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ABSTRACT
Introduction: Cervical cancer mortality rates remain high in low- and middle-income countries (LMICs)
and other medically underserved areas due to challenges with implementation and sustainability of
routine screening, accurate diagnosis, and early treatment of preinvasive lesions.
Areas covered: In this review, we first discuss the standard of care for cervical cancer screening and diagnosis
in high- and low-resource settings, biomarkers that correlate to cervical precancer and cancer, and needs for
new tests. We review technologies for screening and diagnosis with a focus on tests that are already in use in
LMICs or have the potential to be adapted for use in LMICs. Finally, we provide perspectives on the next five
years of technology development for improved cervical cancer screening and diagnosis in LMICs.
Expert opinion: Innovation toward improved molecular and imaging tests is needed to enable
effective, affordable see-and-treat approaches to detect and treat cervical precancer in a single visit.
Current molecular tests remain too complex and/or costly for widespread use. Especially with imaging
tests, decision support may improve performance of new technologies.
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1. Introduction

1.1. Cervical cancer screening and diagnosis

Cervical cancer is preventable with high-risk human papilloma-
virus (HPV) vaccination as well as screening, diagnosis, and treat-
ment of preinvasive lesions. However, approximately 570,000
people are diagnosed and 311,000 people die of cervical cancer
annually [1]. Routine screening programs implemented in high-
income settings have been effective in reducing cervical cancer
mortality. In low- and middle-income countries (LMICs), where
screening, diagnosis, and treatment are often challenging to
implement, cervical cancer mortality rates remain high; nearly
90 percent of cervical cancer deaths occur in LMICs [2]. The
incidence and mortality rates of cervical cancer depend largely
on socioeconomic status, availability of preventive health ser-
vices, resource levels [3], and HIV prevalence [4]. Without signifi-
cant intervention, especially in LMICs, cervical cancer deaths are
expected to rise by almost 25% globally between 2014 and 2024
[5]. The global burden of cervical cancer is expected to increase
in LMICs to 95% of overall cervical cancer deaths by 2030 [6].
Methods of intervention include primary prevention by prophy-
lactic high-risk HPV vaccination, the etiologic agent for nearly all
cervical cancers, and secondary prevention through screening,
diagnosis, and treatment of cervical abnormalities.

While there is a safe and effective prophylactic vaccine to
prevent infection with high-risk HPV, there are currently low
rates of vaccine uptake globally [7]. Improving HPV vaccina-
tion rates through carefully designed and funded programs
should be prioritized as a strategy to reduce cervical cancer

incidence in LMICs. Vaccination is particularly useful in reach-
ing more remote populations and in protecting younger gen-
erations. However, several generations of women have already
been exposed to high-risk HPV and therefore will not benefit
from HPV vaccination, which does not treat pre-existing infec-
tions and related abnormalities. Until we achieve universal
vaccination, there is a critical need for improved screening,
diagnostic, and therapeutic tools for at least several
generations.

In this review, we first describe the standard of care for
screening and diagnosis in high- and low-resource settings;
we review biomarkers associated with cervical precancer and
cancer; and we discuss needs for new tests. We then discuss
promising new technologies that could increase access to
cervical cancer screening and diagnosis in LMICs. Finally, we
discuss the need for continued innovation to reduce rates of
cervical cancer incidence and mortality globally.

1.2. Current methods for cervical cancer screening and
diagnosis

Several technologies and methods are used for cervical
cancer screening and diagnosis. In this section, we first
describe the gold standard diagnostic test against which
the clinical performance of new technologies is measured.
We then describe the currently recommended practices for
cervical screening and diagnosis in high- and low-resource
settings.
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1.2.1. Gold standard for cervical cancer diagnosis
The gold standard for the diagnosis of both cervical dysplasia
and invasive cancer is histopathologic examination of biopsied
specimens to identify premalignant and malignant conditions
of the cervix. In this process, a pathologist examines the
biopsied epithelium of the cervix and classifies it according
to the fraction of the epithelial layer that displays abnormal
cellular morphology. For squamous epithelium, cervical intrae-
pithelial neoplasia (CIN) 1 or low-grade squamous intraepithe-
lial neoplasia (LSIL) is when a third or less of the epithelium
has undergone cellular changes; CIN2 and 3 or high-grade
squamous intraepithelial neoplasia (HSIL) is when greater
than one-third of the squamous epithelium displays abnormal
cellular morphology. Adenocarcinoma-in-situ (AIS) is when the
glandular cells show abnormal morphology. Cancer is diag-
nosed when invasion is noted in the squamous epithelium
(squamous cell carcinoma) or glandular epithelium (adenocar-
cinoma). If left untreated, CIN2 or more severe diagnoses
(referred to as CIN2+ diagnoses) can progress to invasive
cancer and therefore are commonly treated by ablation or
excision to prevent progression [5]. More detailed definitions
of tumors and their precursors are outlined in the World
Health Organization (WHO) Blue Book [8]. Screening and diag-
nostic tests are generally evaluated in terms of clinical sensi-
tivity and specificity relative to the gold-standard of biopsy-
proven CIN2+; the sensitivities and specificities reported
throughout this article follow this convention.

1.2.2. Standard of care screening and diagnosis in
high-resource settings
In high-resource settings, the standard of care for cervical
cancer screening includes cervical cytology and/or high-risk
HPV DNA or RNA testing, as the vast majority of cervical

cancer is caused by infection with HPV. Cytology, commonly
referred to as the Pap test, involves examining the morphol-
ogy of exfoliated cervical cells under a microscope and
generally has a low sensitivity (53–55.4%) and high specifi-
city (84.2–94.5) [9–12]. Cytology performance varies greatly,
even within the United States due to interpretative varia-
bility [13]. In low-resource settings, the challenge of achiev-
ing high-quality cytology is greater because of a lack of
medical capacity and even logistical capacity to get high-
quality reagents into the country. Therefore, sensitivity may
be even lower in low-resource regions than in higher-
resource settings, where it is at best moderate, because
validated Pap staining and/or liquid-based cytology is not
available. As such, quality assurance of cytology is important
to achieve similar preventive impact on cervical cancers
compared with validated cytological methods. To compen-
sate for low sensitivity in the United States, cytology testing
efficacy comes from repeated, regular screening [14]. HPV
DNA testing, in comparison, has relatively higher sensitivity
(90.2–96.1%) and lower specificity (84.2–94.5%) in screening
populations [9–11,15].

The latest recommendations by the United States Preventive
Services Task Force (USPSTF) include cytology testing every
three years for women aged 21–29 years. For women aged
30–65 years, testing by cytology every three years, HPV testing
every five years, or co-testing with cytology and HPV every five
years for women is recommended [16]. Guidelines for manage-
ment of abnormal screening results have also been published
by the ASCCP; these guidelines clarify when patients should be
sent for confirmatory testing versus one-year follow-up based
on initial screening results [17]. An example of a management
algorithm for use with primary HPV screening in high-resource
settings is shown in Figure 1.

Screening generally occurs less frequently in other high-
resource settings compared with the United States while retain-
ing good outcomes. The American Society of Clinical Oncology
(ASCO) published global screening guidelines for four tiers of
resource levels – maximal, enhanced, limited, and basic.
Screening intervals for each resource level are as follows: every
five years between the ages of 25–65 (maximal); every 5 years
between the ages of 30–65 or every 10 years following consecu-
tive negative tests at 5-year intervals (enhanced); every 10 years
for ages 30–49 (limited); and one to two times per lifetime
between the ages of 30–49 (basic) [18].

