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INTRODUCTION
Cervical cancer is the tenth most common cancer and the eighth 
most frequent cause of death among women in Singapore.(1) 
Between 2010 and 2014, there were 1,005 patients with cervical 
cancer and 357 deaths attributed to cervical cancer.(1) The 
economic burden associated with the treatment of cervical 
cancer in Singapore is also substantial, with total costs estimated 
to be SGD 57.6 million over a period of 25 years starting from 
2008.(2) Over the same period, an additional SGD 25.5 million 
was associated with the treatment and management of pre-
malignant stages and genital warts (GWs) caused by human 
papillomavirus (HPV) infection.(2)

There are multiple types of HPV and at least 13 of them are 
considered oncogenic due to their association with cervical 
cancer.(3) Although the majority of HPV infections are self-limiting 
and often asymptomatic, persistent infection with oncogenic 
HPV types may lead to the development of pre-malignant low-
grade cervical intraepithelial neoplasia (CIN1onc), followed by 
moderate-grade cervical intraepithelial neoplasia (CIN2), high-
grade cervical intraepithelial neoplasia (CIN3) and subsequently 
cervical cancer.(4) The low-risk HPV types do not cause cervical 
cancer, but are instead associated with GWs and low-grade 
cervical intraepithelial neoplasia (CIN1).(4) As HPV infection is 
the necessary cause of cervical cancer,(5,6) the risk of cervical 

cancer can be substantially reduced through vaccination.(7,8) 
In addition, cervical screening to detect pre-malignant cervical 
intraepithelial neoplasia (CIN) lesions may allow early treatment 
by ablation or excision before they enter the malignant state.(9,10) 
It may therefore be possible to alleviate the majority of the 
cervical cancer burden through a combination of vaccination 
and screening programmes.(7-9)

In a national cervical cancer screening programme that 
has been available in Singapore since 2004, eligible women 
are recommended to undergo Pap smear tests once every three 
years.(9,10) The screening cost (SGD 15–24) is paid out of pocket, 
except for low-income citizens aged above 40 years, who have 
been fully subsidised since 2014.(11) Opportunistic screening is 
sometimes provided for free through charitable organisations.(12) 
However, the uptake of cervical screening, which is estimated to 
be in the range of 42%–50%,(13-15) has been below the Singapore 
Ministry of Health’s (MOH Singapore) target of 80%.(15)

Since 2014, two-dose schedules of both the AS04-adjuvanted 
HPV-16/18 vaccine (AS04-HPV-16/18v) (Cervarix; GSK, Rixensart, 
Belgium) and the HPV-6/11/16/18 vaccine (4vHPV) (Gardasil; 
Merck and Co. Inc, NJ, USA) have been approved in Singapore 
for girls aged 9–14 years and 9–13 years, respectively.(16) HPV 
vaccination is available upon request from public and private 
clinics, and is reimbursed through an individual’s medical savings 
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account (Medisave).(17) So far, the uptake of HPV vaccination has 
also been low; only 13.6% of women aged 18–26 years have 
been immunised.(18) The reasons contributing to the low uptake are 
unclear, but inconvenience, low awareness of HPV and the benefits 
of HPV vaccination, along with misconceptions about the safety of 
HPV vaccination have been raised as potential barriers to uptake.(14,19)

A recent meta-analysis concluded that AS04-HPV-16/18v 
was more efficacious compared with 4vHPV in terms of 
protection against the pre-malignant stages CIN2 (65% vs. 43%, 
respectively) and CIN3 (93% vs. 43%, respectively), irrespective 
of the causative HPV type.(20) On the other hand, 4vHPV provides 
protection against HPV-6 and HPV-11 infections, thereby 
reducing the risk of GWs.(4) Recent studies have suggested that 
AS04-HPV-16/18v also provides moderate cross-protection 
against persistent infection by HPV-6 and HPV-11.(21-24)

The cost-effectiveness of both AS04-HPV-16/18v and 
4vHPV has been evaluated in a number of countries in order 
to establish the value of introducing nationwide immunisation 
programmes,(25-29) in accordance with the World Health 
Organization’s (WHO) recommendation to first establish the 
cost-effectiveness of a new vaccine in the country before 
introduction.(30) While the effectiveness and cost-effectiveness 
of the three-dose vaccine regimens have been evaluated for 
Singapore,(31,32) there are no such cost-effectiveness studies on 
the two-dose vaccine regimens to our knowledge. A national 
HPV vaccination programme is currently under evaluation by 
MOH Singapore. Given the previous success of school-based 
vaccination programmes in Singapore – including the Tdap 
programme (tetanus toxoid, reduced diphtheria toxoid and 
acellular pertussis vaccination) involving the vaccination of 
11-year-old children by School Health Services nurses, which 
achieved a coverage of 91.4% in 2013(33) – it was of interest to 
evaluate the cost-effectiveness of the two-dose HPV vaccination 
as part of a school-based vaccination programme.

