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Abstract

Cervical cancer (CC) is one of the highest prevailing causes of female cancer-related mor-
tality globally. A significant discrepancy in incidence has been noted between high and
low-middle-income countries. The origins of CC have been accredited to the human papil-
lomavirus (HPV) with serotypes 16 and 18 being the most prevalent. HPV vaccines, with
90%-97% efficacy, have proven safe and currently function as the primary prevention
method. In addition, secondary prevention by timely screening can potentially increase the
5-year survival rate by >90%. High-precision HPV DNA testing has proven to be both highly
sensitive and specific for early detection and is advocated by the WHO. Lack of public
awareness, poor screening infrastructure and access to vaccines, socio-cultural concerns,
along with economic, workforce-associated barriers and the presence of marginalised com-
munities unable to access services have contributed to a continued high incidence. This
article comprehensively analyses the efficacy, coverage, benefits and cost-effectiveness of
CC vaccines and screening strategies including the transition from cytological screening to
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HPV self-sampling, while simultaneously exploring the real-world disparities in their feasibility. Furthermore, it calls for the implementation of
population-based approaches that address the obstacles faced in approaching the WHO 2030 targets for CC elimination.
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Introduction

Cervical cancer (CC) is the fourth highest cause of cancer-related mortality among women worldwide. In 2020, 604,100 new CC cases were
reported with over 341,000 fatalities [1]. The human papilloma virus (HPV), a DNA virus, is the predominant causal agent of CC [2] (Figure 1).
Twelve oncogenic strains of HPV have been identified as group 1 carcinogens or high risk by the International Agency for Research on Cancer
[3], with serotypes 16 and 18 accounting for about 70% of CC cases [4].

Significant disparities between economically developing and developed countries exist regarding incidence (18.8 versus 11.3 per 100,000)
and mortality (12.4 versus 5.2 per 100,000). This variance is directly driven by the disproportion in the availability of prevention and screening
technologies and resources [5]. Ninety percent of deaths attributable to CC occur in low- and middle-income countries (LMICs), especially
in sub-Saharan Africa, Melanesia, South-East Asia and South America [6]. Malawi in sub-Saharan Africa has the world’s highest CC incidence
and mortality [7].

CC prevention requires a dual-pronged approach via screening and vaccination. Vaccination or primary prevention of CC started in 2007, but
by 2020 it had been introduced as a prevention strategy in only 57% of countries worldwide [8, 9]. The full effect of vaccination can be seen
only in the years following implementation as it prevents the natural history of the disease.

Screening achieves short-term goals through early detection of CC or premalignant lesions [10]. In the long term, sustained high coverage of
vaccination, creates a population that is protected from high-risk diseases. There is thus a decreased screening requirement [11].

Despite the possibility of being able to achieve near complete prevention of disease, efforts to lower the incidence to the global elimination
goals are forestalled, broadly due to a lack of public awareness or poor access to the vaccine, poor screening program infrastructure and
insubstantial utilisation of strategies in LMICs secondary to cost and human resource factors [6, 12].

Pathogenesis of Cervical Cancer due to Human Papilloma Virus Infection
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Figure 1. This figure shows onco-pathogenesis of CC due to HPV.
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In a groundbreaking effort to eliminate CC entirely, the WHO launched a global strategy in November 2020. This ambitious plan, known as
the ‘90-70-90 strategy’, aims to vaccinate 90% of girls against HPV by age 15, ensure 70% of women have access to accurate and reliable
screening tests for CC by age 35 and again by 45 and guarantee 90% of women diagnosed with CC receive proper treatment, including both
pre-cancerous and invasive stages, by the year 2030 [13].

Our review article comprehensively impresses on population-based strategies for primary and secondary prevention of CC (Figure 2). It also
explores the hurdles in the path towards achieving the WHO 2030 targets, paving the way to elimination. We also aim to elaborate on the
success of vaccination and screening programs in some countries, hoping to extrapolate these to the high-burden, low-reach zones.

HPV vaccination: the primary prevention

Primary prevention strategies against CC focus on prophylactic vaccination as the most effective form of long-term primary prevention of
CC [14].

Three HPV vaccines are used most widely: Cervarix (a bivalent vaccine targeting HPV 16 and 18), Gardasil (a quadrivalent targeting
6/11/16/18) and Gardasil 9 (nonavalent targeting 6/11/16/18/31/33/45/52/58). These prevent about 70% to 90% of CC cases depending
on the type used [15-17]. Recent developments have led to multiple other vaccines completing clinical trials in China and India (Table 1).

Since first licensure in 2006, HPV vaccination has been recommended for global use in females between 11 and 12 years by the US Centers
for Disease Control and Prevention (CDC)’'s Advisory Committee on Immunisation Practices [8, 9]. Over time, emerging evidence has led to
adaptation of these global vaccination recommendations to improve cost-effectiveness and coverage. Recent evidence from Scandinavian
countries suggests optimal effectiveness around adolescence or younger [18]. Beyond the age of 26, the efficacy and cost-effectiveness are
poor, as people have often already potentially been exposed to HPV [19].