Country-level guidelines for high-resource settings gen-
erally follow the ASCO maximal recommendations. For
example, cervical cancer screening by HPV testing occurs
once every five years for women between 30 and 60 years
old in the Netherlands and in Finland [19,20]. Similarly, in
Australia, screening occurs once every five years between
the ages of 25 and 74 by HPV testing [21]. Norwegian
health authorities recommend screening by Pap testing
once every three years between the ages of 25 and 69,
though they will be switching to primary HPV testing in
the near future [22]. In Sweden, primary screening is recom-
mended by cytology for women ages 23–29 and by HPV for
women between the ages of 30 and 64. The recommended
interval between negative screening tests is 3 years for
women ages 23–50 and 7 years for women ages 51–64 [23].

Article Highlights

● Cervical cancer is preventable with human papillomavirus (HPV)
vaccination, as well as screening, diagnosis, and treatment of pre-
cancerous lesions. However, cervical cancer incidence and mortality
rates remain high in low-resource settings, where there is a critical
need for accessible screening and diagnostic tools.

● Guidelines for screening, diagnosis, and treatment differ for high- and
low-resource settings; we review example guidelines for both
settings.

● A number of biomarkers are strongly correlated to cervical precancer and
cancer progression, including HPV DNA, mRNA, and oncoproteins.

● We review molecular testing approaches for cervical cancer screen-
ing. To be useful globally, new molecular screening tests for cervical
cancer must offer high clinical sensitivity at low cost. We compare
performance of commercially available technologies that are either
currently in use in low-resource settings or utilize a central technol-
ogy that could be adapted for use in a low-resource setting; we also
review promising technologies in development.

● We review optical testing approaches for cervical cancer diagnosis.
New optical diagnostic tests should incorporate real-time feedback
and automated image analysis. We highlight devices that perform
mobile colposcopy and in vivo microscopy, as well as machine learn-
ing algorithms that could be used for decision support.

● High-performance, low-cost technologies offer the promise of a new
standard of care for cervical cancer screening in low-resource settings,
including accurate screening, diagnosis, and treatment within a single
visit. New technologies with particular promise includemRNA testing, self-
sampling, and machine learning-based decision support.
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United States cervical cancer screening expenditures are
high, due in part to frequent, unnecessary screenings of
healthy women, though portions of the population remain
unscreened. For example, rates of cervical cancer in the Rio
Grande Valley of Texas are 55% higher than the rest of the
United States, and only 12.9% of eligible, uninsured women
are screened [24]. More broadly, approximately 20% of eligible
women in the United States are not up-to-date on screenings
[25], and women who have never been screened account for
50% of cancer cases [26].

In the United States, the determination of which tests are
cleared for use with published guidelines is made by the Food
and Drug Administration (FDA). To date, the FDA has
approved HPV DNA and RNA tests for cervical cancer screen-
ing applications. Two HPV DNA tests are cleared for use in
primary screening; the remaining DNA tests and one RNA test
are cleared for use in primary screening if performed in con-
junction with cytology (referred to as co-testing) in women
over 30. Additionally, multiple HPV partial genotyping assays
have been approved by the FDA for primary screening; to
date, no extended genotyping tests are FDA approved
[27,28]. Commercial molecular tests, including those that are
FDA-approved, and emerging technologies are described in
Section 2.

Screening by cytology requires infrastructure to obtain, store,
and transport a cytology specimen, as well as a skilled techni-
cian or automated reader to process the sample. Currently FDA-
approved HPV tests similarly require significant laboratory and
transportation infrastructure and/or skilled technicians.
Innovations in digital cytology [29] and HPV testing [30,31]
could increase access to standard-of-care practices in low-
resource settings, although the technical complexity, infrastruc-
ture requirements, and cost are significant barriers.

A positive screening test result triggers standard diagnostic
procedure, including colposcopy and biopsy. In colposcopy,
a trained provider examines the cervix, using a colposcope,
which is a low magnification optical microscope. Visually
abnormal areas are biopsied, excising small samples of cervical

tissue for histopathological examination. Given the reliance on
highly trained providers, it is challenging to scale diagnostic
procedures in low-resource settings. Newer optical technolo-
gies may allow for automated visual evaluation, reducing the
need for extensively trained personnel, and therefore more
easily scaling in low-resource settings [32].

1.2.3. Standard of care screening and diagnosis in
low-resource settings
Many barriers to implementing cervical cancer screening pro-
grams exist in low-resource settings, including but not limited
to: lack of trained providers, lack of laboratory supplies, lack of
laboratory infrastructure, socio-religious and cultural barriers
to pelvic examination, unsustainable rates of overtreatment,
and limited physical access to patient populations [33].
Decisions regarding appropriate screening and diagnostic
technologies are made primarily based on available resources.
For example, the 2013 World Health Organization guidelines
for implementing cervical cancer screening in a low-resource
setting are shown in Figure 2.

In addition to the screening test options available in high-
resource settings, visual inspection with acetic acid (VIA) and
by Lugol’s Iodine (VILI) have been recommended for use in
LMICs due to their low cost and limited infrastructure require-
ments. VIA and VILI involve applying acetic acid or Lugol’s
Iodine, respectively, to the cervix and observing color changes,
which indicate precancerous or cancerous lesions. In a large
study of a screening population in rural India, sensitivity and
specificity of VIA were reported as 41.4% and 94.5%, respec-
tively. These methods are highly dependent upon user train-
ing and environmental considerations, such as lighting
conditions. Therefore, VIA and VILI have highly variable clinical
performance. In one report, for example, the range of VIA
sensitivity was 55–96% and specificity was 49–98%, and the
range of VILI sensitivity was 44–98% and specificity was
75–91% [34]. Additional study with pathologic endpoints is
needed to determine the true sensitivity and specificity of VIA
and VILI but have been challenging to perform in low-resource

Figure 1. Example of a cervical cancer screening and management algorithm when using primary HPV screening. hrHPV: high-risk HPV; ASC-US: atypical squamous
cells of undetermined significance; NILM: negative for intraepithelial lesion or malignancy. Reproduced from [17] with permission from Elsevier.
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settings where these tests are in use because of the lack of
medical capacity and infrastructure to do colposcopy and
pathology. While visual inspection tests are inexpensive and
have limited supply chain requirements, Silkensen et al argue
significant scale-up challenges, problematic accuracy, and
insufficient reproducibility will limit their use moving for-
ward [35].

Where feasible, objective tests with improved perfor-
mance, like HPV testing, are recommended for use in
LMICs; however, technology to support HPV DNA testing
remains inaccessible in much of the world. Self-sampling
for HPV DNA tests could help reduce barriers to screening
program implementation in LMICs. Socio-religious and cul-
tural barriers or unpleasant subjective experiences includ-
ing discomfort with conventional physician-collected
swabs can reduce compliance with cervical cancer screen-
ing programs. However, recent studies have shown good
agreement between self-collected vaginal swabs and phy-
sician-collected cervical swabs for HPV DNA testing [36]. In
addition, self-collection is strongly accepted and preferred
according to a meta-analysis with nearly 20,000 women
from 24 countries [37]. Technologies for self-collection of
cervical samples have previously been reviewed [38]. Self-
sampling could help remove barriers to HPV screening in
LMICs without compromising test performance and could
reduce the total time required during a screen-and-treat
visit [39].

Similarly to the challenges faced in implementing screening
programs in LMICs, availability of highly trained personnel and
infrastructure often limit the accessibility and performance of
diagnostic follow-up to positive screening tests. When avail-
able, colposcopy and biopsy are used for diagnosis in LMICs.
When diagnosis is not available, screen-and-treat programs
are implemented. Screen-and-treat programs include
a screening test, such as VIA, and immediate treatment by
cryotherapy or loop electrosurgical excision procedure (LEEP)
of any positive-appearing cervical tissue. With currently avail-
able technologies, these programs may lead to overtreatment
due to poor specificity [40].