METHODS
A previously published lifetime Markov cohort model was 
adapted to the Singapore setting.(26,34) The model was based on 
three fundamental assumptions: (a) HPV infection is associated 
with cervical cancer; (b) screening and early detection of 
cervical lesions impact the natural history of cervical cancer; and 
(c) vaccination alters the natural history of disease at infection. 
12-year-old girls were chosen as the cohort of study for the 
model due to the presence of an established Tdap vaccination 
programme for this age group in Singapore. HPV vaccination of 
the same cohort would avoid additional costs associated with 
establishing a separate vaccination programme for a different 
age cohort. The model consisted of 95 cycles of one year each, 
which covered the lifetime of the cohort and captured the total 
benefit associated with prevention of cancer.

We evaluated the cost-effectiveness of introducing AS04-
HPV-16/18v in addition to the current cervical screening 
programme in Singapore. Furthermore, we examined the cost-
effectiveness of AS04-HPV-16/18v compared with 4vHPV, both 
of which are available in Singapore. The analyses were carried 

out from the perspective of the healthcare payer, which is MOH 
Singapore. Thus, only direct medical costs, such as costs of 
hospitalisation, screening tests and procedures, and vaccine costs 
were included. In accordance with previous health economic 
evaluations in Singapore, a discount rate of 3% was applied to 
both costs and benefits.(31,35,36) A discount rate of 1.5% was also 
explored, as described in Scenario Analysis I later in this article.

Prof Tay SK, Singapore General Hospital and Duke-NUS 
Medical School, Singapore, and Prof Lee BW, National University 
of Singapore, Singapore, validated the model data input and 
assumptions during a roundtable discussion held on 29 January 
2014 and throughout the study period. In addition, the incidence 
of cervical cancer, cervical cancer mortality rate and incidence of 
GWs per age group, as estimated by the model, were compared 
with external sources for validation.

The model structure has been described in previous 
publications.(26,34) In short, participants enter the model in the non-
infected state (NoHPV), and with each cycle of the model, there is 
a probability of remaining uninfected or of becoming infected and 
transitioning to the oncogenic infection state (HPVonc) and/or the 
low-risk infection state (HPVlr). Participants in HPVonc may remain 
in this state, return to NoHPV or move through the pre-malignant 
states (CIN1, CIN2/3 and persistent CIN2/3) before reaching the 
cervical cancer state and cervical cancer death. If the pre-malignant 
lesion is detected through screening, participants move to the 
corresponding detected CIN states, which are associated with a 
higher probability of returning to NoHPV, reflecting the impact of 
medical follow-up. Participants in HPVlr may remain in the same 
disease state, return to NoHPV, or experience GWs or low-risk 
cervical intraepithelial neoplasia 1 (CIN1lr). CIN1lr lesions may be 
detected, hence enabling medical intervention that is associated 
with a higher probability of returning to NoHPV.

Markov models are suitable for modelling cervical cancer, as 
they are able to model the long natural history of HPV infection, 
as well as the effect of early detection through screening and 
immunisation through vaccination.(37) Age-specific mortality 
rates from the Singapore general population in 2013 were used 
in the model.(38)

No national statistics could be identified for GWs in 
Singapore. The incidence of female GWs was estimated from 
the Communicable Diseases Surveillance in Singapore in 2013 
report, by MOH Singapore.(33) The report quoted an incidence 
of 33.5 cases in males and 6.6 cases in females per 100,000 
population. The discrepancy in incidence is likely to be a 
reflection of different treatment providers for GWs in men and 
women in Singapore. It was therefore agreed that the higher 
rate of 33.5 cases per 100,000 population should be used as a 
conservative estimate of the female GW incidence in Singapore. 
The overall GW incidence was further stratified by age group 
according to the female GW distribution in Japan, as a distribution 
from Singapore could not be found.(33,39)

The cohort of 12-year-old girls in 2013 was estimated to be 
22,000.(40) Transition probabilities between the health states, 
representing the natural history of the disease, are shown in 
Table I. Cervical cancer screening variables were based on 



Original  Art ic le

372

guidelines in Singapore, data from the literature and local clinical 
expert opinion (Table II).

The overall vaccine effectiveness used in the model was 
calculated based on data from pivotal trials and the literature,(8,53-57) 
according to the formula:

%HPVi
i

iVE∑ ×

where %HPVi represented the HPV type prevalence and VEi 
represented the efficacy of the vaccine against the specific HPV 

type. Table III further details the effectiveness of each vaccine 
for CIN1, GWs, CIN2/3 and cervical cancer. As reflected by 
the differences in vaccine efficacy, the AS04-HPV-16/18v is 
formulated with the AS04 adjuvant, which stimulates a greater 
immune response compared with the traditional aluminium 
salt adjuvants used for the 4vHPV.(58-60) It has been suggested 
that differences in the magnitude of immune response between 
vaccines determine the duration of protection, although such 
differences were not accounted for in the current model.(59) 
Vaccination coverage was assumed to be 90%, based on local 
experience with Tdap vaccination.(33)

Table I. Transition probabilities between health states.