HPV is implicated in several non-CCs in both women and men, specifically anal, oropharyngeal, penile, vaginal and vulvar cancer. Even with
the introduction of a national vaccine program for HPV for women and girls in most developed countries, the male vaccine program is yet to
be established as a stronghold for prevention [20]. However, in 2016 WHO formulated public health recommendations which were extended
to include vaccination rollout for boys and catch-up schemes for adults due to its cross-cover for non-cervical pathologies. This was based
on high coverage in girls, i.e., 280% to be the most cost-effective means to achieve herd effect [21]. As per 2022 data, Canada, Denmark,
Norway and Chile had achieved = 80% coverage of first-dose vaccination in boys, with the USA, Argentina, Australia, Italy, New Zealand and
the UK following behind with >50% coverage [22].
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Figure 2. This figure is a conceptual diagram summarising the two main strategies for CC prevention.
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Table 1. This table demonstrates characteristics of currently licenced HPV prophylactic vaccinations [15-17, 25, 53].

Vaccine brand name Year of licensure HPV strains covered Other diseases covered Price/ dose
Gardasil, Silgard (Merck and Co) 2006 Quadrivalent: 6, 11, Anogenital cancers (vulval, vaginal, anal | Approx €110
16,18 cancers), some head and neck cancers,

laryngeal papillomas, genital warts

Cervarix (Glaxosmithkline) 2009 Bivalent: 16, 18 Anogenital cancers (vulval, vaginal, anal | Approx €90
cancers), some head and neck cancers
Gardasil-9 (Merck and Co) 2014 Nonavalent: 6, 11, 16, | Same as Gardasil but broader protection | Approx €200
18, 31, 33, 45, 52, 58 | due to additional strains covered
Cecolin (Xiamen Innovac) 2020 Bivalent: 16, 18 Similar to other bivalent vaccines Approx €40
Walvax recombinant HPV vaccine 2022 Bivalent: 16, 18 Similar to other bivalent vaccines Approx €40
(Shanghai Zerun Biotech)
Cervavac (Serum Institute of India 2022 Quadravalent: 6, 11, Likely comparable to the other Approx €4
and Dep of Biotech) 16, 18 quadrivalent vaccine
Efficacy

The efficacy of two- and three-dose HPV vaccination regimens have been rigorously assessed in large cohorts, both pre- and post-licensure.
Initially, the WHO recommended a 3-dose schedule. In 2014, this shifted to a two-dose series spaced 6-12 months apart. More recently, a
review of the evidence led to the Strategic Advisory Group of Experts on Immunization supporting both single and two-dose HPV vaccination
schedules due to their comparable individual effectiveness and ease in programme implementation [23].

In 2018, the WHO commissioned an independent systematic review to assess the potential protection of the vaccine and the benefit it has
on public health [24]. Across 26 trials (73,428 participants), they concluded with high-certainty evidence that HPV vaccines are protective
against cervical precancers in adolescent females aged 15-26. As per protocol analysis, all licensed vaccines have proven similar successful
efficacy [25]. However, Gardasil 9 has the potential to prevent 90% of CCs due to the additional strains it covers [26]. In addition to protect-
ing the individual, there is also strong evidence that HPV vaccination offers herd immunity when sufficient population coverage is reached,
further enhancing its efficacy [11].

The Kenya single-dose HPV-vaccine efficacy trial found that a single dose of Gardasil 9 produced an efficacy of over 97%, which was similar
to that found in their trial assessing the triple dose regimen [27]. Early data from the Dose Reduction Immunobridging and Safety Study trial
supports these findings, demonstrating that antibody avidity is the same in groups treated with single-, two- and three-dose regimens [28].

Safety

HPV vaccines have been consistently proven safe for over 15 years in rigorous independent analyses of large cohorts. This has included
regular assessment by the Global Advisory Committee on Vaccine Safety from 2007 to 2015, which has repeatedly concluded no evidence of
association with adverse effects [29]. In an independent analysis, deaths within the vaccine were deemed to be unrelated to the administra-
tion of the vaccine [24].

Coverage and effectiveness

As with many public health strategies, efficacy and safety in a clinical trial setting do not equate to effectiveness in real-life settings. Despite
its licensure over 15 years ago, population coverage remains suboptimal. Current public HPV programmes cover less than a third of those
eligible for the vaccine [29, 30]. A combination of barriers has led to poor uptake of vaccines, including problems with demand, supply and
affordability which vary substantially depending on the setting.
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Where vaccine programmes have been implemented effectively, the benefits are already seen. The UK has one of the most effective national
vaccination programmes globally. In the 13 years since its implementation in 2008, it has substantially reduced CC incidence to near elimina-
tion [31]. However, this is not the case globally. While the majority of high-income countries (HICs) have >75% coverage, there remain some
which have lagged. Japan is an HIC which has seen dramatic changes in vaccine uptake. The changes in recommendations from the Ministry
of Health in 2013 led to a decline in coverage to a low of 0.3% in 2016 [32]. Since then, rectifications in recommendations in 2021 mean that
the rates have improved [33]. We are yet to see any cancer spikes due to the lag time between HPV infection and CC presentation. However,
this waiver in vaccine implementation is estimated to have resulted in around 5,000 preventable deaths [32].

Globally, there is vast inter- and intra-country variation, with the most significant disparity being between LMICs and HICs (Figure 3). Vac-
cination coverage tends to correlate with socioeconomic deprivation both between and within countries [34, 35]. In many LMICs, initial
dose coverage of >70% was seen; however, this dropped with subsequent doses, with the third dose coverage being only around 30%. The
ill-sustained impact is likely due to funding momentum failing and a dearth of sustainable programmes [36]. Furthermore, there is a large
vaccination gap between urban and rural areas. Bolivia and Honduras are both exceptions which have achieved almost two-thirds cover-
age, sustainably maintained [34, 37]. All ten countries with the highest age-standardised rates of CC mortality are within West Africa, where
national vaccination implementation has been slow [38]. This stems from a poor vaccine acceptance rate including poor information, safety,
fertility and promiscuity concerns. In contrast, in Southeast Asia, vaccine uptake increased significantly once it was offered for free [39].
Altogether, the barriers to successful vaccination programs in LMICs are complex and vary depending on multiple factors including cultural,
financial and environmental [34, 35].

