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Abstract
Human papillomavirus (HPV) testing is highly sensitive compared to cytology, with 
the trade-off of being less specific. We investigated whether select combinations 
of HPV genotypes, ascertained by Linear Array (LA) and Xpert HPV (GX), can 
optimize sensitivity/specificity trade-offs to detect high-grade cervical intraepithe-
lial neoplasia (CIN2+). In a study in Cape Town, South Africa, 586 women living 
without and 535 living with HIV, aged 30-65 years, were recruited. Each woman 
underwent a pelvic exam to collect cervical samples (tested by LA and GX for 14 
high-risk HPV genotypes) and underwent colposcopy with histological sampling to 
determine CIN2+. In multivariable logistic regression of LA results, only HPV geno-
types 16, 18, 31, 33, 35, 52, 58 were significantly associated with CIN2+ (P < .05). 
Xpert includes these seven types along with HPV 45 within three of the test's five 
channels and we defined these eight types as restricted genotyping (ie 16, 18, 31, 33, 
35, 45, 52, 58). Full genotyping was defined as all 14 high-risk types. Sensitivity 
estimates for full genotyping using LA were similar to that of restricted genotyping: 
83.9% (full) vs 79.0% (restricted) in women without HIV and 93.0% (full) vs 88.9% 
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1 |  INTRODUCTION

HPV primary screening is increasingly being considered as 
the preferred approach for cervical cancer screening in many 
countries with established screening programs.1 HPV pri-
mary screening also provides a viable option for high-bur-
den, low-resource settings, especially since affordable, 
point-of-care assays are now available.2-4 Point-of-care tests 
are conducted in the clinic setting with non-physician provid-
ers and produce results within the same day, alleviating the 
burden of limited laboratory infrastructure and personnel.5 
Furthermore, HPV DNA testing has been demonstrated to be 
considerably more sensitive than cytology6,7 and is more sen-
sitive, specific, and reproducible than the visual inspection 
with acetic acid (VIA).8 The low sensitivity of cytology ne-
cessitates frequent, repeated screening to be effective, mak-
ing it susceptible to high attrition and costly follow-up.2 VIA 
is a subjective, visual skill that requires intensive quality as-
surance monitoring and frequent refresher courses to ensure 
test performance does not fluctuate by provider.3,5,8

Although advantageous in many regards, HPV DNA testing 
has the trade-off of having relatively low specificity,7,9-11 par-
ticularly in women living with HIV.5,12 In the screen-and-treat 
model, now widely recommended as the most appropriate ap-
proach for low-resource settings, the relatively low specificity of 
HPV DNA testing means that sizable numbers of women may be 
overtreated for transient infections that will ultimately regress.13 
Scarce resources would be unnecessarily spent on women at low 
risk for CIN2+ being referred for further colposcopy follow-up 
or treatment.14 A potential option for reducing the risk of over-
treatment is triaging HPV-positive women with VIA or cytol-
ogy screening,15-20 which guidelines from WHO and ASCO 
have outlined.13,21 However, both of these approaches have lim-
itations and other alternatives would be desirable.

Here we evaluate whether the strategy of limiting the num-
ber of high-risk HPV genotypes included in HPV screening 
assays could improve the clinical performance of HPV test-
ing. Genotyping for specific HPV genotypes could provide 
risk stratification of HPV-positive women by identifying HPV 

infections that are at highest risk of persisting and develop-
ing into invasive cervical cancer.20,22 Of the approximately 40 
HPV genotypes that affect the anogenital tract, 14 types (16, 
18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, 68) are con-
sidered high-risk for cervical cancer but vary in their degrees 
of oncogenicity.23 HPV 16 and 18 are universally accepted 
as being the most carcinogenic (present in ~70% of invasive 
cancers).24-26 However, there is less consensus surrounding the 
relative importance of the other high-risk genotypes.22 Based 
on the results from genotyping over 12 000 invasive anogen-
ital cancers, the relative contribution of HPV 16, 18, 31, 33, 
45, 52, 58 to female anogenital cancer was found to be ap-
proximately 90% and, based on this, these are the high-risk 
genotypes incorporated in the nanovalent HPV vaccine.27 This 
suggests that restricted genotyping could be effectively utilized 
to triage HPV-positive women in the context of screening.