1.3. Relevant biomarkers for cervical cancer screening

Molecular cervical cancer screening tests can target
a number of clinically relevant biomarkers, primarily relat-
ing to HPV infections. Virtually all cases of cervical cancers
are caused by HPV, a virus that integrates within the
genome of host cells to disrupt normal cellular function.
While there are over 200 types of HPV, only 14 are con-
sidered carcinogenic, or high-risk [41]. Several biomarkers
related to high-risk HPV correlate to infection and, in some
cases, progression toward cancer.

Here, we discuss biomarkers that are detected in FDA-
approved tests, as well as biomarkers that are being explored
in newer technologies for cervical cancer screening, making

Figure 2. Decision-making flowchart for implementing screen-and-treat programs in low-resource settings. Decisions to implement HPV testing, VIA, cytology, and
colposcopy for screening are made primarily on the basis of available resources. HPV: human papillomavirus; VIA: visual inspection by acetic acid. Reproduced with
permission from [5].
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them good tests to rule out the possibility of disease.
Specifically, we discuss HPV DNA, RNA, oncoproteins, and
genotyping, as well as other cervical cancer biomarkers.

1.3.1. HPV DNA
Tests that detect high-risk HPV DNA have high negative pre-
dictive values (NPVs) of over 98% for cervical precancer [42–44].
HPV DNA tests have high sensitivities (90.2–96.1%) and lower
specificities (84.2–94.5%) in screening populations [9–11,15].
With low rates of false negatives, HPV DNA testing is often
used as a first line screening test for cervical precancer and
cancer. However, the Centers for Disease Control and
Prevention (CDC) estimates that 90% of HPV infections are
cleared within two years [41]. Therefore, confirmatory diagnosis
for cervical precancer or cancer is necessary after an HPV DNA
screen to avoid overtreatment. The risk of overtreatment asso-
ciated with HPV DNA testing is lower in older patients, as rates
of transient infections tend to decrease, and rates of type-
specific persistence, which is required for cancer progression,
tend to increase with age [45].

1.3.2. HPV mRNA
While the presence of HPV DNA indicates an infection, pro-
gression to cancer occurs when the infection persists, the viral
genome integrates, mRNA overexpression of oncogenes
begins, and oncoproteins are produced. mRNA overexpression
of the E6 and E7 genes is the precursor for the production of
E6 and E7 oncoproteins, which interfere with tumor suppres-
sors p53 and pRB, respectively [46]. Therefore, evaluation of
HPV E6 and E7 mRNA overexpression provides a more accu-
rate assessment of risk of progression to cancer compared
with HPV DNA. HPV mRNA testing has been shown to have
comparable sensitivity and improved specificity for biopsy-
proven CIN2+ compared with DNA testing [47]. Despite its
advantages, current high-risk HPV mRNA tests remains too
costly and complex for implementation in low-resource
settings.

1.3.3. HPV oncoprotein
Like HPV mRNA, E6 and E7 oncoprotein detection has been
shown to have high specificity for pre-cancer and cancer
[48,49]. Both E6 and E7 are involved in the progression of
HPV infection into precancer and cancer. Up-regulation of
these proteins is needed for malignant conversion of HPV-
infected cells, and over-expression implies high risk of pro-
gressive disease [46]. While oncoprotein detection improves
specificity, sensitivity is generally lower than DNA or mRNA
detection [48].

1.3.4. HPV genotyping
A newer area of focus is on partial or extended HPV genotyp-
ing. Each high-risk HPV type is associated with a different rate
of cancer progression, so incorporating extended genotyping
into primary screening may help in assessing the risk of pro-
gression for individual patients [50]. Genotyping may also help
to monitor the persistence of type-specific infections, which
are required for cancer progression, in individual patients.

On a population level, genotyping may be useful to incorpo-
rate into first-line screening to monitor changes in genotype

prevalence, especially in response to increased vaccination rates.
Currently, HPV types 16 and 18 cause over 70% of cervical
cancers; these two types are covered by all commercially avail-
able, FDA-approved HPV vaccines [51–54]. Initial data about the
impact of quadrivalent vaccination, which covers low-risk types
6 and 11 in addition to 16 and 18, have shown an 89% decrease
in the detection of the HPV types included in the vaccine among
vaccinated populations compared with a 34% decrease in
unvaccinated populations, indicating a herd immunity effect
[55]. As vaccination rates increase, it remains unclear if there
will be a shift in the most prevalent oncogenic HPV types and
how this will affect screening recommendations.

1.3.5. Other biomarkers
Additional biomarkers associated with cellular changes are also
being investigated for use in screening tests. p16ink4a is
a biomarker associated with progression to cervical precancer.
Specifically, p16ink4a is a cyclin-dependent kinase inhibitor asso-
ciated with E7 oncoprotein production [56]. p16 is reportedly
expressed at high levels in CIN2+ and infrequently detected in
benign tissue [57]. Recent studies pairing detection of p16ink4

with Ki-67 show improved performance over traditional cytol-
ogy or p16ink4 alone. Currently, the dual p16ink4/Ki-67 stain is
used as triage after primary DNA testing [56,58,59]. Host methy-
lation and viral DNA methylation also reflect cancer progression
and are being investigated for triage after primary HPV testing
[60–64]. Methylation analysis of two particular host genes, MAL
and miR-124–2, have been shown to be non-inferior to cytology
triage in a study of over 12,000 women [62]. In a small clinical
study (n = 201), GynTect host methylation assay, which targets
six DNA regions, produced positive results for all women who
had cervical cancer, 61.2% of CIN3, 44.4% of CIN2, and 20.0% of
CIN1 cases [63]. Further, DNA methylation of viral late regions
(e.g. L1) has been shown to correlate to disease progression and
has been evaluated in screening and triage settings [65–67].
One triage classifier, S5, detects DNA methylation of viral late
regions from HPV genotypes 16, 18, 31, and 33 as well as the
promoter region for human gene EPB41L3 [65]. Relative sensi-
tivity and specificity were assessed in a study of 15,744 women
compared with the established triage method, which included
liquid-based cytology (LBC) and HPV testing. For CIN2/3, relative
sensitivity and specificity of the S5 classifier were 76% and 44%,
respectively, and of LBC were 51% and 67%, respectively. For
CIN3, relative sensitivity and specificity of the S5 classifier were
93% and 42%, respectively, and of LBC were 61% and 64%,
respectively. While the S5 classifier did not show improved
specificity over LBC, it did show high baseline sensitivity for
CIN3, leading the authors to conclude it could be useful in
simplifying existing triage algorithms [66]. Other promising bio-
markers undergoing validation or clinical evaluation include
proteins involved in cell cycle aberrations and miRNAs [56].
While these biomarkers do not yet have clinically validated
tests, they have potential for use in the development of new
screening tests.

1.4. Needs for new tests

Molecular testing provides opportunities to increase access to
cervical cancer screening in LMICs through enabling accurate
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see-and-treat strategies and self-sampling. Health systems in
LMICs generally can support limited numbers of patient
encounters, so high-sensitivity screening tests, such as an
HPV DNA test, allow providers to identify at-risk patients at
the time of their first visit. Studies have shown that a single
HPV DNA test, coupled with appropriate treatment, can
reduce cervical cancer mortality by 50% [68]. Current limita-
tions in HPV DNA tests include high per-test cost, instrumen-
tation cost, infrastructure requirements, and complexity of use.
Further, molecular testing makes the possibility of self-testing
more realistic, as sample adequacy requirements are much
more stringent for cytology than for DNA testing [69].

In addition to new molecular tests for screening, innova-
tions in diagnostic technologies could significantly improve
the ability to triage patients with positive screening results in
LMICs. A promising area of research is in lower-cost, real-time,
optical diagnostics, which could increase access to diagnosis
and lower rates of overtreatment. Automated visual analysis
using optical diagnostic technologies could overcome some of
the current limitations of diagnostic technologies, including
equipment cost and the need for highly trained person-
nel [32].