The COVID-19 pandemic significantly disrupted routine vaccination programs worldwide. Studies from countries such as Brazil and the
United Kingdom documented substantial declines in HPV vaccine doses administered during lockdowns and social distancing measures
[40, 41]. A modelling study in the US predicted a 75% reduction in HPV vaccination during the first wave of COVID-19 [42].

Areas that started vaccination programs from 2019 but do no have adequate
national data available

. >=090% 50-79%

B 0% <50% B o dataavailable

Figure 3. The world map above shows the available data for vaccination cover of the first dose of the HPV vaccine in girls till the year 2022 [22, 30]
(The areas shaded in purple depicts the areas which have started vaccination programs from 2019, but do not have adequate national data available).
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Disruptions stemmed from several factors. School closures, a common strategy to curb COVID-19 spread, hindered school-based vac-
cination programs, a crucial delivery channel for HPV vaccines [42]. Healthcare system resource constraints further hampered routine
vaccinations, with staff and facilities diverted to COVID-19 response efforts [43]. Additionally, vaccine hesitancy may have increased due
to pandemic anxieties and misinformation [42].

Despite the challenges, some countries like Israel maintained or even increased HPV vaccination rates during the pandemic [44]. This sug-
gests the importance of robust vaccination programs and effective communication strategies to mitigate disruption.

Even after restrictions have been lifted, the pandemic has continued to have residual disruption to vaccine supply and demand [45]. Recovery
efforts are underway. The WHO emphasizes the need for catch-up programs to address vaccination gaps and restore pre-pandemic cover-
age levels [43]. Additionally, promoting HPV vaccination alongside COVID-19 vaccination campaigns can improve efficiency and reach [46].

Cost effectiveness

The cost-effectiveness of HPV vaccinations has been proven consistently. In a multi-country meta-analysis Rosettie et al [47] assessed
incremental cost-effectiveness ratios (ICERs) for HPV vaccination in 195 countries and found a mean of US$ 4,217 per DALY averted
(95% uncertainty interval: US$773-13,448) globally. This was significantly lower for certain regions, particularly in LMICs. ICER was
reduced with values of US$706 per DALY averted (95% Ul: $130-2,245) in Southern Asia and Sub-Saharan Africa [47]. This means that
although individual mortality and morbidity benefits may be modest, there is substantial financial benefit to the implementation of HPV
vaccinations at a global level.

Notably, the level of cost-effectiveness can vary depending on various factors including vaccine delivery method, number of vaccines given
and target population, with young women and men having sex with men being the most effective cohort. Similarly, vaccinating those at older
ages provides less cost-effectiveness due to the limited benefit [48].

Using the UK as a case study, an analysis was provided by Datta et al [49] Vaccinating girls provides significant health benefits at a reason-
able cost. Threshold prices of £56-£108 per dose imply the healthcare system would see this as worthwhile. With a lower discount rate
(1.5%), i.e., when future health benefits of preventing penile and throat cancers are valued more highly, vaccinating both sexes becomes
cost-effective. At a higher discount rate (3.5%), vaccinating both sexes is less cost-effective than girls alone (E25-£53 threshold price). This
is mainly due to herd immunity: vaccinating girls significantly reduces HPV transmission, indirectly protecting boys [49].

As discussed previously, various alterations of vaccination strategies have been made in recent years to improve ICER, such as the delivery
of a single vaccination and combining vaccine delivery with that of other vaccinations [50].

Another consideration of cost-effectiveness is the cost per unit of each dose. Unit dosing is dependent on several factors, further complicat-
ing cost-effectiveness decisions within countries. For instance, the nonavalent vaccine Gardasil 9, is priced higher for full doses compared to
the bi- and quadrivalent cervical vaccines. This means that in some countries, it is not cost-effective when the other vaccination options are,
despite its coverage over more strains [51].

Similarly, prices of the same vaccine vary between different countries. While those within the GAVI Alliance are offered a sustainable supply
of low-cost vaccines, the same vaccines can be over 20 times more expensive in developed countries [34]. Thus, countries such as Vietnam
rely on qualifying for GAVI-priced vaccines to have sufficient cost-effectiveness to justify funding cervical vaccination programmes [52].

Middle-income countries that do not qualify for GAVI subsidies are most at risk of not being able to afford comprehensive vaccination
programmes, often referred to as the ‘missing middle’. Despite the limited support, by 2020 around half of these countries had managed
to implement a vaccination programme, with many more developing pilots [51]. In 2022, India achieved market authorisation of the novel
vaccine Cervavac, which covers the same four strains as Gardasil. This offers a more affordable vaccine to India’s population; costing approxi-
mately 200-400 rupees (or 3.5 EUR), compared to the alternatives which are around 10 times the price [53, 54]. Such opportunities must be
welcomed and encouraged to maximise protection.