In this study, we evaluated the impact on sensitivity and 
specificity for CIN2+ of restricting the number of HPV gen-
otypes identified using the Roche Linear Array (LA) method 
that identifies each of the high-risk HPV genotypes indi-
vidually. We also compared the individual LA results to the 
grouped HPV typing inherent in the Xpert HPV (GX) assay.

2 |  METHODS AND MATERIALS

2.1 | Setting and population

We recruited women from two populations in Cape Town, 
South Africa. One was a community-based clinic (screening 
population) located in Khayelitsha township which provides 
general women's health services to the local community. The 
other was women referred to a colposcopy clinic at Groote 
Schuur Hospital, a university teaching hospital, for evalu-
ation of abnormal cervical cytology (referral population). 
Women aged 30-65 years were eligible to participate if they: 
(a) had a known and documented HIV status, (b) were not 
previously treated for cervical disease, (c) did not have a hys-
terectomy, and (d) were not pregnant. The study aimed to 

(restricted) in women living with HIV. Specificity estimates improved for restricted 
vs full genotyping: 87.4% (full) vs 90.8% (restricted) in women without HIV and 
63.7% (full) vs 71.4% (restricted) in women living with HIV. To optimize the perfor-
mance of HPV testing for cervical cancer screening in high-burden, under-resourced 
settings like South Africa, only HPV 16, 18, 31, 33, 35, 45, 52, 58 could be included 
to define screen-positive. We recommend the inclusion of HPV45 for its known link 
to adenocarcinoma.

K E Y W O R D S
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recruit approximately equal numbers of women living with 
and without HIV. Seven hundred and fifteen women were 
recruited at the community-based clinic and 406 from the re-
ferral colposcopy clinic (total of 1121 women).

2.2 | Study procedures

This study was approved by institutional review boards at 
Columbia University (AAAO3652) and the University of 
Cape Town. Following written informed consent, each 
woman underwent a pelvic examination by a physician and 
had two liquid-based cytology specimens (ThinPrep Pap 
Test, Hologic) collected using a cytobrush and plastic spatula 
for each (Medscand).

After the collection of the cervical samples, a colposcopic 
examination was performed. Multiple cervical biopsies were 
obtained of the most abnormal-appearing areas of the cervix 
and/or an endocervical curettage (ECC) if there was no visible 
cervical lesion. If clinically indicated based on clinical proto-
col, a Loop Electrosurgical Excision Procedure (LEEP) was 
performed. Women from the screening population were told 
to return in 6 weeks after enrollment to receive their histology 
results. For those women recruited at the screening clinic, a 
second colposcopy was undertaken in those with HPV at base-
line who had not had cervical intraepithelial neoplasia grade 
2 or greater (CIN2+) detected at baseline. A third colposcopy 
was undertaken if the second colposcopy still failed to iden-
tify CIN2+. Random four-quadrant biopsies were undertaken 
at these repeat colposcopies to reduce risks of missing disease.

Histological samples collected via biopsy, LEEP, and/
or ECC were first evaluated by a pathologist in Cape Town 
and then blindly reviewed by an expert pathologist in the US. 
Results were classified using the cervical intraepithelial neopla-
sia (CIN) classification system: within normal limits (WNL), 
CIN grade 1 (CIN1), CIN grade 2 (CIN2), CIN grade 3 (CIN3), 
and cancer.28 Any discrepancies were resolved by a third pa-
thologist as a tie-breaker to reach a final consensus diagnosis.

2.3 | HPV testing

One mL of the first cervical sample was tested at the 
Khayelitsha screening clinic using the Xpert HPV assay 
(Cepheid). The remaining 19 mL were stored and tested later 
in batches at the University of Cape Town using Linear Array 
(LA) (Roche Diagnostics). The second sample was stored for 
possible later testing.

Xpert HPV (GX) is a clinic-based, point-of-care HPV assay 
that tests for 14 high-risk HPV types in five separate channels 
through real-time PCR. Each single-use Xpert HPV cartridge 
is prefilled with the necessary reagents, primers, and fluores-
cent probes to amplify the E6 and E7 regions of HPV DNA 

automatically on the GeneXpert System (Cepheid). Presence 
of HPV DNA that meets cycle thresholds is indicated by flu-
orescence in the following five channels: HPV16; HPV18, 45; 
HPV31, 33, 35, 52, 58; HPV51, 59; and HPV39, 56, 66, 68.