Health state Probability Notes and references

HPVonc

HPVonc to NoHPV 0.293–0.553 Age‑specific natural yearly clearance of oncogenic HPV 
infection(41‑44)

HPVonc to CIN1 0.049 Yearly spontaneous progression from oncogenic HPV infection to 
CIN1, adjusted from Moscicki et al(43)

HPVonc to CIN2/3 0 Assumed to be 0, as it takes at least 2 yr to develop CIN2/3

CIN1 and CIN1 detected

CIN1onc to NoHPV 0.449 Natural yearly regression from CIN1onc to NoHPV(45,46)

CIN1onc to CIN2/3 0.090 Progression from CIN1 to CIN2/3(42,45,46)

Percentage CIN1onc detected and undergoing 
treatment

0 Assumed to be 0, as Singapore guidelines do not recommend CIN1 
to be treated(9)

CIN1 treatment success 0.900 Treatment success defined as patient returning to normal state, 
i.e. NoHPV after treatment(45)

CIN2/3, persistent CIN2/3 and CIN2/3 detected

CIN2/3 to NoHPV 0.227 Spontaneous regression from CIN2/3 to NoHPV within 1 yr(42)

CIN2/3 to CIN1onc 0 Spontaneous regression from CIN2/3 to CIN1 within 1 yr. Assumed 
to be 0, as Singapore guidelines recommend treatment of CIN2/3 
for cure (NoHPV)(9)

CIN2/3 to persistent CIN2/3 0.114 Spontaneous progression from CIN2/3 to persistent CIN2/3 within 
1 yr (= 1 − ‘CIN2/3 to NoHPV’ − ‘CIN2/3 to CIN1onc’ − ‘CIN2/3 to 
cancer’)

Persistent CIN2/3 to cancer 0.000–0.200 Annual probability of transition, assumed 0.008 at Yr 20, with a 
yearly increase of 0.008

Percentage CIN2/3 detected undergoing treatment 1.000 Assumed to be 1, as Singapore guidelines recommend treatment of 
all detected CIN2/3 lesions(9)

CIN2/3 treatment success 0.900 Treatment success defined as patient returning to normal state, 
i.e. NoHPV after treatment(46)

Cervical cancer

Cancer to death due to cervical cancer 0.068
Based on the 5‑yr cervical cancer survival rate (70.50%)(47)

Cancer to NoHPV 0.217

Low‑risk HPV

HPVlr to NoHPV 0.516 Assumption based on the natural yearly regression from HPVlr and 
GWs to NoHPV(48)

HPVlr to GW 0.000–0.171 Yearly spontaneous progression from HPVlr to GWs. Based on 
female GW incidence rate in Singapore, which was age‑stratified 
according to the female GW age distribution in Japan(33,39)

HPVlr to CIN1lr 0.036 Yearly spontaneous progression from HPVlr to CIN1(46)

GW resistant 0.350 Proportion of treated GWs resistant to initial treatment(49)

CIN1lr to NoHPV 0.500 Yearly natural regression from CIN1lr to NoHPV(46)

CIN1: low‑grade cervical intraepithelial neoplasia; CIN1lr: low‑risk low‑grade cervical intraepithelial neoplasia; CIN1onc: pre‑malignant low‑grade cervical intraepithelial 
neoplasia; CIN2/3: moderate‑  and high‑grade cervical intraepithelial neoplasia; GW: genital wart; HPV: human papillomavirus; HPVlr: low‑risk HPV infection; 
HPVonc: oncogenic HPV infection; NoHPV: no HPV infection
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Due to the lack of published HPV-related disutility weights 
for the Singaporean population, disutility weights for pre-
malignant stages and cervical cancer stages from other countries 
were applied. Disutilities were assumed to be constant over 
time and they were subtracted from a utility value of 1 for all 
ages. The disutility value per disease stage was adjusted for 
the duration of each lesion type to represent the disutility over 
a single year, to fit the cycle length of the model. For disease 
stages that lasted for more than one year (i.e. cervical cancer), 

the disutility was applied to all consecutive cycles during which 
the disease stage was active (Table IV).

Table II. Cervical cancer screening parameters.

Parameter Value Notes and references

Screening coverage 0.450 Local clinical expert opinion

Screening age range (yr) 25–69 Assumes screening every 3 yr(9)

CIN1 detected 0.580
Based on meta‑analysis of Pap smear test accuracy(50)

CIN2/3 detected 0.610

Percentage of positive Pap smear 0.055 Estimated based on the literature(51,52)

CIN1: low‑grade cervical intraepithelial neoplasia; CIN2/3: moderate‑ and high‑grade cervical intraepithelial neoplasia

Table III. Vaccine effectiveness based on HPV type.

Variable %HPVi , location VEi (95% CI)

AS04‑HPV‑16/18v 4vHPV

CIN1

HPV‑16/18 25.4%, South Eastern Asia(57) 98%(8) 98%(56)

HPV‑31/33/35/39/45/51/52/56/58/59 58.7%, South Eastern Asia(57) 48% (28.9%–61.9%)(8,55) 23% (7.8%–36.4%)(53)

HPV‑6/11 4.4%, South Eastern Asia(57) 0% 98%(7)

Overall effectiveness NA 52.8% 42.7%

Genital warts

HPV‑6/11 90.0%* 0% 98%(56)

Overall effectiveness NA 0% 88.2%

CIN2/3

HPV‑16/18 41.9%, Singapore(57) 98%(8) 98%(7)