Despite its proven safe, efficacious existence for a significant time, the coverage and cost-effectiveness of the HPV vaccines remain sub-
stantially sub-optimal.
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People living with HIV (PLHIV)

HPV vaccination is crucial in PLHIV due to their increased susceptibility to HPV-related cancers. The WHO, the CDC and the British HIV
Association recommend HPV vaccination in this population [55-57].

Studies have shown that the HPV vaccine is immunogenic in PLHIV [58, 59]. However, the magnitude of the immune response may be lower
compared to the general population, particularly in individuals with advanced HIV disease or low CD4 counts [59, 60].

Available evidence suggests that the HPV vaccine can still be protective against HPV infection and related pre-cancerous lesions in PLHIV
[60, 61]. However, long-term efficacy data and data on the prevention of invasive cancers specifically in this population are still limited [60, 61].
Ongoing research is crucial to fully understand its long-term impact and the potential need for different vaccination strategies in this population.

PLHIV are recommended to receive HPV vaccination according to the standard recommendations for the general population (typically 2 or 3
doses depending on age at initiation). However, some guidelines, like the CDC's, recommend initiating vaccination as early as 9 years of age
for individuals with HIV, considering potential immune system compromise [56]. The Canadian Paediatric Society suggests a 3-dose regimen
for immunocompromised individuals to ensure optimal immune response [62]. Despite the guidelines, achieving optimal HPV vaccination
coverage among HIV-positive individuals remains a challenge.

CC screening: the secondary prevention

Secondary prevention or screening programs aim to reduce morbidity and mortality associated with CC by increased detection of precursor
lesions and early identification of invasive carcinoma [63]. If recognised early, the 5-year survival rate of women diagnosed with invasive CC
is 92% as compared to 58% and 18% for locally advanced and metastatic stages, respectively [1].

Screening tools: transition from cytology to HPV testing

The Pap smear

Since its introduction in the 1940s, papanicolaou smear has been the most widely used tool for the detection of precancerous cervical
lesions. It led to a greater than 70% decrease in the mortality associated with CC in the US [64]. However, a nationwide study in the UK
found its sensitivity to be 55.4% and specificity to be 96.8% [65]. A meta-analysis further compared 11 separate studies with a cumulative
of 39,050 participants to find that sensitivity and specificity estimates of cytology ranged from 0.43 to 0.94 and 0.78 to 0.98, respectively.
The pooled sensitivity and specificity were 0.70 and 0.95, respectively. While specificity remained consistent over several studies, the sensi-
tivity was widely variable [66]. To balance this inconsistency in sensitivity, a lifetime of repeat testing is warranted. In low-resource settings
where regular testing is difficult due to limited access and knowledge about CC screening, this poses a significant hurdle. Another caveat is
their implementation. Pap smears are labour intensive and require repeat testing, trained personnel to conduct and interpret the test, equip-
ment and other resources. All of these are a lacuna in many regions of the world [67]. Adoption of a cytology (Pap smear)-based screening
program in a few LMICs has shown little benefit, with an unchanged mortality rate after 5 years. This was likely due to the above-mentioned
constraints, low-quality smears and the inability to allocate adequate capital to ensure high-quality standards [68].

Visual inspection

To overcome the aforementioned gap and to adopt a screen-and-treat approach, visual inspection with acetic acid (VIA) became the pre-
ferred CC screening modality in LMICs. The sensitivity and specificity estimates after comparing 11 studies were found to be 0.17-1.00 and
0.08-0.95, respectively. The pooled sensitivity and specificity were 0.77 and 0.82, respectively [66]. Visual inspection techniques can be
performed relatively more efficiently than other modalities in low-resource settings as they require a simpler infrastructure, are not special-
ist-intensive and are significantly cheaper. Other advantages for high-burden zones are that VIA only takes a few minutes to perform, and
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the results can be immediately interpreted, negating the need for time-consuming laboratory processing [69]. It was also found that visual
inspection methods had higher sensitivity than cytology testing, detecting more high-grade CIN in several studies conducted in India [70].
However, this ability to detect a greater number of positive cases is a double-edged sword. It was found that when compared to cytology or
HPV testing, VIA led to a much higher number of false positives and subsequent overtreatment [66]. While VIA appears to be a good alterna-
tive to the Pap smear in LMICs, it comes with significant challenges of scaling up. A variance of sensitivity is also seen in older women with
other endocervical lesions. Moreover, factors such as age, parity and underlying cervical disease also affect the positive predictive value [70].
There is also a significant difference in accuracy when visual inspection is performed by physicians (30.2% positivity) versus nurses (36.3%
positivity), highlighting the significance of the subjective nature of the evaluation [71]. Vedantham et al [72] uncovered a remarkable differ-
ence in positivity rates (4% to 31%) when similarly qualified gynaecologists conducted testing and the greatest variation was seen between
the two doctors that had received the most training. They also found that the positivity rates increased for disease-negative women with
cervical inflammation (6.1%-15.5% (p-value < 0.001) [72].

HPV testing

The shortcomings of cytology and visual inspection techniques along with the realisation that oncogenic strains of HPV are responsible for
over 95% of CC led to the introduction of HPV DNA testing in CC screening programs [73] (Table 2).