The Roche Linear Array (LA) is a laboratory-based assay 
that is not generally used in clinical practice but which enables 
the identification of 37 high-risk HPV genotypes individually. 
PGMY09/11 primers are used to amplify the L1 region of the 
HPV genome using real-time PCR. The resulting amplicons 
undergo reverse-line blot hybridization to individually detect 
genotypes.29 Only the 14 high-risk types that are identified by 
the Xpert HPV assay were included in this analysis.

2.4 | Statistical analysis

Clinical and demographic information was summarized using 
descriptive statistics. Groups were compared using two-sam-
ple t-tests for continuous variables and chi-squared or Fisher's 
exact tests for categorical variables. Overall and type-specific 
HPV prevalence was calculated using only data from the gen-
eral population. Frequency tables were used to determine HPV 
distributions by age group, HIV status, and cervical disease sta-
tus. Diagnostic agreement between GX and LA was compared 
using percent overall agreement and Cohen's kappa statistic. 
We used multivariable logistic regression to determine which 
HPV genotypes were significantly associated with CIN2+ and 
CIN3+ (P < .05). By study design, women with CIN2+ and 
CIN3+ identified in both the general and the referral popula-
tions were included whereas women with <CIN2 or <CIN3 
only from the general population were included in the analyses. 
This design was selected to obtain a sufficiently large number 
of women with cervical disease with the resources available.30 
After selecting the significant genotypes from the multivari-
able logistic regression results, we calculated sensitivity and 
specificity comparing full vs restricted genotyping. Ninety-five 
percent confidence intervals (CI) were calculated using the bi-
nomial estimates of the standard errors around these propor-
tions. All statistical analyses were conducted using SAS 9.4. 
The data that support the findings of this study are available on 
request from the corresponding author. The data are not pub-
licly available due to privacy or ethical restrictions.

3 |  Results

3.1 | Demographic and clinical 
characteristics

Seven hundred and fifteen women were recruited at the com-
munity-based clinic in Khayelitsha and 406 women from the 
referral colposcopy clinic. Of the 1121 women, 1118 had 
valid GX and LA results. Baseline demographic and clinical 
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characteristics of the women recruited at the community-based 
clinic are summarized by HIV status in Table 1. Our sample 
had similar proportions of women without HIV (382, 53.50%) 
and women living with HIV (332, 46.50%) by design. The 
prevalence of cervical intraepithelial neoplasia was higher 
for women living with HIV (17.02% CIN2+, 8.51% CIN3+) 
compared to women without HIV (5.29% CIN2+, 3.17% 
CIN3+). Women living with HIV were significantly younger 
(P < .001), had fewer children (P < .001), were less educated 
(P = .001), and had more prior cytology screenings (P = .006) 
than women without HIV. Of the women living with HIV, 265 

(79.82%) reported currently taking antiretroviral medications. 
There were no differences observed for tobacco use (P = .954) 
and employment status (P = .740) by HIV status.

3.2 | HPV prevalence

3.2.1 | Overall

For both assays, HPV prevalence for any type was higher 
regardless of age group for women living with HIV (48.19% 

Women without HIV 
(N = 382)

Women living with HIV 
(N = 332)

P-valueMean or N
(SD) range 
or % Mean or N

(SD) range 
or %

Age 44.43 (9.31) 30-65 40.73 (7.32) 
30-62

P < .0001

Parity 2.86 (1.55) 0-12 2.25 (1.35) 0-7 P < .0001

Age

30-39 130 34.03 171 51.51 P < .0001

40-49 126 32.98 112 33.73

50+ 126 32.98 49 14.76

Education

None 6 1.57 2 0.60 P = .0014

Less than HS 61 15.97 34 10.24

Some HS 74 19.37 57 17.17

Finished 10 135 35.34 166 50.00

HS graduate 106 27.75 73 21.99

Tobacco

Current 42 10.99 38 11.45 P = .9544

Former 20 5.24 16 4.82

Never 320 83.77 278 83.73

Employment

Full-time 110 28.80 87 26.20 P = .7404

Part-time 35 9.16 32 9.64

Unemployed 237 62.04 213 64.16

Antiretrovirals

Yes 265 79.82 —

No 67 20.1

Cancer history

Yes 1 0.26 0 0.00 P = .4183

No 380 99.48 332 100.00

Do not know 1 0.26 0 0.00

Prior cytology screening

Yes 246 64.60 248 74.70 P = .0056

No 136 35.60 83 25.00

Do not know 0 0.00 1 0.30

T A B L E  1  Baseline demographic 
and clinical characteristics of 714 
women recruited at a community clinic 
in Khayelitsha, South Africa (general 
population)
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[42.82%-53.57%)] by GX, 45.78% [40.42%-51.14%)] by LA) 
compared to women without HIV (16.23% [12.53%-19.93%)] 
by GX, 15.71% [12.06%-19.36%] by LA) (Figure 1).

