV positive, HPV16
negative, HPV33/58 negative, but HPV56/59/66 positive also indicated CIN1� classifi-
cation. Among our samples, the number of samples that were hrHPV positive, HPV16
positive, HPV33/58 negative, and HPV56/59/66 positive was 12, whereas the number of
samples that were hrHPV positive, HPV16 negative, HPV33/58/negative, and HPV56/
59/66 positive was 47, totaling 59. In total, there were 292 hrHPV-positive (either
HPV16-positive or -negative), HPV33/58-negative cases. Therefore, 59/292 � 20.21% of
cases with HPV56/59/66 positivity subsequently developed CIN1�. Among these 59
cases, 51 were indeed diagnosed as CIN1� within 2 years of follow-up, showing this
classification is fairly accurate. Thus, the relative risk of these genotype combinations
was low (4.32), much lower than those of the pooled hrHPV test covering 14 genotypes
(see Table S2 in the supplemental material).

The interpretation of HPV52 was more complex. Among those cases that are hrHPV
positive, HPV16 positive, HPV33/58 negative, and HPV56/59/66 negative, HPV52 posi-
tivity signified CIN1� classification. However, among hrHPV-positive, HPV16-negative,
and HPV33/58-positive cases, HPV52 positivity prompted CIN2/3� classification. It
therefore appears that the interpretation of HPV52 results will depend on the findings
for other hrHPV genotypes. However, it should be noted that samples with those
genotype combinations were quite rare, and the classifications were not very accurate,
as reflected by their similar RR (Table S2).

In addition to the decision tree presented in Fig. 1B, a number of classifiers based
on different models were built in order to further explore the potential of the machine
learning interpretation of HPV genotyping data, notably a random forest-based classi-
fier which, in effect, classifies using many decision trees. However, at the moment the
classifiers built are imperfect, and higher sensitivity is desirable. Furthermore, there was
bias in selection of samples, since biopsy and cytology follow-up data originated from
retrospective analysis of cytology reports, and prospective study was not involved.
However, this study serves to illustrate the potential of utilizing HPV extended geno-
typing data to stratify risk of subsequent detection of biopsy specimen-proven CIN2/
3�. A bigger data set is necessary to build more accurate classifiers. Once available, a
classifier can be easily implemented as a web application on which clinical personnel
can input a subject’s HPV genotyping test results and derive a prediction of the
subject’s outcome. Such information potentially can facilitate prioritizing appointments
for colposcopy for effective management of patients in need.
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