Initially, HPV assays were integrated into clinical practice to triage minor cytological abnormalities, then along with cytology as co-testing
and now most recently as a stand-alone primary screening tool [69]. The latest WHO guidelines recommend HPV DNA detection as the
modality of choice for primary CC screening in women of the general population and also those that live with HIV, over cytology and VIA.
It advocates the screening to begin by the age of 30 and until age 50 with screening intervals of 5 or 10 years [74]. An HPV DNA test looks
for the presence of viral DNA in the cervical cells [75]. HPV testing is comparable in accuracy to the other commonly employed modalities
for the detection of cervical precancerous lesions among women. It detects high-grade precancerous lesions (CIN3) earlier than cytology,
thereby increasing the likelihood of treatment before progression to invasive cancer. A follow-up of four randomised control trials found that
HPV testing offers 60%-70% more protection against invasive cancer than cytology [76]. Additionally, a single round of HPV DNA testing
has been shown to increase the number of cases detected and lead to a reduction in the progression to advanced cancer and mortality [77].

The sensitivity and specificity of singular HPV DNA testing were found to be 0.64-1.00 and 0.56-0.97, respectively. The pooled sensitivity
of 15 studies was 0.94 and specificity was 0.88 [64]. The ATHENA Study conducted in the US found that HPV testing detected 64.2% more
CIN3 when compared to cytology and 22.5% more CIN3 than a co-testing strategy. This stark difference was seen when baseline testing
was done and also on an annual follow-up done for 3 years subsequently. It was also noted that HPV Testing had the highest 3-year adjusted
sensitivity when compared to cytology (47.8%); and co-testing (61.7%) for CIN 3. Moreover, a negative HPV test had a much lower risk of
CIN3 as compared to a negative cytology report. Out of all the women with a positive CIN3 over 3 years, 47.3% had an initial negative cytol-
ogy report while only 9.8% had an initial negative high-risk HPV test [78].

Table 2. This table summarises the pooled sensitivity and specificity of the various screening strategies
discussed [66, 79, 93].

Testing strategy Sensitivity Specificity

HPV DNA testing 0.94 (95% C1 0.89-0.97) 0.88 (95% C1 0.84-0.92)
HPV SS 0.76 (95% Cl 0.69-0.82) for CIN2+ 0.86 (95% C1 0.83-0.89) for CIN2+
0.84 (95% C1 0.72-0.92) for CIN3+ 0.87 (95% Cl 0.84-0.90) for CIN3+
Co-testing 0.95 (95% Cl 0.92-1) for CIN2+ 0.95 (95% C1 0.94-0.96) for CIN2+
0.97 (95% C1 0.94-1) for CIN3+ 0.93 (95% Cl 0.92-0.95) for CIN3+

Cytology 0.70 (95% C1 0.57-0.80) 0.95 (95% C10.92-0.97)

VIA 0.69 (95% C1 0.54-0.81) 0.87 (95% C1 0.79-0.92
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Co-testing versus stand-alone testing

Co-testing refers to testing for HPV DNA and cytology from a single sample collected by a clinician. It takes longer and is more expensive
when compared to a single HPV test alone. HPV testing had a sensitivity of 90% and 95% for detecting underlying CIN2+ and CIN3+,
respectively. Adding cytological testing to it leads to an increase in average sensitivity of only 5% for CIN2+ and 2% for CIN3+ along with a
marked decrease in the specificity 0.95 and 0.93, respectively [79]. The added sensitivity benefitted very few women, as little as five women
per million per year [80]. Another study found that in comparison, stand-alone testing was superior to co-testing using both Pap smear and
liquid-based cytology. Co-testing with Pap also had higher false positive results and more referrals to colposcopy [81]. A study that compared
the long-term emergence of pre-cancer and cancer in negative tests found that primary HPV tests done every 3 years provided similar, if
not more, reassurance than co-testing every 5 years. The risk for HPV testing and co-testing was as follows, CIN3: 0.069% versus 0.19%,
(p < 0.0001) and invasive cancer: 0.011% versus 0.020%, (p < 0.0001) [82]. There is an insignificant difference in the cumulative risk of inva-
sive carcinoma for a double negative result (HPV and cytology) as compared to a single HPV negative result in the long run [79]. Additionally,
an HPV-negative/cytology-positive result only led to a minor increase in the detection of precancerous lesions (3.5%) and cancer (5.9%) [80].

The small increase in sensitivity afforded by co-testing is inadequate to justify the difficulties posed by it, thus stand-alone HPV testing
should be considered as the superior screening tool over co-testing.

DNA versus mRNA testing

WHO recommends countries that are starting screening programs begin with HPV testing and encourages others to transition to the same
as soon as feasible. However, HPV mRNA testing can be a suitable alternative. The increased expression of the mRNA coding for E6/E7
proteins, which are essential for CC pathogenesis, shows a higher risk for cancer. These tests primarily detect the presence of E6/E7 mRNA
of oncogenic HPV types and thus could be a more specific predictor for cancer risk [83]. In comparison to DNA testing, mRNA testing was
discovered to be similarly sensitive and more specific with a relative sensitivity and specificity of 0.98 and 1-03 for CIN2+. A 4-7-year relative
sensitivity analysis showed similar values in the range of 0.91-1.05 when compared to DNA testing. The commonly used APTIMA test had
a lower sensitivity for self-collected samples and hence use could be limited to clinical settings [84].