In the remainder of this article, we discuss advances in
molecular tests and optical tests that could increase access
to cervical cancer screening and diagnosis in LMICs. The com-
mercialized molecular tests we discuss have been selected
because they are in use in LMICs or utilize a technology that
could be adapted for use in LMICs. In addition, we discuss
promising approaches to in-development molecular tests that
are not yet commercialized. The optical tests described in this
article include innovations in mobile colposcopy and in vivo
microscopy, along with computational approaches to improve
decision support for users of optical imaging tests.

Finally, we present our views and critical opinions on future
directions of technology innovation for cervical cancer screening
and diagnosis in LMICs at the conclusion of the article. In short,
we see mRNA testing, self-sampling, and real-time optical ima-
ging diagnostics with machine learning playing a role in improv-
ing global cervical cancer prevention efforts. The challenges
associated with implementing cervical cancer screening in very
low-resourced settings, in our opinion, cannot be met with the
tools and healthcare worker capacity we currently have. To solve
the problem, we have to combine accurate screening, detection,
and treatment into a single visit, and we need to strengthen
infrastructure. We review what currently available tools exist
prior to presenting our views on the future of technologies for
cervical cancer screening and diagnosis in low-resource settings.

2. Recent advances in molecular tests

Molecular testing is clinically useful as a first line screening
method for cervical cancer. As previously described, HPV test-
ing is often used in conjunction with cytology or as
a standalone test for primary cervical cancer screening. In
LMICs, HPV testing is a recommended screening practice
when sufficient resources are available. Here, we describe
commercialized and in-development advances in molecular
tests for cervical cancer screening in LMICs.

2.1. Commercialized tests

Several assays for HPV testing in LMICs are commercialized and
in routine use. Some of the tests are packaged as assays that
require standard laboratory equipment, and others are fully
integrated and are sold with all required instrumentation. The
tests target different biomarkers, including DNA, RNA, and pro-
teins. In addition, the partial genotyping capability of each test
varies. This review focuses on tests that are currently in routine
use in low-resource settings, subsidized for certain LMICs, or use
a detection method that could be translatable to the point-of-
care, such as isothermal amplification. A summary of the tests
discussed in this section can be found in Table 1. The selected
tests do not include all FDA-approved HPV screening tests. For
example, the Roche cobas test is in fairly widespread use in the
United States; however, because of the large instrument foot-
print, reliance on advanced infrastructure, and the presence of an
alternative DNA test that we see as more appropriate for use in
LMICs, the GeneXpert test, we have not included Roche cobas in
our review. Summaries of high-resource commercialized HPV
tests [28,70] and their enabling methods [71] have previously
been described. We acknowledge the challenges of comparing
test parameters, i.e. citing comparable manufacturing cost esti-
mates or performance data across different sites; in this section,
we present representative values as cited in the literature.

2.1.1. Hybrid capture tests
Hybrid capture HPV tests rely upon hybridization of target DNA
to synthetic RNA. The DNA/RNA hybrids are then detected in
enzyme-linked immunosorbent assay (ELISA) format. Hybrid cap-
ture approaches generally are less sensitive than amplification
methods but detect DNA in the clinically relevant range.

The digene HC2 DNA Test (Qiagen) is a hybrid capture assay
that relies on standard laboratory equipment and protocols and
for which all required reagents for high-risk HPV detection are
packaged and sold. The result is a qualitative indicator of the
presence of any high-risk HPV types without genotyping. The
test is complex and requires significant hands-on time. It is also
expensive, at an estimated cost of US$71 per test [79]. The test
has high sensitivity and relatively high specificity, though there is
some cross-reactivity with low-risk types [80]. One of the biggest
challenges with implementing HC2 is the required laboratory
infrastructure and instrumentation [44], including a plate reader,
shaker, calibrated set of pipettes, and refrigerator.

In an attempt to bring HPV DNA testing closer to the point of
care, Qiagen developed careHPV, a test that utilizes the same
hybrid capture testing principles as HC2 in a more point-of-care-
friendly format. Similarly to HC2, careHPV produces a pooled
high-risk result without genotyping. Along with the required
reagents, careHPV packages the necessary instruments, which
still include a plate reader and orbital shaker. While the single
source of all testing equipment is helpful, the total cost of
instrumentation is still estimated to exceed US$20,000, and
a stable power supply is necessary [81]. In addition, test complex-
ity remains a major challenge with careHPV. The 96-well plate
format requires training for users to competently and confidently
run the test. The per-test cost can be as low as US$5, but only if
a batch of 90 samples are run at a time [30,82]. Additionally, the
low per-test cost assumes scale-up to 20,000 tests and that no
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additional capital investments will be required. Per-test cost
estimates, considering both equipment and supplies, were
reported as US$42 in a pilot careHPV implementation program
in Myanmar [81]. Batching requirements can lengthen turn-
around time in low-throughput clinical settings. The four-hour
testing time and batching-related delays mean patients almost
always have to come back for a second visit to receive results,
which increases the likelihood of losing patients to follow-up
[30]. Despite the challenges faced by careHPV, many groups
have implemented careHPV and evaluated clinical performance
in large-scale studies. For example, in a multi-country study with
over 16,000 patients, sensitivity and specificity of careHPV on
physician-collected cervical samples were 81.5% and 91.6% and
on self-collected vaginal samples were 69.6% and 90.9%, respec-
tively. In comparison, sensitivity and specificity of VIA were 59.8%
and 84.2% and cytology were 58.4% and 87.7%, respectively [83].
Other studies have validated the use of careHPV in screening
programs in low-resource settings [84–87] and with self-
collected samples [36,88].

2.1.2. Polymerase chain reaction (PCR) tests
Nucleic acid amplification tests (NAATs) increase the analytical
sensitivity and specificity of DNA testing over hybridization
approaches, but also generally increase the instrumentation
requirements. Hybridization approaches target DNA/RNA
hybrids, so there is greater cross-reactivity with other non-
targeted genotypes compared with amplification approaches
[89]. Polymerase chain reaction (PCR) is the gold standard
NAAT and utilizes thermocycling to amplify DNA to detectable
levels. Thermocycling generally requires complex instrumenta-
tion, increasing the cost of the technologies. However, some PCR
approaches, such as the GeneXpert tests from Cepheid
(Sunnyvale, CA), limit user steps in a format that is appropriate
for use in LMICs.

The GeneXpert HPV Assay is compatible with the
GeneXpert family of benchtop analyzers already in global
use for tuberculosis (TB) and human immunodeficiency virus
(HIV) detection, which could facilitate implementation of HPV
testing using the GeneXpert platform. GeneXpert analyzers
automate sample preparation, nucleic acid amplification, and
fluorescent detection using real-time PCR, providing results
with high analytic sensitivity and specificity. The GeneXpert
HPV assay detects all high-risk HPV types along with partial
genotyping of HPV16 and HPV18/45. The assay requires very
little hands-on time and produces a result in an hour [30]. The
cassette format is user-friendly, and HPV testing can be rapidly
scaled with delivery of HPV testing cassettes in locations that
already use GeneXpert analyzers for TB and HIV testing.
A major challenge with GeneXpert, however, is the per-test
cost. While cost estimates are not yet available for the HPV
assay, estimates for the MTB/RIF assay exceed US$20 per test
[90], and estimates for the HIV and hepatitis C (HCV) assays
range from US$16.80–17.95 per test [91]. The instrument costs
range from US$11,530 for a two-module, desktop-based
instrument to US$71,500 for a 16-module, laptop-based instru-
ment [91]. The GeneXpert HPV Assay has been validated in
large-scale clinical studies with findings that suggest accuracy
and reproducibility on-par with well-established HPV assays.
Various studies on different patient populations have shown

89–100% sensitivity and 42.6–83% specificity [70,92–94], com-
parable performance between Xpert HPV, Roche cobas, and
digene HC2 testing [93,94], and excellent agreement between
self-collected vaginal specimens and clinician-collected cervi-
cal specimens [95]. If the per-test cost and the infrastructure
requirements of the instrument could be reduced, the Xpert
HPV assay would be a high priority technology to implement
for primary HPV screening.