HPV‑31/33/35/39/45/51/52/56/58/59 58.1%, Singapore(57) 68% (45.7%–82.4%)(8,54) 33% (6.0%–51.9%)(53)

Overall effectiveness NA 80.8% 60.2%

Cervical cancer

HPV‑16/18 63.1%, Singapore(57) 98%(8) 98%(56)

HPV‑31/33/35/39/45/51/52/56/58/59 30.7%, Singapore(57) 68% (45.7%–82.4%)(8,54) 33% (6.0%–51.9%)(53)

Overall effectiveness NA 82.8% 72.0%

*Clinical expert opinion. %HPVi , HPV type prevalence; 4vHPV: HPV‑6/11/16/18 vaccine; AS04‑HPV‑16/18v: AS04‑adjuvanted HPV‑16/18 vaccine; CI: confidence 
interval; CIN1: low‑grade cervical intraepithelial neoplasia; CIN2/3: moderate‑  and high‑grade cervical intraepithelial neoplasia; HPV: human papillomavirus; 
HPVi: proportion of HPVi in the lesion; NA: not available; VEi: vaccine efficacy against the lesion of Type I under consideration

Table IV. HPV‑related disutility inputs.(41,49,61‑64)

Health state Value

CIN1 detected 0.0128

Genital warts* 0.0180

CIN2/3 detected 0.0128

Cancer 0.2730

Cancer cured 0.0620

Death 1.0000

*Value accounts for the proportion of genital warts actually treated and therefore 
assumed to generate some disutility. CIN1: low‑grade cervical intraepithelial 
neoplasia; CIN2/3: moderate‑ and high‑grade cervical intraepithelial neoplasia; 
HPV: human papillomavirus

Table V. Cost parameters.

Parameter Average annual cost (SGD)

Cost of regular screening(2)

Cases with negative Pap smear 40

Cases with positive Pap smear 
and colposcopy/biopsy

290

Treatment cost per case(2)

CIN1 1,104

CIN2/3 1,589

Genital warts and resistant 
genital warts in females

218

Cervical cancer 3,059

Vaccine price per dose*

AS04‑HPV‑16/18v 90

4vHPV 90

*Assumed prices were used. 4vHPV: HPV‑6/11/16/18 vaccine; AS04‑HPV‑16/18v: 
AS04‑adjuvanted HPV‑16/18 vaccine; CIN1: low‑grade cervical intraepithelial 
neoplasia; CIN2/3: moderate‑ and high‑grade cervical intraepithelial neoplasia; 
HPV: human papillomavirus
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Treatment costs for CIN lesions and for cervical cancer 
(Table V) were taken from a previously published study on the 
economic burden of HPV in Singapore.(2) The published lifetime 
cost of cervical cancer was adjusted to the cost per year by 
dividing the lifetime cost by the average duration of a cervical 
cancer case in the model (i.e. 3.34 years). Adjustment of costs to 
the cost year, 2014, was not considered necessary, as the costs 
were validated by external experts to be still relevant at the time of 
study. A vaccine cost of SGD 90 per dose was assumed (i.e. SGD 
180 per vaccinated girl under the two-dose schedule). Price parity 
between the two vaccines was assumed to ensure that results 
would be due to clinical differentiators and not vaccine price 
differentials. The main health benefits of interest, quality-adjusted 
life years (QALYs) and life years (LYs) gained were computed in 
the model alongside the number of CIN1 and CIN2/3 cases (as 
detected by screening), GW cases, cervical cancer cases and 
cervical cancer deaths averted, as well as associated costs over 
the cohort’s lifetime. The incremental cost-effectiveness ratio 
(ICER) threshold of 1–3 times the gross domestic product (GDP) 
per capita was used, as recommended by the WHO.(65)

Two analyses were conducted: (a) vaccination with 
AS04-HPV-16/18v added to the current screening programme 
compared with screening alone; and (b) vaccination with 4vHPV 
compared with AS04-HPV-16/18v. One-way deterministic 
sensitivity analyses were performed in order to evaluate the 
robustness of the results to changes in the model inputs. All base-
case variables were varied ± 20%, with the exception of vaccine 
efficacy related to cross-protection, which was varied to the upper 
and lower 95% confidence intervals reported.

In addition, two scenario analyses were conducted. Scenario 
Analysis I was conducted to investigate the impact of applying an 
alternative discount rate of 1.5%, as recommended by the recently 
updated National Institute for Health and Care Excellence (NICE) 

United Kingdom (UK), guidelines for interventions with long-term 
benefits exceeding 30 years.(66,67) Scenario Analysis II aimed to 
investigate the impact of applying alternative GW incidence, 
vaccine and GW treatment costs, and disutility weights, as applied 
by Lee et al(31) in 2011 (Table VI).

RESULTS
The model adequately reproduced age-dependent cervical cancer 
incidence, cervical cancer mortality and female GW incidence 
in Singapore when compared with published data (Figs. 1–3).