The consideration of mMRNA in primary CC screening is due to its increased specificity compared to DNA testing. A few separate studies
that evaluated the role of MRNA as the primary screening tool found that it produces results similar to HPV DNA testing programs [85, 86].
However, a reduction in colposcopy referrals that is expected of a modality with higher specificity was not observed [86]. That combined with
the finding that solitary mRNA screening would miss 3% of patients with CIN 3 when compared to DNA testing has led to some reluctance
to shift to mRNA testing [87]. An interesting application was noted by a group that tried mRNA triage on DNA-positive cases. Both tests
were performed on the same sample. It was found this co-testing strategy led to a 54.5% reduction in colposcopy referrals and was more
cost-effective when compared to stand-alone DNA testing [88]. The most conclusive evidence for the debate between mRNA versus DNA
comes from the WHO recommendations which firmly advocate for the HPV DNA test as the first-line primary screening tool. It suggests
that mRNA may be used as an alternative when the samples are collected by the clinician and there exists the capacity to repeat testing at
5-year intervals [74].

Self sampling

HPV self-sampling (HPV SS) is a process by which a woman can use a testing kit (options available to programmes include lavage, brush,
swab, or vaginal patch) to collect a cervicovaginal sample that is sent for laboratory analysis. The test cannot diagnose CC but will identify if a
woman is infected with a high-risk HPV by detecting viral DNA [89]. Rolling out self-sampling kits in bulk as part of the CC screening program
led to an increase of 10% in test coverage in just a year in Sweden. It was well accepted by the target population due to its ease of use and
is recommended due to the lower costs associated with it [90].
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Non-responders are screening-eligible women who do not participate in routine CC screening programs. Non-responders are significant
because 50% of all positive cases from the UK, USA and Netherlands are seen in women with no history of screening. HPV SS can be a pos-
sible solution to fill this gap [91]. Many women are reluctant to participate in clinical conducted programs because there is a fear of pain,
embarrassment and invasion of privacy, particularly related to the pelvic examination using a speculum. Often, religious/cultural sentiments
and a lack of access to healthcare centres prevent interested women from attaining necessary screening interventions. HPV SS is a unique
solution to this multifaceted problem because the test can be done easily, in private and without any pain [92].

A 2014 meta-analysis that pooled data from 36 studies revealed that HPV SS could detect 76% of CIN2 and CIN3. The pooled absolute
specificity for CIN2+ was 86% and for CIN3 was 87% [93]. The pooled sensitivity and specificity of self-collected samples were slightly
lower than that of clinician-collected samples (12% reduction in sensitivity for CIN2+) [94]. This gap can further be bridged by the usage of
polymerase chain reaction (PCR)-based HPV testing which has similar sensitivities across both scenarios [93].

The MARCH randomised control trial assessed the value of HPV SS and compared it to cytology in Mexico. They found HPV SS to be 3.4
times more sensitive and it detected 4.2 times more invasive cancer than cytology. One drawback was the lower positive predictive value
of the test, but it makes up for it with higher sensitivity. In low-resource settings, cytology-based programs are not as successful due to
restricted infrastructure. Women in these regions typically get tested only a handful of times in their lifetimes and hence benefit from a more
sensitive test [95].

Due to its comparable clinical accuracy, lower cost and better acceptability, HPV SS can potentially become an important add-on strategy for
women who do not participate in routine screening.

A population-based cervical screening program

Population-based screening programs require that a target group be identified and invited to participate. In opportunistic screening, the
healthcare provider or patients must take the initiative to do screening as per the guidelines (Table 3) [96]. The WHO advocates for the
adoption of large-scale, national population-based screen-and-treat programs. The present guideline demands for screening at least 70%
of women by the age of 35 and then again by 45 (with 90% follow up when cervical disease is identified), working toward a 2030 goal of
elimination of CC [6, 97, 98].

Table 3. This table summarises the testing protocol of population-based screening programs in select HICs and LMICs [102-109].

SI No. Country/ Region/ Organisation Age range Testing protocol
1. United States of American College of 21-65 Cytology only, every 3 years, till age of 29.
America Gynaecology
United States Preventive 21-65 Followed by one of the following:
Services Task Force
- - I.  HPV testing every 5 years
American Cancer Society 25-65 IIl. PAP smear every 3 years
Ill. HPV testing with PAP smear every 5 years
2. Europe 25 to 60-65 | Cytology only, every 3-5 years, till age of 35
followed by HPV testing every 5 years
3. United Kingdom 25-64 HPV testing, every 3 years, till age of 49 followed
by testing every 5 years.
4, Australia 25-74 HPYV testing every 5 years.
Asia India 30-65 VIA every 5 years.
Bhutan/Maldives/Sri Lanka 20-60 Cytology/VIA every 3-5 years.
Thailand 20-60 HPV testing every 5 years.
6. WHO Africa 25-65 Cytology/VIA every 3-5 years.
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The WHO CC Elimination Modelling Consortium was developed in 2020 and includes the 90-70-90 triple intervention coverage targets, i.e.,
scaling up of HPV vaccination, twice-lifetime cervical screening, treatment of CIN and invasive cancer to 90%, 70% and 90%, respectively
[6, 97, 98]. This model was used to predict CC-related mortality in 78 LMICs. Vaccination alone would reduce mortality by 0.1%, 61.7% and
89.5% by 2030, 2070 and 2120, respectively. Integrating twice lifetime screening and treatment would increase those figures to 34.2%,
92.3% and 98.6%, respectively. Moreover, by 2030, half and one-third of CC related deaths could be avoided in sub-Saharan Africa and South
Asia respectively, in sync with the UN sustainable development goals [97]. In another analysis of the model, girls-only vaccination (age 9 at
catch up to age 14) yielded elimination in 60% LMICs with threshold incidence <4/100,000, 99% LMICs with incidence <10/100,000 and
87% LMICs with 285% reduction of threshold incidence. Superimposing twice-lifetime screening achieved 100% elimination in all these 3
groups [98].