2.1.3. Isothermal nucleic acid amplification tests
In an effort to reduce the infrastructure requirements of PCR,
several isothermal nucleic acid amplification technologies have
been developed as previously described [96]. In isothermal
approaches, additional enzymes are added to amplification reac-
tions such that all amplification processes can occur at a single
temperature. Therefore, simple, single-temperature heaters can
be used in place of thermocyclers, reducing infrastructure needs
for instrumentation. In this section, isothermal NAATs for RNA
will be discussed, though these technologies can similarly be
used for DNA amplification and detection.

Hologic (Marlborough, MA) has commercialized two Aptima
HPV assays: one that detects all high-risk types without genotyp-
ing (Aptima HPV Assay) and one that differentiates genotype 16
from 18 and 45 (Aptima HPV Genotype Assay). The Aptima test
utilizes transcription-mediated amplification (TMA) and incorpo-
rates automated sample preparation. The clinical sensitivity and
specificity have been reported as 97.5% and 90.2%, respectively
[97]. The biggest barriers to implementation of the Aptima test
are the cost and infrastructure requirements of the instrument
that runs the Aptima test, the Hologic Panther [79]. The esti-
mated unsubsidized per-test cost is US$30, and the Panther
instrument cost is US$150,000–175,000 [91]. In 2018, Hologic
announced a subsidy for tests using its Panther system called
the Hologic Global Access Initiative, which is a partnership with
the Clinton Health Access Initiative, Inc. and MedAccess (backed
by the UK government). The Global Access Initiative ensures
a ceiling price of $12 with no requirements for capital expendi-
ture. The $12 per test cost covers ‘all necessary reagents and
consumables, instrument placement, service and maintenance,
freight and logistics, and replacement tests’ [98].

Another laboratory-based HPV mRNA test is available in the
bioMérieux NucliSENS EasyQ test. The NucliSENS EasyQ detects
five high-risk types (16, 18, 31, 33, 45) with high analytical speci-
ficity and reported limits of detection ranging from 230 to 30,000
copies/mL for each type [99]. The NucliSENS amplifies target RNA
by nucleic acid sequence-based amplification (NASBA) and
detects fluorescence through the use of molecular beacons
[91]. Studies have shown clinical sensitivities and specificities of
79.3% and 72.6% [100], 69% and 36% [101], and 76% and 63%
[102], all in populations of women with abnormal Pap results.
The NucliSENS EasyQ instrument cost is estimated at US$45,000,
and the accompanying miniMAG instrumentation used for low-
volume RNA extractions is estimated at US$20,000. The per-test
cost for a comparable assay, the NucliSENS EasyQ HIV test, is US
$23 [91]. Pre-processing of the sample, including the method of
RNA extraction, has been shown to be important for HPV RNA
test accuracy; the NucliSENS extraction method allows for higher
sensitivity than other common methods [103]. The sensitivity
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may be further improved by employing alternative amplification
methods and by incorporating additional genotypes.

Similarly, to NucliSENS EasyQ, the Pretect Proofer mRNA test
detects types 16, 18, 31, 33, and 45. Amplification of the five
detected genotypes occurs through NASBA, and amplicons are
detected in real time by fluorescence monitoring on a plate
reader. The test format is a pre-loaded microtiter plate, to
which pre-processed samples are added; therefore, the test
must be run within a laboratory setting. Thirty samples are run
at a time, and the test claims a low hands-on time [104]. The test
has a reported clinical sensitivity of 78.1% and specificity of
75.5% among a referral population [105]. Similarly to NucliSens
EasyQ, the sensitivity of the Pretect Proofer can be improvedwith
the addition of more high-risk genotypes. Currently, the high
specificity of RNA testing might be most useful in combination
with DNA testing. If the threshold for positivity of RNA testing is
raised, lowering the analytic sensitivity and likely improving the
clinical specificity, RNA testing might be most effective when
used in combination with high-sensitivity DNA tests.

2.1.4. Protein tests
In comparison with HPV DNA tests, oncoprotein tests gener-
ally have lower sensitivity and higher specificity. Arbor Vita
(Fremont, CA) has commercialized a lateral-flow based E6
oncoprotein test, OncoE6, for HPV types 16, 18, and 45 [48].
The lateral flow readout is point-of-care-friendly and has sepa-
rate detection lines for each HPV type, allowing for partial
genotyping [49]. Reported clinical sensitivities and specificities
of the OncoE6 test range from 31.3% to 53.5% and 98.9% to
99.4%, respectively [48]. When restricting analysis to patients
positive for the three genotypes covered by the test, the
sensitivity increased to 64.5%; therefore, sensitivity limitations
are not solely attributable to missed genotypes [106].
Equipment for the OncoE6 test is fairly low-cost at an esti-
mated US$2,000. However, the test requires over 45 minutes
of sample preparation with several pipetting and centrifuga-
tion steps, and therefore is not yet an optimal solution for low-
resource settings [49,70,106]. Automating sample preparation
and limiting hands-on testing time, as well as increasing the
number of genotypes detected, could improve the perfor-
mance and usability of the OncoE6 test.

2.2. HPV tests in development

While careHPV and GeneXpert have had some success in low-
resource environments, their cost and infrastructure require-
ments limit their potential for large-scale screening. Similarly,
Aptima use will likely increase with their Global Access Initiative
but will be limited by infrastructure requirements of the Panther
instrument. To increase accessibility, several promising technol-
ogies are being developed to reduce the cost and infrastructure
necessary for HPV molecular testing (Table 2, Figure 3).

2.2.1. PCR tests
Global Good has partnered with medical device developer
QuantuMDx (Newcastle upon Tyne, UK) to develop an HPV
assay using the QuantuMDx platform, Q-POC. The Q-POC
analyzer is being developed as a platform for a wide variety
of clinical applications [108]. The Q-POC process includes

a simple specimen processing protocol, in which the swab is
transferred to a collection tube, the swab handle is removed,
the cap to the collection tube is closed, and the tube can be
directly connected to the assay cassette for elution. Next, PCR
amplification occurs within the Q-POC instrument. For HPV,
this includes a single multiplex reaction, amplifying 13 high-
risk types. Detection occurs on-board in array format; specifi-
cally, an array of DNA probes captures amplified target DNA
for sequence-specific, fluorescent detection. The Q-POC plat-
form reportedly has a small benchtop footprint, requires less
than 20 minutes inclusive of sample preparation and detec-
tion, is battery powered with the capability to perform 15 tests
per day, and has a limit of detection of 10 to 50 copies per
reaction for each high-risk type. The probes have high speci-
ficity relative to other high- and low-risk HPV types, enabling
genotyping, and high specificity relative to other sexually
transmitted viruses [109]. When produced at scale, the esti-
mated manufacturing cost for the Q-POC analyzer is GB£500
(approximately US$650) and for each cartridge ranges from GB
£5–20 (approximately US$6.50–26) based on test complexity
[108]. The Q-POC test is undergoing a multi-site clinical eva-
luation after a preliminary pilot study under ideal laboratory
conditions. The strengths of the test are ease of sample pre-
paration, low time-to-result, and reportedly high sensitivity
and specificity. Results of the ongoing clinical evaluation will
be important in assessing the potential for scale-up and wide-
spread use.