3.2.2 | Type-specific

Using GX in women living with HIV, the channel detect-
ing HPV 31, 33, 35, 52, 58 (25.00%) was the most common 
followed by HPV 18, 45 (18.07%), HPV 39, 56, 66, 68 
(10.84%), HPV 16 (10.54%), and HPV 51, 59 (6.63%). In 
women without HIV, the rankings were HPV 31, 33, 35, 
52, 58 (8.12%) followed by HPV 39, 56, 66, 68 (3.66%); 
HPV 16 (3.40%); HPV 18, 45 (3.40%); and HPV 51, 59 
(2.88%).

Using LA, the three most prevalent individual HPV types 
for women living with HIV were HPV 45 (10.24%), HPV 16 
(9.94%), and HPV 18 (7.23%)/HPV 58 (7.23%). For women 
without HIV, HPV 16 (3.40%), HPV 51 (2.88%), and HPV 35 
(2.09%)/HPV 52 (2.09%) were most prevalent.

3.2.3 | Multiple types

Of the women identified as HPV-positive by GX (N = 222) 
and LA (N = 212), multiple infections were more common 
among women living with HIV (35.63% by GX, 34.87% 
by LA) compared to women without HIV (25.81% by GX, 
28.33% by LA) (Figure 2). Multiple infections were also 
more common among younger women: 30-39 years (40.45%, 
38.37%), 40-49  years (32.65%, 33.33%), and 50+  years 
(22.73%, 23.81%) for GX and LA, respectively, in women liv-
ing with HIV; and 30-39 years (24.24%, 32.26%), 40-49 years 
(37.50%, 31.25%), and 50+ years (15.38%, 15.38%) for GX 
and LA, respectively, in women without HIV.

3.3 | Diagnostic concordance

The overall concordance between GX and LA for any of the 
14 HPV genotypes was 93.56% (668 of 714 results), with a 
strong kappa value of 0.85 [0.81, 0.89]. Of the 222 women 
identified as HPV positive by GX, 194 (87.39%) were also 
deemed positive according to LA. Similarly, 194 (91.51%) 
of the 212 women identified as HPV positive by LA were 
also positive by GX. When the HPV genotypes were grouped 
following the five channels of GX, four of the five channel 
groups had strong kappa values: 0.86 [0.79, 0.94] for HPV16; 
0.89 [0.83, 0.95] for HPV 18,45; 0.83 [0.77, 0.89] for HPV 
31,33,35,52,58; 0.85 [0.76, 0.94] for HPV51,59. The chan-
nel detecting HPV 39, 56, 66, 68 had only a moderate kappa 
value of 0.72 [0.62, 0.83] compared to LA detection of these 
same genotypes.

Figure 3A presents kappa values by HIV status. Agreement 
for any HPV type was somewhat higher for women without 
HIV (96.86%, kappa 0.88 [0.82, 0.95]) than for women living 
with HIV (89.76%, kappa 0.79 [0.73, 0.86]). Kappas were 
higher for women without HIV than for women living with 
HIV across all HPV genotype groups except HPV 39, 56, 
66, 68.

Figure 3B presents kappa values by cervical disease 
status. Agreement between the tests for any HPV gen-
otype was higher among women with CIN2+ (97.37%, 
kappa 0.89 [0.73-1.00]) than among women with <CIN2 
(93.03%, kappa 0.81 [0.75-0.86]). Agreement across tests 
among women with CIN2+ remained higher than that 
among women with <CIN2 for all HPV genotype groups 
except HPV 18, 45.