The introduction of AS04-HPV-16/18v, in addition to the 
current cervical screening programme, compared with screening 
alone, resulted in a gain of 1,314 QALYs (undiscounted) over 
the lifetime of the cohort (Table VII). These QALY gains were 
attributed to fewer cases of CIN1 and CIN2/3 (as detected by 
screening), as well as to the avoidance of cervical cancer cases 
(137 avoided) and cervical cancer deaths (48 avoided). With 
the introduction of AS04-HPV-16/18v in addition to screening, 
an additional cost of SGD 3,564,000 was estimated for vaccine 
acquisition. However, there were important cost savings 
associated with CIN and cervical cancer treatment that amounted 
to SGD 2,163,130 (undiscounted), resulting in a net cost of SGD 
1,769,338 (undiscounted). Discounted at 3% annually, a total of 
243 QALYs were gained for a total net cost of SGD 3,072,752. 
The ICER of AS04-HPV-16/18v in addition to screening, compared 
with screening alone, was therefore SGD 12,645 per QALY 
gained. Thus, AS04-HPV-16/18v is considered highly cost-
effective according to the WHO threshold (< 1 times GDP/capita 
[or SGD 70,967 in 2014]).(65,69)

When comparing the effectiveness of AS04-HPV-16/18v with 
that of 4vHPV, in addition to screening in both cases, AS04-
HPV-16/18v was found to be more effective for avoiding CIN, 
cervical cancer cases and cervical cancer deaths, whereas 4vHPV 

Table VI. Alternative input variables (adapted from Lee et al)(31) for Scenario Analysis II.

Variable Value Notes(31)

Incidence of genital warts Calibration Genital wart incidence was calibrated to match lifetime no. of cases in 12‑year‑old girls 
cohort in Lee et al(31) (4,126 cases for a cohort size of 25,000 girls)

Cost (SGD)

Genital warts 750 Lee et al(31)

Vaccine price per dose

AS04‑HPV‑16/18v 133
Calculated from total costs of the 3‑dose vaccine course (SGD 400) in Lee et al(31)

4vHPV 133

Disutility

CIN 0.1100 Lee et al(31)

Genital warts 0.0400 Lee et al(31)

Cancer distribution

Stage I 42.0%

Lee et al applied disutility weights by stage whereas the present model applies cervical 
cancer disutilities as a single entity. Weighted average calculation was based on the cancer 
stage distribution of cervical cancers in Singapore during 2009–2013(68)

Stage II 26.8%

Stage III 15.6%

Stage IV 15.5%

Weighted disutility average 0.4146

Cancer cured 0.0600 Lee et al(31)

4vHPV: HPV‑6/11/16/18 vaccine; AS04‑HPV‑16/18v: AS04‑adjuvanted HPV‑16/18 vaccine; CIN: cervical intraepithelial neoplasia; HPV: human papillomavirus
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Singapore Cancer Trends Report, 2009-2013
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Fig. 1 Chart shows observed and modelled age-stratified incidence of cervical cancer among women in Singapore. (Data from Singapore Cancer Trends 
Reports, 2009–2013.)(68)

30

25

20

15

10

5

0

12

15
-1

9

20
-2

4

25
-2

9

30
-3

4

35
-3

9

40
-4

4

45
-4

9

50
-5

4

55
-5

9

60
-6

4

65
-6

9

70
-7

4

75
-7

9

80
-8

4

> 
85

Age (yr)

C
er

vi
ca

l c
an

ce
r d

ea
th

s
pe

r 1
00

,0
00

 w
om

en

International Agency for Research on Cancer, GLOBOCAN, Singapore, 2012
Modelled

Fig. 2 Chart shows observed and modelled age-stratified mortality of cervical cancer among women in Singapore. (Data from International Agency for 
Research on Cancer, GLOBOCAN, Singapore, 2012.)(47)
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Fig. 3 Chart shows observed and modelled age-stratified incidence of genital warts among women in Singapore. (Data from Communicable Diseases 
Surveillance in Singapore 2013;(33) Kumamoto et al 2004.)(39)
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was more effective for avoiding GW cases. Before discounting, 
AS04-HPV-16/18v generated 174 additional QALYs compared 
with 4vHPV at a lower cost (cost savings of SGD 379,709). The 
additional costs associated with treatment of GW cases with 
AS04-HPV-16/18v (SGD 112,115) were offset by cost savings 
due to the lower treatment costs for CIN and cervical cancer 
cases (SGD 372,271). After discounting at 3%, vaccination with 
AS04-HPV-16/18v generated 28 more QALYs and led to a total 
cost savings of SGD 80,559 compared with 4vHPV. This makes 
AS04-HPV-16/18v the dominant choice (more effective and 
less costly when compared with 4vHPV) for the introduction of 
universal mass vaccination for 12-year-old girls in Singapore.

Results of the one-way sensitivity analyses showed the discount 
rate to be the most influential factor on the ICER for the comparison 
of AS04-HPV-16/18v versus screening alone (Fig. 4). Similarly, 
the discount rate was the factor that had the greatest influence 
on the difference in total QALYs for the comparison between 
AS04-HPV-16/18v and 4vHPV (Fig. 5). The most influential factor 
on the difference in total costs for this comparison was cervical 
screening frequency, which was closely followed by the discount 
rate (Fig. 6). Despite variations in the model inputs, AS04-HPV-
16/18v remained cost-effective when compared with screening 
alone and AS04-HPV-16/18v still provided more cost savings and 
was more effective than 4vHPV in all sensitivity analyses.