2.2.2. Isothermal nucleic acid amplification tests (naats)
As previously described, isothermal NAATs can reduce infra-
structure requirements associated with thermocycling
approaches, and therefore are promising options for use in
LMICs. Here, an approach toward HPV isothermal NAAT devel-
opment and a promising integrated isothermal NAAT platform
that could be expanded to an HPV application are described
(Figure 3(a–b)).

The Klapperich lab at Boston University has developed
a paper-based system for extraction, amplification, and
detection of HPV 16 DNA [110]. The system uses isothermal
loop-mediated amplification (LAMP) and lateral flow detec-
tion to identify as low as 104 copies of HPV16 DNA from
samples in less than one hour. The test is made from paper
and plastic and requires only a single-temperature heater
(63°C) to run, reducing the need for complex infrastructure
or expensive equipment. However, the test does involve
a significant number of user steps, making it difficult to
implement without trained personnel in low-resource set-
tings. To date, 10 clinical samples have been run on the
paperfluidic chip, and while the sensitivity looked promis-
ing (5/5 positive HPV+ samples), the test produced false
positives compared to qPCR (3/5 negative HPV- samples).
The Klapperich lab suggests spurious LAMP primer interac-
tions might be responsible for the false positive results,
and their future work involves addressing these primer
interactions as well as making the device more user-
friendly. In addition, the device detects HPV 16 alone and
would need to be expanded to additional HPV types for
complete utility as a screening tool, Nevertheless, the
paper and plastic format, reduced infrastructure
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requirements, and on-device sample preparation are pro-
mising steps toward a truly point-of-care HPV DNA test.

Additionally, several groups have developed microflui-
dic or paper-based platforms for nucleic acid amplification,
which could be expanded to low-cost HPV molecular test-
ing. The Yager lab at the University of Washington devel-
oped the multiplexed autonomous disposable nucleic acid
amplification test (MAD NAAT), which is a sample-to-
answer nucleic acid amplification test for use in low-
resource settings [111]. MAD NAAT uses feedback-
controlled heaters, two wax valves, dried reagents, and on-
device buffer storage to 1) lyse and fragment DNA, 2)
amplify DNA, and 3) release amplicons onto a lateral flow

strip for detection without any user input. The on-device
heater is used in both sample preparation (95°C for 10 min-
utes) and isotheral amplification (50°C for 30 minutes), as
well as to melt the wax valves to release DNA into the
amplification chamber and lateral flow strip. The strengths
of the device are its short time-to-result (<2 hours), poten-
tial low cost, and integrated design that limits user steps
and the potential for sample contamination. The test was
designed for amplification of bacterial DNA from a nasal
swab, not viral HPV DNA from a cervical swab, and it still
needs to be optimized for use with clinical samples and for
repeatability. As last reported, the completion rate of the
device was 62%, with device failures due to hardware and

Figure 3. In-development paperfluidic HPV tests. (a) Paperfluidic test developed by Rodriguez et al. Example results with input DNA copies ranging from 1E4 to 1E6
and a no-target control (NTC) are shown. Test line intensities indicate positive signals were formed at the test line in the presence of DNA over 1E4 total input copies
of HPV 16 DNA; no test line signal formed with the NTC condition, indicating analytic specificity of the test. (b) MAD NAAT test developed by LaFleur et al. Internal
components, including sample inlet port, lysis chamber, sample elution mechanisms, amplification reagents, and lateral flow detection are shown (top). The method
of use is also shown (bottom), with 5 user steps spanning roughly an hour. (c) OncoE6 8-type test developed by Zhao et al. Left: example lateral flow strips and
capture chemistries are shown. Capture antibodies are embedded in lateral flow strips and capture E6/E7 proteins. Detection antibodies form a sandwich assay with
the immobilized proteins, and alkaline phosphatase (AP) binds and produces a purple colorimetric signal. Three total test strips are used to detect 8 high-risk types.
Right: method of use of OncoE6 8-type test is shown. First, a cervical swab is placed in buffer, and the sample is lysed and conditioned. Next the sample is added to
detection buffer, and lateral flow strips are placed into the mixture. The lateral flow strips are then moved into different buffers for washing and signal development.
Finally, test strips are read by ensuring control lines are positive on all strips and identifying colorimetric signals at any of the test lines. In this figure, the sample is
positive for type 16. Figure 3(a,b) reproduced from [110] and [111], respectively, with permission of the Royal Society of Chemistry from; permission conveyed
through Copyright Clearance Center, Inc. Figure 3(c) reproduced from [106] with permission of John Wiley and Sons.
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flow issues. Nevertheless, the platform is a promising step
toward a point-of-care molecular test and could potentially
be translated to HPV DNA detection.

Other groups have developed paper platforms for individual
components of nucleic acid testing including sample prepara-
tion, amplification, and detection, which are discussed in a recent
review article [112]. Many of these devices use isothermal ampli-
fication of DNAwith a single temperature heater, or body heat in
the case of recombinase polymerase amplification (RPA), to
reduce equipment and infrastructure needs [113]. Despite
these advances, no truly point-of-care platform for DNA or RNA
amplification has been validated with large-scale clinical studies
in low-resource settings.

2.2.3. Protein tests
Arbor Vita, in collaboration with PATH, has recently developed
a newprototype of their OncoE6 test (Figure 3(c)). The prototype,
the Onco E6/E7 Eight HPV Type Test, expands detection to both
E6 and E7 oncoproteins and includes two additional lateral flow
strips for oncoprotein detection of HPV types 16, 18, 31, 33, 35,
45, 52, and 58 [114,115]. The test works in a similar method to the
OncoE6, with individual test lines for genotyping and with com-
plicated and user-intensive sample preparation. In a small clinical
study (n = 259), the new prototype had a sensitivity and speci-
ficity of 67.7% and 89.5%, respectively [115]. To evaluate true
sensitivity and specificity, larger studies on broader populations
will need to be conducted. The increased test sensitivity relative
to the three-type test is likely due to the increased number of
HPV types tested. However, the sample preparation and sensi-
tivity limitations of the OncoE6 test remain the same with this
prototype. This test will need to be further evaluated clinically to
understand its potential role in screening and triage.

3. Recent advances in optical tests

Following molecular screening, confirmatory diagnosis is often
performed with optical imaging methods, e.g. colposcopy.
Traditional optical confirmation technologies, like the colposcope,
are often unavailable in LMICs due to their reliance on highly
trained personnel and costly equipment. However, new
approaches toward lower-cost imaging technologieswith decision
support could increase access to optical confirmation of positive
screening results in LMICs. Optical imaging technologies discussed
here include innovations inmobile colposcopy, in vivomicroscopy,
and image analysis methods for automated decision support.

3.1. Mobile colposcopy

Several groups have developed mobile colposcopes in order to
reduce the cost associated with traditional colposcopes. The
technologies described here are at different stages of commer-
cialization and are all being evaluated clinically. The devices and
representative cervical images taken with each device are shown
in Figure 4.

3.1.1. Mobileodt
MobileODT (Tel Aviv, Israel) has developed a commercial mobile
colposcope, the Enhanced Visual Assessment (EVA) Colpo, to
lower the cost of and complexity of colposcopy. The device
consists of an Android smartphone outfitted with magnifying
optics and a set of battery-powered LEDs for illumination.
Additionally, MobileODT has developed a mobile app allowing
providers to store patient information, acquire and store cervical
images, and record locations of biopsies and other clinical obser-
vations. The MobileODT system can also facilitate remote

Figure 4. Example low-cost mobile colposcopy systems. For each mobile colposcope (top), example cervical images taken with that device are shown (bottom).
Reproduced from [117] with permission (MobileODT) [118], with permission of Wolters-Kluwer Health, Inc. (POCkeT Colposcope), and [124] with permission (The
Gynocular) .
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consultation through live-streaming over telecommunications
networks, which can potentially increase access to expert colpo-
scopy in medically underserved areas.