3.4 | Selecting HPV genotypes to include

Table 2 shows results from univariable and multivariable logis-
tic analyses associating individual HPV types (LA) or channels 
(GX) with CIN2+. Using GX, only the three channels detecting 

F I G U R E  1  Prevalence of high risk HPV by HIV status and 
age group among 714 women in the general population recruited in 
Khayelitsha, South Africa. A, Xpert HPV on GeneXpert. B, Linear 
Array

A  Xpert HPV on GeneXpert 

B  Linear Array
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N = 130 N = 171 N = 126 N = 112 N = 126 N = 49
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F I G U R E  2  Prevalence of single 
and multiple high-risk HPV infections 
by HIV status among 714 women in the 
general population recruited in Khayelitsha, 
South Africa infections. A, Xpert HPV on 
GeneXpert. B, Linear Array

A  Xpert HPV on GeneXpert 

B  Linear Array
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Women without HIV (N = 382) 
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F I G U R E  3  Diagnostic agreement 
between Linear Array and Xpert HPV on 
GeneXpert in detecting high-risk HPV. A, 
Kappa Values by HIV Status. B, Kappa 
Values by Disease Status
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T A B L E  2  Results of univariable and multivariable logistic regression analyses for individual high-risk HPV genotypes/groups associated with 
cervical intraepithelial neoplasia grade 2 or greater (CIN2+)

GeneXpert Linear Array

Univariable odds ratio (95% 
CI) Adjusted OR (95% CI)

Univariable odds ratio (95% 
CI)

Adjusted OR (95% 
CI)

Women without HIV

ANY 51.991* (27.548-98.121) 36.168* (20.422-64.052)

HPV16 27.993* (13.202-59.356) 64.532* (27.905-149.232) 24.491* (11.523-52.052) 44.516* 
(19.801-100.081)

HPV18+ 4.896* (2.285-10.492) 7.578* (2.789-20.593)

18 6.870* (2.338-20.192) 13.125* 
(3.864-44.586)

45 1.957 (0.543-7.052) 2.668 
(0.510-13.945)

HPV31+ 12.578* (7.200-21.971) 25.745* (13.213-50.166)

31 9.044* (1.801-45.402) 26.968* 
(5.073-143.361)

33 7.475* (1.432-39.030) 21.310* 
(3.770-120.442)

35 16.273* (4.626-57.239) 39.039* 
(10.453-145.797)

52 6.284* (2.306-17.130) 13.515* 
(4.432-41.212)

58 5.525* (1.815-16.819) 12.988* 
(3.801-44.384)

HPV51+ 2.402 (0.926-6.229)

51 1.973 (0.688-5.660)

59 7.475* (1.432-39.030)

HPV39+ 2.176 (0.854-5.540)

39 0.962 (0.099-9.336)

56 2.898 (0.180-46.683)

66 0.720 (0.080-6.500)

68 1.751 (0.412-7.437)

Women living with HIV

ANY 22.017* (11.413-42.471) 23.430* (12.399-44.273)

HPV16 5.954* (3.375-10.501) 10.156* (5.269-19.575) 7.154* (3.927-13.033) 12.039* 
(6.143-23.594)

HPV18+ 2.529* (1.579-4.051) 2.709* (1.535-4.781)

18 2.409* (1.272-4.564) 3.143* 
(1.453-6.801)

45 2.041* (1.104-3.774) 2.274* 
(1.070-4.831)

HPV31+ 7.913* (5.112-12.249) 9.599* (5.885- 15.657)

31 3.662* (1.250-10.730) 5.352* 
(1.525-18.784)

33 15.306* (4.545-51.550) 25.799* 
(7.169-92.838)

35 5.425* (2.845-10.344) 7.325* 
(3.499-15.338)

(Continues)
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types 16, 18, 45, 31, 33, 35, 52, 58 were significantly (P < .05) 
associated with CIN2+ in the multivariable analysis regardless 
of HIV status. For LA, only HPV types 16, 18, 31, 33, 35, 52, 
and 58 were significantly associated with CIN2+ in multivari-
able analysis. HPV 59, which was significantly associated with 
CIN2+ in univariable analysis, was no longer associated with 
CIN2+ once the above-mentioned HPV types were included 
in the model. In sum, both GX and LA assays identified the 
same seven HPV genotypes. The exception was HPV45 which 
was not significant as an individual type in the LA analysis but 
was included along with HPV 18 in one channel on GX. For 
the purpose of further analysis, we included HPV45 (due to its 
known links to adenocarcinoma) along with the seven consist-
ently identified genotypes, in our calculations of selected typ-
ing. Full typing was defined as all five channels for GX and the 
14 individual high-risk HPV types for LA.

Results from the univariable and multivariable logistic re-
gression analyses for CIN3+ were similar and are included 
as Table S1.