Akin to the WHO, the Canadian Partnership Against Cancer [99] developed an action plan for a 90-90-90 target by 2030 to eliminate CC
by 2040 projecting itself as the first nation to do so. Strategies include scaling up HPV vaccination, primary HPV screening and follow-up of
abnormal results. In Australia, a modelling study revealed that courtesy of high coverage of vaccination and screening, the age-standardised
annual incidence is <6/100,000 by 2020 and <4/100,000 by 2028. Regarding mortality, the trend indicates an age-standardised annual
mortality rate of 1/100,000 [100]. The US-based Cancer Intervention and Surveillance Modelling Network predicted that by 2038-2046, a
threshold CC incidence of < 4/100,000 is feasible. Elimination could be pre poned to 2028-2033 provided there is higher screening cover-
age [101].

Cost effectiveness

When compared to visual inspection and cytology, HPV DNA cervical sampling is the most cost-efficient choice (Table 4). Not only is it the
most affordable, but it also provides the greatest average reduction in cancer risk over a lifetime when compared to other tests. This can
be illustrated from data collected in three countries - India, Nicaragua and Uganda. Indian analysis found that HPV Testing done thrice in
a lifetime (at 30, 35 and 40 years) had an ICER of I$ 1600 per year of life saved (YLS) with the highest life expectancy gains and a reduc-
tion of 48.7% in lifetime risk of cancer. Similar statistics were observed in Nicaragua (1$1200 per YLS) and Uganda (13420 per YLS) [110]. A
Colombian study discovered cytology done at 3-year intervals to be the most expensive modality and HPV DNA testing repeated 5 years to
be the cheapest along with an expected reduction in mortality from 69% to 81% [111]. An El Salvadorian study came to a similar conclusion
that HPV Testing followed by cryotherapy was the most effective (reduction in cancer risk by 58.5%) and most cost-effective (US$490 per
YLS) modality for CC screening [112]. A study conducted in Thailand assessed the cost effectiveness of using the detection of HPV p16/18
as the primary screening test as opposed to conventional cytology and found it to be a more sensitive (82.65% versus 55.85%, respectively)
test while maintaining the specificity (96.47 versus 95.48%, respectively) and reduced false positives. All these factors make it a more cost-
effective and well-rounded option with an ICER of $1395 per QALY gained [113].

The above evidence talks about the cost effectiveness of HPV testing by illustrating values of ICER per YLS and QALY while the following
shines a light on the amount per detected lesion. According to the FOCAL trial conducted in Canada, HPV testing followed by reflexive cytol-
ogy identified more lesions and was associated with a lower cost per detected lesion ($7551) as compared to the control group that received
just cytology ($8325) [114]. Another study conducted in Thailand compared the ICER in terms of cost per detected case of CIN2 and found
HPV testing to dominate over cytology. The cost per detected case was found to be $1219.9 [115]. A modelling study in the Netherlands
concluded that the total costs fell by 21% and the cost per QALY gained was €12,225 (46% less) for HPV testing as compared to €22,678 for
the cytology program [116]. Another HIC model-based study conducted by the NHS estimated annual savings of £13 million on average if a
switch was made to HPV testing [117].

Even in settings where an established cytology-based screening program already exists, switching over to a hybrid strategy (cytology till age
29 and HPV Testing thereafter) will save funds with the money spent to obtain 1 year with the quality of life being under the willingness to
pay threshold (negative ICER of US$ 37.87) [118].
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Table 4. This table demonstrates the cost effectiveness of HPV testing strategies over cytology [110-116].

lifetime

30, 35, 40 years

25, 35, 45 years

Nicargua (2015)

Uganda (2015)

Screening strategy Testing interval Country & year Cost effectiveness when compared
to cytology (ICER)
HPV DNA testing thriceina | 30, 35, 40 years India (2015) I$ 1600 per YLS with 48.7%

reduction in cancer risk

I$ 1200 per YLS with 53.5%
reduction in cancer risk

I$ 420 per YLS with 50.9%
reduction in cancer risk

HPYV testing followed by
cryotherapy

Testing every 5 years for
ages between 30 and 65

El Salvador (2019)

US$490 per YLS with 58.5%
reduction in cancer risk

HPV p16/18 detection

Testing every 5 years for
ages between 30 and 65

Thailand (2019)

$1395 per QALY gained

HPV DNA testing Testing every 5 years for | Netherlands (2021) €12225 per QALY Gained
ages between 30 and 60
HPV DNA testing Testing every 5 years Thailand (2017) $1219.9 per detected CIN2+ lesion

after 35 years

HPYV testing followed by
reflexive cytology

Testing every 4 years Canada (2021) $7551 per detected lesion

Coverage and effectiveness

The average percentage of 55 LMICs for women screened for CC was 44%. Much improvement needs to happen to reach the WHO 2030
goal of 70% screening coverage. Among the LMICs, Latin America and the Caribbean nations had the highest numbers (country-level median
of 84.6% - IQR, 65.7%-91.1%; range, 11.7%-97.4%) while Sub-Saharan Africa lags severely behind with the global lowest screening cover-
age (country-level median, 16.9%; IQR, 3.7%-31.0%; range, 0.9%-50.8%) [119].