Initial clinical validations of the MobileODT EVA Colpo system
have been promising, though a large scale validation study has
yet to be reported. In a small study in California, the EVA Colpo
was shown to reduce both false positive and false negative rates
when used in conjunction with Pap testing [116]. In a study
involving 250 HIV+ and HIV- women in Cambodia, providers’
impressions of digital colposcopy performed with the EVA
Colpo system was consistent with pathology in all 30 women
who underwent confirmatory biopsies. The study concludes that
digital colposcopywas effective in differentiating CIN1 fromCIN2
+, and the proposed testing algorithm moving forward in
Cambodia should be HPV testing on self-collected samples, con-
firmatory testing with digital colposcopy, and treatment on all
positive colposcopy results [117].

3.1.2. Pocket colposcope
The Point of Care Tampon-based digital (POCkeT) Colposcopewas
developed by researchers at Duke University to be ultra-portable
and low cost. Whereas traditional colposcopes are designed to
acquire images at a distance, the POCkeT colposcope is designed
to image the cervix from within the vaginal canal (only a few
centimeters from the cervix). Reportedly, the materials cost of the
POCkeT colposcope is roughly US$500, compared with US$20,000
for a standard-of-care colposcope [118]. In addition, the POCkeT
Colposcope can be used with an insertion device that is much
smaller than a conventional speculum, potentially reducing bar-
riers to use that are associated with fear of discomfort or embar-
rassment [119].

In initial studies, the POCkeT Colposcope showed comparable
performance to commercially available colposcopes in terms of
resolving power, color reproduction accuracy, lens distortion,
and illumination [120]. Earliest designs of the POCkeT
Colposcope faced challenges with specular reflection, illumina-
tion uniformity, and fogging effects; however, subsequent
designs have improved each of these areas [121]. A small-scale
clinical evaluation of the POCkeT colposcope demonstrated fair
agreement in physician interpretation of images acquired with
both standard and POCkeT colposcopes [118].

3.1.3. The gynocular
Gynius Plus AB (Göteborg, Sweden) has developed a compact
monocular colposcope, called the Gynocular, which has compar-
able optical performance to standard-of-care colposcopes, con-
tains a battery-powered illumination system, and weighs just
under 0.5 kg [122]. Practitioners can visualize the cervix directly
by looking in an eyepiece on the Gynocular, or digital images can
be acquired by attaching amobile device camera to the eyepiece.
The Gynocular has been used in conjunction with the Swede
score (a standardized scoring system for colposcopy findings) to
conduct clinical evaluations of the device in Sweden, Bangladesh,
and India [122–124]. In India, digital Gynocular images from 94
VIA-positive women were evaluated remotely by six colposco-
pists using the Swede score system. Diagnostic predictions from
the remote evaluation were found to be on par with predictions
from live colposcopy evaluation (area under curve 0.71 vs 0.69)
for detection of CIN2+ lesions.

3.2. In vivo microscopy

In addition to mobile colposcopy, a promising area of imaging
research for cervical cancer applications is in vivo microscopy,
which affords greater resolution. Several optical approaches
toward in vivo microscopy for both low- and high-resource
settings are described here.

3.2.1. High-resolution microendoscope (HRME)
The high-resolution microendoscope (HRME) is a fiber-optic
fluorescence microscope that can be used to detect cellular
and subcellular features in vivo, thereby enabling assessment of
suspected precancerous and cancerous cervical tissue. It is used
in combination with the fluorescent dye proflavine, which is
applied topically. During imaging, the flexible HRME probe is
placed in contact with the cervix, enabling the clinician to view
the size, shape, and distribution of epithelial cell nuclei in real
time. The ability to detect subcellular features in real time with
the HRME can help the clinician make a clinical diagnosis, can
help guide biopsy site selection, and in some settings where
histopathology is unavailable or impractical, can enable see-
and-treat strategies. The HRME also provides an opportunity for
use by non-specialist providers by generating an automated real-
time diagnosis.

In small-scale clinical studies, the HRME has shown high
diagnostic accuracy in differentiating CIN2+ from non-
neoplastic tissue. In an early study of 52 women in Botswana,
the HRME showed a sensitivity of 86% and a specificity of 87%
comparedwith histopathology [125]. In a subsequent study of 59
women in Brazil, a sensitivity and specificity of 92% and 77%,
respectively were reported [126]. More recently, a cluster-
randomized community trial used the HRME in a mobile van to
reach women for diagnostic follow-up in rural areas of Brazil.
Rates of follow-up among 144 women included in the study
increased from 64% in the standard of care, i.e. women had to
travel to a central hospital for diagnostic follow-up, to 87% in the
mobile van that traveled to their community. Furthermore, the
diagnostic performance of HRME was comparable to colposcopy
[127]. Larger-scale studies are currently underway in El Salvador,
Brazil, and the Rio Grande Valley along the Texas-Mexico border.

Recent improvements in HRME instrumentation have further
reduced cost while preserving image quality by leveraging
mobile device hardware and single board computers (Figure 5)
[128–130]. These even lower-cost designs can further improve
uptake of HRME in resource-constrained settings. Additionally,
newer optical designs that have demonstrated improved axial
resolution and contrast through optical sectioning are under
development [131,132]. Studies to assess whether improved
optical sectioning for HRME systems can improve detection of
neoplastic tissues are underway.

3.2.2. Other in vivo microscopy technologies
In addition to HRME, other existing technologies have demon-
strated promising results toward in vivo assessment of cervical
tissue. Recently reported studies assessing ex vivo cervical speci-
mens using probe-based confocal laser endomicroscopy [133–
135] and optical coherence tomography or microscopy [136–
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138] suggest these methods have potential for distinguishing
neoplastic cervical tissues. As yet, these methods have not been
validated extensively for cervical imaging in vivo, and the high
cost of these instruments is likely to be a barrier to their imple-
mentation in LMICs.

3.3. Decision support

Placing lower-cost technology into the hands of practitioners is
a step forward in terms of accessibility, but confidence in the
technology and removing subjectivity to reduce inter-user varia-
bility is important for proper uptake and consistent performance.
Improved algorithms for real-time image classification can bol-
ster confidence in diagnostic decision-making. One approach to
improve image classification algorithms is through the use of
machine learning (ML) or artificial intelligence (AI). AI has been
evaluated with cervicography, a procedure in which an image of
the cervix is taken with a fixed-focus camera during screening. In
a study including 9,406 women, real-time interpretation of cervi-
grams without decision support yielded an area under the curve
(AUC) of 0.69; after the fact, when AI-enabled image classification
was developed, the reported AUC was 0.91, illustrating the
potential for AI-enabled decision support [32]. Similarly, cervi-
grams obtained using VILI and the POCkeT Colposcope were

trained using a support vector machine (SVM) classifier, and the
resulting algorithm produced a sensitivity of 89.2%, a specificity
of 66.7%, and an AUC of 0.84. Decision support on a procedure as
variable as VILI would be helpful in improving reproducibility and
diagnostic performance [139].

After-the-fact processing of images is distinct from real-time
image classification, which will be required for clinically useful
decision support. MobileODT has announced a collaboration
with the National Cancer Institute to implement AI image classi-
fication into their system. Clinical performance of this approach
has yet to be evaluated. Guidelines and approaches to artificial
intelligence for colposcopic image classification have previously
been discussed [140].