3.5 | Comparison of full vs 
restricted genotyping

After selecting the genotypes that were significantly associ-
ated with CIN2+ from the multivariable logistic regression 
results, we calculated sensitivity and specificity comparing 
full vs restricted genotyping. For both assays, there was only a 
slight decrease in sensitivity for restricted vs full genotyping. 
For women living with HIV, the sensitivity to detect CIN2+ 
with full typing was 93.60% [88.85%-96.76%] by GX and 
93.02% [88.13%-96.34%] by LA, which decreased to 90.70% 
[85.33%-94.59%] by GX and 88.95% [83.29%-93.22%] by 

LA for restricted genotyping. For women without HIV, the 
sensitivity to detect CIN2+ with full typing was 88.71% 
[81.78%-93.69%] by GX and 83.87% [76.19%-89.86%] by 
LA, which decreased to 87.10% [79.89%-92.44%] by GX 
and 79.03% [70.81%-85.85%] by LA for restricted genotyp-
ing (Table 3).

Sensitivity was slightly higher using GX than LA. In 11 
women with CIN2+ who did not have one of the 14 geno-
types detected by LA, but who did have them detected by 
GX, two were positive on the HPV 16 channel, two on the 
HPV18,45 channel, and nine positives on the HPV 31, 33, 
35, 52, 58 channel (2 cases overlapped with the HPV 18, 45 
channel). Nine of the 11 were reported as “no isolates” on 
LA, one was HPV 53 and one was IS39. In four women with 
CIN2+ who did not have one of the 14 genotypes detected 
by GX, but who did have them detected by LA, the HPV 
genotypes detected in LA were: 45; 16,83; 68,70; and 51, 53, 
62, 71, 82, 83.

Specificity estimates improved with restricted compared 
to full genotyping. Specificity for full genotyping among 
women living with HIV was 60.07% [54.00%-65.93%] for GX 
and 63.74% [57.73%-69.45%] for LA. Specificity increased 
to 67.77% [61.87%-73.27%] by GX and 71.43% [65.67%-
76.71%] by LA for restricted genotyping. For women with-
out HIV, specificity was 86.87% [82.93%-90.19%] for GX 
and 87.43% [83.54%-90.68%] for LA. Specificity increased 
to 89.66% [86.04%-92.62%] by GX and 90.78% [87.30%-
93.56%] by LA for restricted genotyping (Table 3).

In contrast to the marginal reduction in sensitivity mov-
ing from including all 14 high-risk types to the eight selected 
types, selecting only HPV types 16 and 18 led to an appre-
ciable drop in sensitivity. In women without HIV, sensitivity 
for full vs restricted vs 16,18 genotyping was 83.87%, 79.03%, 

GeneXpert Linear Array

Univariable odds ratio (95% 
CI) Adjusted OR (95% CI)

Univariable odds ratio (95% 
CI)

Adjusted OR (95% 
CI)

52 4.168* (1.691-10.273) 9.733* 
(3.617-26.192)

58 4.083* (2.144-7.776) 5.108* 
(2.393-10.905)

HPV51+ 1.981* (1.007-3.899)

51 2.150 (0.921-5.019)

59 1.616 (0.595-4.389)

HPV39+ 3.069* 1.801-5.230

39 1.605 (0.458-5.627)

56 2.013 (0.533-7.604)

66 2.045 (0.791-5.287)

68 1.431 (0.541- 3.783)

*P < .05. 

T A B L E  2  (Continued)
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and 45.16%, respectively. In women living with HIV, sensi-
tivity for full vs restricted vs 16, 18 genotyping was 93.02%, 
88.95%, and 43.02%, respectively. Utilizing the data from 
women enrolled in the screening population, the positive pre-
dictive values (PPV) for full vs restricted vs 16, 18 genotyping 
were 23.73%, 29.79%, and 26.32% for women without HIV 
and 34.87%, 38.58% and 40.00% for women living with HIV.

Sensitivity estimates were slightly higher and specificity 
estimates lower for detection of CIN3+ compared to CIN2+ 
but the benefits of restricted compared to full genotyping 
were similar (Table S2).