Some outliers from the LMIC group have shown an increasing trend in screening coverage despite many challenges. Notably, countries like
Taiwan, Portugal, Mexico, Argentina and El Salvador show promising results. Africa, Botswana and Costa Rica have shown good progress. All
these outliers have a well-executed population-based national screening program with HPV testing at the helm of it as the primary screening
modality. The lifetime screening percentages for Botswana and El Salvador are 50% and 95%, respectively. Costa Rica has shown commend-
able growth in recent years with 77% of women having undergone screening in the past 5 years [6]. The success of the Latin American nations
can be attributed to the presence of national CC screening programs that provide free-of-cost services to women at the local level [120].
Taiwan after implementing a national program has seen a reduction in invasive cancer by 47.8% during 1995-2006 [119]. Hence, while the
developed nations predictably show an improving graph due to their higher expenditure, bridging the gap in LMICs is not an impossible task.

Regarding coverage for PLHIV, WHO guidelines provide special considerations. Testing commences from the age of 25 with a primary HPV
DNA test. If positive, then a secondary test of either partial genotyping, colposcopy, VIA, or cytology is performed to triage women. This
screen, triage and treat approach is to be repeated every 3-5 years till the age of 50 [74]. The factors that are shown to increase participa-
tion in screening programs are formal education, and knowledge and awareness of CC, its risk factors and severity. Women who had the
aforementioned factors were around 3.5 times more likely to be screened [121]. Another fix could be the implementation of self-sampling
for PLHIV as many are unable to access screening clinics due to HIV-associated stigma. Studies find it has good acceptability. Over 90% of
PLHIV included in a study said self-sampling was comfortable and were willing to try it again. However, many also prefer clinician-collected
samples as they trust trained professionals over themselves for sample collection [120-122].

The possible effect of vaccination on screening is noteworthy. According to Wilyman [123], HPV vaccination may decrease the rate of abnor-
mal Pap tests and ultimately weaken the positive predictive value of cytology. Hence, once HPV vaccination becomes a routine practice, the
HPV test may be considered as a primary screening procedure and cytology for women thereafter who test HPV positive. Other consider-
ations may include delaying the initial screening to 25 years of age and reducing the frequency of screening [123].

ecancer 2024, 18:1762; www.ecancer.org; DOI: https://doi.org/10.3332/ecancer.2024.1762 12


http://www.ecancer.org
https://doi.org/10.3332/ecancer.2024.1762

A substantial challenge to CC screening in recent times has been the COVID-19 pandemic. Screening rates plummeted by 94% post move-
ment restriction orders. After lifting restrictions, the screening numbers were 35% less than pre-pandemic trends. A comparative model-
based analysis done to assess the future impact of COVID-19 disruptions showed that women screened with cytology alone would show
the greatest increase in cancer incidence [124]. It also revealed that delaying screening in previously HPV-negative women would not have a
significant impact. A risk-based approach for prioritising patients (versus an algorithm-based strategy), with an HPV-based screening program
with special emphasis on self-collected HPV testing and integration of telehealth is recommended [125]. Having mentioned the aforesaid, in
the setting of a fear of entering public spaces, HPV SS testing kits delivered at the doorstep are predicted to increase the population uptake
of screening [89].

People living with HIV

CC screening guidelines for PLHIV differ slightly from the general population due to their increased risk of developing CC [126].

The American College of Obstetricians and Gynecologists (ACOG) recommends initiating screening earlier for HIV-positive women, starting
at age 21 [127]. This recommendation aligns with guidelines from other organisations like the CDC [128].

Screening frequency may be increased compared to the general population. ACOG suggests Pap smears every 6 months for the first 2 years
followed by yearly Pap smears or co-testing (Pap smear and HPV test) every 3 years thereafter, depending on individual risk factors [127].
The CDC also suggests similar increased screening frequency for high-risk individuals, including those with HIV [128].

HPV testing may play a more prominent role in screening for HIV-positive individuals. Co-testing is being increasingly recommended as it
can improve the detection of pre-cancerous lesions even in the presence of abnormal Pap smears that might be misleading due to immune
system issues in HIV [127, 129, 130].

Early detection and intervention are crucial for preventing CC in this high-risk population. The adapted screening guidelines aim to balance
the need for increased vigilance with minimizing unnecessary procedures while considering the potential for inconclusive Pap smears due to
immune system factors.

Conclusion

The dramatic disparity in incidence rates between HICs and LMICs is primarily due to differential access to effective screening and pre-
ventive treatment; similar disparities also exist within countries. As HPV vaccinations are practically feasible and cost-effective, increasing
acceptance and coverage should be a public health priority. While the context-specific barriers should be addressed, there is a clear need
for regular monitoring and sustained funding within all HIC and LMIC settings to ensure progress is sustained. The efficacy of single-dose
schedules has the potential to accelerate progress considerably in the coming years; they will massively enhance cost-effectiveness, simplify
delivery schedules and enhance coverage. On another note, HPV testing for primary screening dominates other strategies (i.e., it is more
effective and cost effective) and, therefore, if implemented properly with regular testing and stringent quality assurance checks, it could
become a well-rounded and universal option with cost-effectiveness and optimum therapeutic value for LMICs and HICs alike. However,
vaccines should not substitute screening and vice-versa - a combined approach is needed to combat this global problem. It is undoubtedly
the need of the hour as international gaps are threatened to widen secondary to the lag in LMICs.
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