When a 1.5% discount rate was applied in Scenario 
Analysis I, total costs as well as total QALY gains increased for 
all three options (i.e. screening alone, AS04-HPV-16/18v and 
4vHPV) (Table VIII). Results for AS04-HPV-16/18v were even 
more favourable at the discount rate used in this scenario analysis 
when compared with the base case. When input variables from 
Lee et al(31) were applied in Scenario Analysis II, total discounted 
costs increased for all options, while total discounted QALY gains 
slightly decreased. In this scenario, AS04-HPV-16/18v remained 
cost-effective compared with screening alone (ICER per QALY: 
SGD 17,226 < 1 times GDP/capita [or SGD 70,967 in 2014]).(65,69) 
However, in contrast to the base-case analysis, when input 
variables from Lee et al(31) were used, 4vHPV dominated AS04-
HPV-16/18v due to both overall cost savings and overall QALY 
gains. On the other hand, when the cost-effectiveness results 
were evaluated in terms of cost per LY gained, AS04-HPV-16/18v 
was cost-effective when compared with 4vHPV (26 LYs gained; 
ICER: SGD 97,208 per LY gained, < 3 times GDP per capita or 
SGD 212,901 in 2014).(65,69)

DISCUSSION
This study showed that introducing a national AS04-HPV-16/18v 
vaccination programme for 12-year-old girls in Singapore, in 
addition to the existing cervical cancer screening programme, 

Table VII. Modelled benefits and costs.

Outcomes and costs Screening 
alone

AS04‑HPV‑16/18v 
and screening

4vHPV and 
screening

Incremental outcomes

AS04‑HPV‑16/18v 
vs. screening alone

AS04‑HPV‑16/18v 
vs. 4vHPV

Undiscounted outcome

CIN1 screening‑detected 880 494 573 −386 −79

CIN2/3 screening‑detected 115 34 56 −81 −22

Genital warts 424 424 90 0 334

Cervical cancer case 191 54 74 −137 −20

Cervical cancer death 67 19 26 −48 −7

QALYs 1,614,370 1,615,684 1,615,510 1,314 174

LYs 1,614,771 1,615,809 1,615,661 1,038 148

Undiscounted cost (SGD)

Vaccination 0 3,564,000 3,564,000 3,564,000 0

Screening 41,415,114 41,783,582 41,903,135 368,468 −119,553

CIN1 treatment 1,344,905 756,376 879,083 −588,529 −122,707

CIN2/3 treatment 253,696 76,048 124,372 −177,648 −48,324

Genital warts 142,406 142,406 30,291 0 112,115

Cervical cancer 1,950,057 553,104 754,344 −1,396,953 −201,240

Total undiscounted cost 45,106,178 46,875,516 47,255,225 1,769,338 −379,709

Discounted (3%) outcomes

QALYs 661,514 661,757 661,729 243 28

LYs 661,606 661,789 661,763 183 26

Discounted (3%) cost (SGD)

Total cost 17,582,406 20,655,158 20,735,717 3,072,752 −80,559

ICER NA NA NA 12,645 AS04‑HPV‑16/18v 
dominates 4vHPV

4vHPV: HPV‑6/11/16/18 vaccine; AS04‑HPV‑16/18v: AS04‑adjuvanted HPV‑16/18 vaccine; CIN1: low‑grade cervical intraepithelial neoplasia; CIN2/3: moderate‑ and 
high‑grade cervical intraepithelial neoplasia; HPV: human papillomavirus; ICER: incremental cost‑effectiveness ratio; LY: life year; NA: not available; QALY: quality‑adjusted 
life year
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Fig. 4 Diagram shows one-way sensitivity analysis of the ten most influential factors for AS04-HPV-16/18v versus screening alone. AS04-HPV-16/18v: 
AS04-adjuvanted HPV-16/18 vaccine; HPV: human papillomavirus; ICER: incremental cost-effectiveness ratio
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Proportion of cervical cancers caused by
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Fig. 5 Diagram shows one-way sensitivity analysis of the ten most influential factors on QALYs for AS04-HPV-16/18v vs. 4vHPV. 4vHPV: HPV-6/11/16/18 
vaccine; AS04-HPV-16/18v: AS04-adjuvanted HPV-16/18 vaccine; HPV: human papillomavirus; QALY: quality-adjusted life year
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Fig. 6 Diagram shows one-way sensitivity analysis of the ten most influential factors on costs for AS04-HPV-16/18v vs. 4vHPV. 4vHPV: HPV-6/11/16/18 
vaccine; AS04-HPV-16/18v: AS04-adjuvanted HPV-16/18 vaccine; CIN1: low-grade cervical intraepithelial neoplasia; HPV: human papillomavirus
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could be highly cost-effective compared with the current practice 
of screening and treatment alone. Furthermore, this study also 
showed that AS04-HPV-16/18v dominates 4vHPV, suggesting that 
AS04-HPV-16/18v would deliver greater value for investment if a 
reimbursed universal mass HPV vaccination became available for 
12-year-old girls in Singapore. The results of one-way sensitivity 
analyses confirmed that the model was robust to uncertainty in 
the input variables. The most influential input variable was the 
discount rate, which was due to the long time horizon of the 
model combined with the time lag between vaccination and 
protection against cervical cancer.