4 |  Discussion

To optimize the clinical performance of HPV testing in 
screening programs, our results indicate that only HPV 16, 
18, 45, 31, 33, 35, 52, and 58 should be tested for. Although 
HPV 45 was not significantly associated with our disease 
endpoint, CIN2+, we include this genotype since it is the 
third most commonly identified genotype in invasive cervi-
cal carcinoma.25 Lack of significance in our analysis may be 
attributed to the small number of cases of invasive carcinoma 
in our sample. In this analysis, we observed that restricted 

T A B L E  3  Sensitivity to detect cervical intraepithelial neoplasia grade 2 or worse (CIN2+) with selected typing vs full typing using Xpert 
HPV on GeneXpert or Linear Array

Sensitivity Lower 95% Upper 95% Specificity Lower 95% Upper 95%

Xpert HPV on GeneXpert

Women without HIV

Any (all five channels) 88.71 81.78 93.69 86.87 82.93 90.19

16 (1 channel) 41.94 33.14 51.13 97.49 95.28 98.84

16, 18, 45 (2 channels) 54.03 44.85 63.01 94.41 91.50 96.55

16, 18, 45, 31, 33, 35, 52, 58 (3 
channels)

87.10 79.89 92.44 89.66 86.04 92.62

Women living with HIV

Any (all five channels) 93.60 88.85 96.76 60.07 54.00 65.93

16 (1 channel) 30.81 24.01 38.29 93.04 89.34 95.76

16, 18, 45 (2 channels) 55.81 48.06 63.37 79.49 74.20 84.12

16, 18, 45, 31, 33, 35, 52, 58 (3 
channels)

90.70 85.33 94.59 67.77 61.87 73.27

Linear array

Women without HIV

Any 83.87 76.19 89.86 87.43 83.54 90.68

16 38.71 30.10 47.87 97.49 95.28 98.84

16, 18 45.16 36.21 54.35 96.09 93.53 97.85

16, 18, 45 48.39 39.32 57.53 94.41 91.50 96.55

16, 18, 45, 31 53.23 44.06 62.24 93.85 90.84 96.11

16, 18, 45, 31, 33 56.45 47.26 65.33 93.30 90.10 95.66

16, 18, 45, 31, 33, 35 66.13 57.09 74.38 93.02 89.86 95.43

16, 18, 45, 31, 33, 35, 52 73.39 64.70 80.92 91.90 88.57 94.51

16, 18, 45, 31, 33, 35, 52, 58 79.03 70.81 85.82 90.78 87.30 93.57

Women living with HIV

Any 93.02 88.13 96.34 63.74 57.73 69.45

16 30.81 23.91 37.71 94.14 90.66 96.61

16, 18 43.02 35.51 50.78 87.91 83.44 91.53

16, 18, 45 53.49 45.74 61.12 82.05 76.97 86.42

16, 18, 45, 31 56.98 49.22 64.49 80.22 74.99 84.78

16, 18, 45, 31, 33 66.28 58.69 73.30 79.49 74.20 84.12

16, 18, 45, 31, 33, 35 76.74 69.71 82.84 76.56 71.07 81.45

16, 18, 45, 31, 33, 35, 52 82.56 76.05 87.91 74.73 69.13 79.77

16, 18, 45, 31, 33, 35, 52, 58 88.95 83.29 93.22 71.43 65.67 76.71
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genotyping, as compared to full genotyping, resulted in only 
marginal reductions in sensitivity but sizeable improvements 
in specificity. Since the inclusion of HPV 51, 59, 39, 56, 66, 
68 when testing did not appreciably improve clinical perfor-
mance, these genotypes could be excluded when HPV testing 
in high-burden low-resource settings where the capacity to 
treat or follow-up HPV-positive women is limited. Genotype-
restriction was even more effective for women living with 
HIV compared to women without HIV, with a greater in-
crease in specificity observed moving from full to restricted 
genotyping. However, the highest specificity achieved with 
restricted genotyping for women living with HIV (67.77% 
GX, 71.43% LA) was still considerably lower than that of 
HIV negative women (89.66% GX, 90.78% LA). While im-
provements have been made, there is still a need to further 
explore mechanisms to improve specificity for women living 
with HIV, especially in settings such as South Africa which 
had an estimated HIV prevalence of 18.8% in 2017 (4th high-
est in the world).2

We examined whether the inclusion of only types 16 and 
18 might be a simpler approach to HPV type selection. We 
found that restricting only to these types led to an unaccept-
able decline in sensitivity. Positive predictive value in the 
group with types 16 and 18 was not appreciably better than 
the PPV in the group of eight types that we selected.