4. Conclusion

Despite the increasing burden of cervical cancer incidence and
deaths in LMICs, screening for cervical cancer in low-resource
settings remains limited by cost, equipment, and complexity.
Commercially available HPV DNA tests such as careHPV and
GeneXpert are being used to screen women in LMICs; however,
the per-test cost and infrastructure requirements limit their sus-
tainability and scalability for country-wide screening. Recent
advances toward point-of-care molecular testing, including

Figure 5. Example images of low-cost high-resolution microendoscope (HRME) systems. (a) The tablet HRME with example images and user interface, (b) mobile
phone HRME, and (c) Raspberry Pi HRME systems are shown. In all systems, a flexible fiber-optic probe is used. (a-b) Reproduced from [128,129] with permission. (c)
Reproduced from [130] with permission from Elsevier.
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paper-based approaches and emerging technologies like the
QuantuMDx Q-POC test, hold promise; however, these technol-
ogies still need to be evaluated for clinical use. These innovations
help bring molecular testing closer to the point of care, so that
screen-and-treat options can be effectively implemented in
LMICs.

Optical diagnostic tests are important for determining who
needs treatment among those who screen positive. Without
accessible diagnostic tests, screen-and-treat programs are imple-
mented and lead to high rates of overtreatment [40]. Several low-
cost optical diagnostic tests are in development and undergoing
clinical evaluation. Additionally, applying machine learning to
diagnostic algorithms can improve decision support for non-
specialist providers, making the use of optical diagnostic tests
more likely to succeed widely in low-resource settings.

5. Expert opinion

We need a set of technologies that enable accurate assessment
of cervical precancer and cancer within a single visit (<1 hour)
without expensive instrumentation and with a low per-test cost.
Clinically, HPV DNA is the best screening option we have, but
currently available technologies remain too expensive and too
complex to effectively scale.

Within five years, we expect that commercial entities and
academic institutions will be closer to developing a point-of-
care HPV DNA test for screening in low-resource areas. Unless
the per-test cost of commercial HPV DNA tests like GeneXpert
decreases, it does not seem likely that scale-up for country-wide
screening in LMICs will be sustainable. However, increased usage
of GeneXpert machines already implemented in TB and HIV
programs will likely be leveraged to the benefit of cervical cancer
screening programs. In five years, promising technologies like
the QuantuMDx Q-POC test may be closer to implementation,
depending on the per-test and instrument costs. However, we
expect a paper-based HPV DNA test to be developed and in
clinical testing within two years. If a paper-based screening test
can produce accurate clinical results, we see high potential for
scale-up.

An example of a major success in the field of point-of-care
testing is the human immunodeficiency virus (HIV) rapid screening
test. The format, subsidized cost, and time-to-result of HIV rapid
tests allow for screening to happen nearly anywhere. Major chal-
lenges that remain with HIV screening include stigma and lack of
interactionwithmedical systems, presenting obstacles to reaching
key populations. In other words, the technology is no longer the
limiting factor with HIV screening. Until a format similar to the HIV
rapid screening test and sustainable financing for scale-up are
achieved on a truly point-of-care HPV DNA test, HPV DNA testing
will remain possible only in more centralized facilities with suffi-
cient laboratory infrastructure. As the technology improves, we
hope to seemore programs that are able to screen people who do
not have as much contact with medical systems. In particular,
harder-to-reach populations who have been underserved in
terms of cervical cancer screening include people living in rural
and/or medically underserved areas, undocumented immigrants,
women who are homeless or incarcerated and transgender men.
While researchers have initiated promising programs to reach out
towomenwho are homeless [141] and transgendermen [142], we

anticipate greater ability to screen and follow-up with patients
with fewer technology barriers. Self-collection of samples with
high-performing diagnostics will especially increase ability to
screen people who are harder to reach [39].

While there are many promising approaches to achieving an
ideal HPV test, we see themost potential in approaches that limit
instrumentation andminimize hands-on time. High instrumenta-
tion requirements often come from robotic samplemanipulation
and thermocycling used in traditional amplification approaches.
Paper-based test designs are a feasible approach to circumvent-
ing the need for robotic sample manipulation. The format of the
tests reported by Rodriguez et al. and LaFleur et al. could lower
per-test cost while largely removing the need for instrumenta-
tion [110,111]. Additional paper-based testing approaches
should be developed in an attempt to lower cost and instrumen-
tation requirements. Traditional thermocycling approaches can
also increase instrumentation complexity, and therefore cost and
difficulty withmaintenance and repair. In comparison, isothermal
amplification methods like recombinase polymerase amplifica-
tion (RPA) or loop-mediated isothermal amplification (LAMP)
only require a single-temperature heater. RPA, in particular, has
a low limit of detection of fewer than 10 total copies, and can be
incubated at 37°C, the lowest temperature of available isother-
mal amplification approaches. An integrated test that utilizes
a paper-based platform for sample manipulation and detects
through either hybridization or amplification approaches could
lead to a lower-cost test with lower complexity.

Sample preparation can limit the utility of otherwise well-
performing tests. The sample preparation approach employed
by the QuantuMDx Q-POC test, if proven to enable high-
sensitivity detection, could provide a good model for cervical
swab-based sample processing. In this approach, the swab is
immediately placed into a sample tube, the handle of the swab
is removed, the tube top is closed, and the tube is attached to the
testing cassette for elution.

With a point-of-care HPV DNA screening test, a screen-and-
treat program could be effectively implemented, although
patients may be overtreated without effective diagnostic tech-
nologies. The recent developments of low-cost optical systems
like the HRME with automated image analysis or cervicography
with AI may help to reduce overtreatment if used in triage with
a screening test.

We believe that within five years lower cost technologies
like the mobile ODT, POCkeT Colposcope, or HRME will have
more widespread use in centralized sites or in mobile vans for
improved cervical cancer diagnosis. However, we see the best
diagnostic option for a low-resource area as cervical imaging
with real-time, AI-enabled decision support, which would
reduce the need for equipment other than a camera or mobile
phone while providing increased specificity for precancerous
and cancerous lesions. Studies assessing the accuracy of AI-
enabled decision support tools will be crucial to validate the
utility for diagnostics. With more powerful mobile phone pro-
cessing systems, it is likely AI-enabled algorithms will be
deployed on mobile phone platforms within the next five
years. If AI decision support can be accessed in real time
with a mobile phone and clinically useful accuracy is well
established, diagnosis of cervical precancerous and cancerous
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lesions will become more accessible to patients in low-
resource settings. Other diagnostic methods that rely on clin-
ical interpretation will remain possible only in more centra-
lized areas with highly trained providers.

We also envision a possible path forward that relies more
heavily on HPV mRNA testing. In scenarios in which only one
test might be feasible, quantitative mRNA testing may provide
the highest quality clinical information. Qualitative mRNA tests
with thresholds set for high specificity are less sensitive thanDNA
testing, and therefore require repeated testing; lower thresholds
for qualitative mRNA tests lead to similar sensitivities and speci-
ficities as DNA tests. Clinical utility of a single, quantitative mRNA
test will need to be validated, as a single mRNA measurement is
not necessarily predictive of disease progression. However,
because disease progression requires sustained overexpression
of mRNA, testing for HPV mRNA may allow for more accurate
assessment of progression. Sample preparation, RNA preserva-
tion, testing costs, and instrumentation requirements are cur-
rently barriers to widespread mRNA testing. We see mRNA test
development as a worthwhile pursuit that could potentially
change cervical cancer screening program algorithms globally.

In addition to innovations in molecular and optical technolo-
gies alone, we see an opportunity to combine information from
molecular and optical tests to improve diagnosis. With self-
collected HPV DNA swabs, a truly point-of-care screening test,
and lower cost optical diagnostics with real-time decision sup-
port, a single visit including accurate screening, diagnosis, and
treatment can become the new standard of care in LMICs.

In summary, we see opportunities for technology to improve
access to cervical cancer screening among harder to reach popu-
lations. Innovations in molecular screening and optical diagnos-
tics could allow for accurate, affordable screen-and-treat
methods to detect and treat cervical precancer in a single visit.
Developing and translating low-cost, easy-to-use, clinically-
relevantmolecular and optical testing technologies could reduce
the burden of cervical cancer globally.
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