To ensure that the model input was applicable to the 
healthcare setting in Singapore, the treatment pathways, costs 
and distribution of HPV types, as well as other data input, were 
derived from local data wherever possible. The data, along with 
input derived from other countries when local data was not 
available, was validated by local clinical experts with extensive 
clinical experience in treating cervical cancer in Singapore in 
order to ensure that the input was accurate at the time of study. 
In the absence of local data, the utilities applied in this model 
were derived from Europe and the United States, introducing 
potential generalisability concerns. As with all data input, local 
data is preferred, but in the absence of such data, guidance from 
the International Society for Pharmacoeconomics and Outcomes 
Research recommends the use of published utility weights from 
other countries.(70)

HPV type prevalence varies across the world and the 
effectiveness of vaccines may be variable depending on the 
distribution of HPV types in cervical lesions. It is therefore 
important to consider the local or regional HPV type prevalence 
when estimating overall vaccine effectiveness. As the model 
used the HPV distribution for South Eastern Asia and Singapore, 
it was able to estimate the vaccine effectiveness specific to the 
Singapore setting.

Markov cohort models are transparent and have the added 
advantage of requiring a limited number of parameter inputs.(37) 
This is important in settings where input-rich, more complex 
models may be difficult to populate and interpret. The static 
cohort design leads to conservative estimates of benefits from 
vaccination, as the model does not account for dynamic effects, 
such as herd immunity and changes in population behaviour.(37) 
As such, it is likely that the current model underestimated the 
true benefits of vaccination. Such underestimation may have been 
counter-balanced by potential overestimation in the model due to 
a lack of waning and the assumption of lifelong protection once 
vaccinated. Although the phenomenon of waning is uncertain,(29) 
it is included in many modelling studies in which the estimated 
benefit of vaccination is reduced as a result.

Discounting is applied to health economic evaluations in 
order to account for an intrinsic preference among the general 
population for immediate benefits compared with benefits in the 
distant future.(71) To avoid undervaluing long-term benefits, the 
updated guidelines by NICE, UK, recommend applying a discount 
rate of 1.5%, instead of the usually applied 3.5% in the UK, 
when health benefits are likely to be achieved over a duration of 
more than 30 years.(66,67) The results from our sensitivity analysis 
showed that the discount rate had a major influence on both the 
total costs and total QALYs, and thus the ICER. By comparing 
the base-case analysis (3% discount rate) with the 1.5% discount 
rate scenario, an additional 32% of the discounted QALY gains 
and costs were retained for both AS04-HPV-16/18v and 4vHPV.

Cervical cancer can take many years to develop. In Singapore, 
its peak incidence occurs in women in the 45–54 years age group.(1) 
In contrast, GWs can occur much sooner after HPV infection, 
with a peak incidence of GWs among women aged 20–39 years 
in Singapore.(2) Benefits from avoiding cervical cancer (in the 
long term) and GWs (in the short term) are weighted differently 
depending on the discount rate chosen, as observed in our analyses 

Table VIII. Results of Scenario Analyses I and II.

Scenario analysis Screening 
alone

AS04‑HPV‑16/18v 
and screening

4vHPV and 
screening

Incremental outcomes

AS04‑HPV‑16/18v 
vs. screening alone

AS04‑HPV‑16/18v 
vs. 4vHPV

I (discount rate 1.5%)

Total cost (SGD) 27,543,990 30,193,764 30,371,260 2,649,774 −177,496

Total QALYs 979,669 980,217 980,148 548 69

ICER NA NA NA 4,835 AS04‑HPV‑16/18v 
dominates 4vHPV

II(31) (discount rate 3%)

Total cost (SGD) 20,876,837 25,665,638 23,138,241 4,788,801 2,527,397

Total QALYs 661,319 661,597 661,680 278 −83

Total LYs 661,606 661,789 661,763 183 26

ICER (per QALY gained) NA NA NA 17,226 4vHPV dominates 
AS04‑HPV‑16/18v 

ICER (per LY gained) NA NA NA 26,168 97,208

4vHPV: HPV‑6/11/16/18 vaccine; AS04‑HPV‑16/18v: AS04‑adjuvanted HPV‑16/18 vaccine; HPV: human papillomavirus; ICER: incremental cost‑effectiveness ratio; 
LY: life year; NA: not available; QALY: quality‑adjusted life year
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(3% in base case, 1.5% in scenario analysis) – a higher proportion 
of GW-associated QALY gains (base case: 60%, scenario analysis: 
77%) were retained after discounting when compared with cervical 
cancer-associated QALY gains (base case: 18%, scenario analysis: 
42%) (Fig. 7). A high discount rate diminishes long-term benefits 
and overvalues the importance of short-term benefits, while a lower 
discount rate partially restores the balance. In Singapore, there is 
no official discount rate recommendation; the most appropriate 
discount rate depends on the policy objective of the vaccination 
programme and the relative value the society places on the 
prevention of cervical cancer versus GWs.