In our analysis, we have additionally shown that point-
of-care HPV DNA testing is a robust option for primary 
cervical cancer screening in limited-resource settings like 
South Africa. The point-of-care GX used in South Africa 
has the benefit of rapid same-day results and minimal lab 
infrastructure/personnel. In this analysis we found it to have 
equivalent clinical performance characteristics as laborato-
ry-based LA.31 Concordance between the two assays was 
excellent (94%), with a kappa of 0.88 in women without 
HIV and 0.79 in women living with HIV. Furthermore, this 
analysis confirms the validity of grouping HPV genotypes 
into the five separate channels offered by GX. The seven in-
dividual high-risk HPV genotypes identified as significantly 
associated with CIN2+ by LA aligned with the same geno-
types included in the first three channels of GX. Since the 
carcinogenic behavior of each HPV type is closely related to 
its phylogenic category, it is not surprising that these seven 
HPV types belong to the higher risk species related to cervi-
cal cancer: alpha-9 (HPV 16, 31, 33, 35, 52, 58) and alpha-7 
(HPV 18).32 In particular, HPV35 was highly correlated to 
CIN2+/CIN3+ within our sample, which is consistent with 
recent studies that have found a strong link to cervical car-
cinogenesis for women of African ancestry with HPV35.33

The GX platform is a pragmatic choice for South Africa 
given its current widespread usage across the country for tu-
berculosis testing34 which offers potential leverage to utilize 
the same instruments for HPV screening. The global place-
ments of the GX system now exceed 23 000 instruments, a 

large portion of which are in low resource settings (where TB 
is common), including Africa, Asia, and Latin America.35 In 
addition, GX HPV testing has met international performance 
standards for use in primary cervical cancer screening.30 
Several countries have piloted the GX HPV test including 
South Africa,36 Cameroon,37 UK,30 Zambia,38 Saudia Arabia, 
and the USA.39,40 Sensitivity rates in detecting CIN2+ ranged 
from 63.2% to 98.7% and specificity ranged from 42.6% to 
90.3%. In our study, restricting HPV genotypes allowed us 
to achieve specificity rates that exceed estimates reported in 
most studies and should be considered for improving test per-
formance. We observed only marginally lower specificity with 
GX compared to LA consistent with slightly higher sensitivity 
in GX compared to LA. It is possible that cross-reactivity with 
low-risk types or amplification of low signal when HPV is 
detected in pooled channels may contribute to these results.41

There are a few limitations to our study. First, we used dis-
ease endpoints (CIN2+/CIN3+) in our analysis but realize that 
not all of these cervical lesions will progress to cancer. Some 
researchers criticize the use of CIN2+ due to lack of repro-
ducibility and the higher likelihood of these lesions regress-
ing compared to CIN3+.7,36 However, most published studies 
have used CIN2+ as an endpoint to have the international 
performance standards, which allows us to make meaningful 
comparisons.42 Nonetheless, our comparison of CIN2+ and 
CIN3+ showed similar results and the same conclusions about 
the clinical performance of GX and LA were drawn from ei-
ther endpoint. Another limitation was that our sample size was 
small. Due to limited resources, we were unable to obtain suf-
ficient cases of CIN2+ from the general screening population. 
Therefore, we needed to sample patients from a colposcopy 
referral clinic to obtain sufficient numbers of women with 
cervical disease for our analysis. Therefore, our sensitivity 
calculations included patients from the screening and referral 
populations, while specificity was calculated using only the 
screening population. This enrichment approach is supported 
in the recommendations for HPV test validation.30

The landscape of cervical cancer prevention is rapidly chang-
ing and on the horizon is primary screening with HPV DNA 
testing in resource-constrained settings.2 Restricting the defini-
tion of screen-positive to women with HPV genotypes 16, 18, 
45, 31, 33, 35, 52, or 58 substantially improves the specificity of 
screening, while producing only minor reductions in sensitivity 
compared to inclusion of all 14 HPV genotypes conventionally 
included as high risk in HPV assays. Using the GX assay, geno-
type restriction can be easily accommodated given the existing 
channels. The lack of population benefit of testing for some of 
the HPV genotypes typically classified as “high-risk” has been 
previously noted.43 Comparison of the distribution of individual 
high-risk genotypes identified using LA did detect other HPV 
groupings that appreciably improved specificity on the group-
ings of the GX assay. Furthermore, comparable performance 
between LA and GX shows that HPV screening can be done 
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at point-of-care with considerably less demand for resources. 
Point-of-care testing with GX is feasible and restricted geno-
typing can maintain sensitivity while improving specificity. As 
such, the next step is to integrate HPV testing into cervical can-
cer screening programs to improve the health of women.
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