While the results from our evaluation, which concluded 
that AS04-HPV-16/18v is cost-effective when compared with 
screening alone, concurred with those reported by Lee et al(31) 
for a three-dose vaccination schedule, Lee et al differed from our 
analysis in concluding that 4vHPV was dominant over AS04-
HPV-16/18v in terms of cost per QALY gained. However, when 
the ICER was calculated in terms of cost per LY gained, Lee 
et al found AS04-HPV-16/18v to be more cost-effective when 
compared with 4vHPV, due to the focus on LYs and the exclusion 
of GW-associated QALY changes.(31)

Some of the key differences between the present model and 
the model described by Lee et al(31) relate to GW-associated input 
variables (e.g. incidence, disutility and cost of treatment). When 
applying the input variables from Lee et al to our model, substantial 
differences were observed in the total number of GW cases (AS04-
HPV-16/18v: n = 3,773; 4vHPV: n = 804) when compared with 
our base case (AS04-HPV-16/18v: n = 424; 4vHPV: n = 90). The 
higher incidence of GWs was likely to have favoured 4vHPV due to 
its efficacy against GW-associated HPV-6 and HPV-11 infections. 
The GW incidence in Lee et al,(31) derived from international 
studies with a low proportion of women living in Asia,(56,72) was 

several-fold higher compared with the incidence in our model, and 
was likely to be one of the major contributors to the contradictory 
results. Furthermore, the greater disutility and greater cost of GW 
treatment is likely to have further amplified the economic impact 
of GWs. Data associated with GWs is difficult to source in Asia. 
The incidence of GWs in our model was derived from an MOH 
Singapore report in 2013,(33) and we chose to apply the higher 
incidence rate for males (33.5 cases per 100,000 population) rather 
than that for females or the total incidence (6.6 or 20.7 cases per 
100,000 population, respectively) in order to take a conservative 
approach with our analysis. The application of the female rate 
(6.6 cases per 100,000 women), as an alternative, was shown to 
lead to minor differences in the results (data not shown).

Unsurprisingly, when the input variables from Lee et al(31) 
were applied to our model, the results mirrored those of the 
earlier study – AS04-HPV-16/18v was cost-effective when 
compared with screening alone, and 4vHPV was dominant over 
AS04-HPV-16/18v in terms of cost per QALY gained, while AS04-
HPV-16/18v was cost-effective when compared with 4vHPV in 
terms of cost per LY gained.

A further difference between both models was the rate of 
cross-protection against oncogenic HPV types, other than HPV-16 
and HPV-18, applied to AS04-HPV-16/18v. Lee et al(31) applied 
a non-vaccine-specific rate of cross-protection (23.4%) to both 
vaccines, whereas vaccine-specific rates reflecting the difference 
in the rate of cross-protection by AS04-HPV-16/18v (48%) and 
4vHPV (23%) were used in the current model.

Observational data and a post-hoc analysis of a Phase III 
clinical trial of AS04-HPV-16/18v suggest that AS04-HPV-16/18v 
also provides moderate protection against the low-risk HPV-6 
and HPV-11 infections.(21,22,73) This additional cross-protection 
against these low-risk HPV types was not included in our model. 
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Fig. 7 Graph shows scenario analysis of the impact of applying discount rates of 0%, 1.5% and 3.0% on QALY gains associated with genital warts (for 
4vHPV) and cervical cancer (for AS04-HPV-16/18v). 4vHPV: HPV-6/11/16/18 vaccine; AS04-HPV-16/18v: AS04-adjuvanted HPV-16/18 vaccine; HPV: human 
papillomavirus; QALY: quality-adjusted life year
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Therefore, the current results are likely to be a conservative 
estimate of the relative effectiveness of AS04-HPV-16/18v versus 
4vHPV. Similarly, in other HPV vaccination studies in Asia, the 
cross-protection of AS04-HPV-16/18v against HPV-6 and HPV-
11 has not been taken into account, and this may be important 
to note when interpreting the findings from these studies.(31,74-77)

This study demonstrated that the two-dose AS04-HPV-16/18v 
would be cost-effective as part of a school-based programme 
for 12-year-old girls in Singapore from the perspective of the 
healthcare payer (MOH Singapore). AS04-HPV-16/18v was also 
shown to dominate 4vHPV by generating more QALYs at a lower 
cost. The vaccination is currently covered under the Medisave 
programme but relies on voluntary initiation or parental initiation, 
which may explain the current low uptake rate (13.6%).(18) Official 
recommendation from relevant medical societies, endorsement 
of the AS04-HPV-16/18v from MOH Singapore and the Health 
Promotion Board, and dissemination of these recommendations 
through public awareness campaigns could contribute to higher 
uptake rates. Coverage could be further increased by adding 
AS04-HPV-16/18v to the school-based vaccination programme 
for 12-year-old girls and by including AS04-HPV-16/18v in the 
National Immunisation Registry in Singapore, as this would 
deliver immunisation in an organised manner and provide 
reminders to parents if a child misses a vaccine dose.(78) Catch-up 
vaccination policies could also be considered in order to further 
increase the coverage in the overall population.(79) By building 
public awareness about HPV immunisation and improving the 
HPV vaccination coverage, the burden and suffering associated 
with cervical pre-cancer, cervical cancer and cancer death could 
be alleviated in the future.
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