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ARTICLE INFO ABSTRACT

Keywords: Aim: Prophylactic human papillomavirus (HPV) vaccines are highly effective at preventing pre-cancerous
Human papillomavirus cervical lesions when given in a three-dose schedule. Some post-hoc trial data suggest that one dose prevents
VaCCiI}aﬁon HPV infection. If one dose could prevent pre-cancerous cervical lesions, then global cervical cancer prevention
Effectiveness would be greatly facilitated. We assessed the effectiveness of quadrivalent HPV vaccine by number of doses
Cervical intraepithelial neoplasia . . . . . . . L. . .
Australia against cervical intraepithelial neoplasia (CIN) 2 or 3/adenocarcinoma—in-situ (AIS)/cancer in Australia up to

seven years post vaccination.

Methods: We linked registry data from all 8 jurisdictional cervical screening registers, with the national HPV
vaccination register, death index and cancer registers for all Australian women aged 15 or under when eligible
for vaccine who screened between April 2007 (when vaccination commenced) and 31 December 2014. We
performed Cox proportional hazard regression, adjusted a priori for age, socioeconomic status, and area of
residence, to estimate hazard ratios of histologically confirmed CIN2/CIN3/AIS/cancer.

Results: We included 250,648 women: 48,845 (19-5%) unvaccinated, 174,995 (69-8%) had received three doses,
18,190 (7-3%) two doses and 8,618 (3:4%) one dose. The adjusted hazard ratio was significantly lower for all
dose groups compared to unvaccinated women (1 dose 0-65 (95%CI 0-52-0-81), 2 doses 0-61 (0-52-0-72) and 3
doses 0-59 (0-54-0-65).) With adjustment for age at vaccination amongst the vaccinated group, the adjusted
hazard ratios for one dose and two dose recipients were comparable to three dose recipients (one dose 1.01
(95%CI 0.81-1.26), two doses 1.00 (0.85-1.17).) Multiple sensitivity analyses, including use of different dose
assignment methods, produced consistent findings. Comparison with a historical cohort of age matched women
showed that the result was not due to herd protection alone.

Conclusions: One dose had comparable effectiveness as two or three doses in preventing high-grade disease in a
high coverage setting. These findings support the hypothesis that one dose vaccination may be a viable strategy
when working towards the global elimination of cervical cancer.
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1. Introduction

Oncogenic types of human papillomavirus are the cause of cervical
cancer [1]. Prophylactic HPV vaccines have been in use since 2006
following demonstration in clinical trials that, when given as a
three—dose schedule in women without previous evidence of HPV type
specific infection, they prevent targeted type HPV infection and
high-grade cervical intraepithelial neoplasia (CIN) [2]. Titres of vac-
cine induced antibodies, elicited by any of the three HPV vaccines
(bivalent protecting against the most oncogenic types 16/18, quad-
rivalent protecting against 6/11/16/18, nonavalent protecting against
6/11/16/18/31/33/45/52/58) greatly exceed those produced fol-
lowing natural infection [3]. This may be due to the inherent im-
munogenicity of the virus-like particles used in the vaccine, which
display the viral outer coat protein L1 in a conformation mirroring that
of the virus [4]. The vaccines are used globally, although programs
predominate in high income countries, despite the disproportionate
burden of cervical cancer in low income countries [5]. Globally only an
estimated 6:1% of females aged 10-20 years have received 1 or more
vaccine doses [6].

The vaccines were initially trialled in a three-dose schedule with
doses spaced at 0, 1-2 and 6 months. However, observed higher titres in
adolescent immunological bridging studies led to studies of the
equivalence of a two-dose prime-boost strategy using more widely
spaced dosing (0,6-12 months) in young adolescents [7]. In 2014, WHO
recommended use of a routine two—dose schedule in immunocompetent
girls aged 14 and under. Intriguingly a post-hoc analysis of bivalent
HPV vaccine trials suggested equivalent efficacy of one dose of vaccine
against persistent HPV infection [8,9]. Data from a prematurely ended
quadrivalent vaccine trial in India, whereby some participants only
received one dose, also suggest equivalent effectiveness against infec-
tion from one dose [10]. However, to date, data from population based
usage of vaccine, whilst indicating high effectiveness against infection,
warts and CIN [11], have not demonstrated one dose effectiveness
equivalent to three doses [12]. This may be due to an underlying bias,
given that the characteristics of those who fail to complete the vaccine
course appear to be different to those who do and may be associated
with an increased risk of HPV infection [12,13]. Additionally analyses
of the impact of the vaccine amongst women attending cervical
screening have been of women who were too old to have been pre-
dominantly HPV naive at vaccination [12,13]. Here we present a na-
tional analysis of quadrivalent HPV vaccine effectiveness by number of
doses against high—grade CIN+ (all cause, non-HPV type specific, his-
tologically confirmed) in a screening cohort of young women who were
vaccinated at an age at which they were predominantly HPV naive.

2. Methods
2.1. Data sources and linkage

In Australia, from 1991 to 30 November 2017, the National Cervical
Screening Program recommended two-yearly cervical cytology
screening using Papanicolaou (or ‘Pap’) tests for sexually active women
aged 18 (or two years after sexual debut, whichever was later) to 69.
Cervical screening registries from all eight jurisdictions in Australia
supported the Program and each systematically recorded cervical
screening results, including histopathology inclusive of cancer, for
participants. Women could ‘opt off’ a registry but opt off rates were low
(< 1%) [14]. Quality of cytology was high, with close quality and
safety monitoring of the program down to the individual laboratory
level through the registries [15]. Participation in screening was high,
with 73-5% of women aged 20-24 having at least one screen in the
period 2010-2014 [15].

Data from 1 January 2000-31 December 2014 from all eight re-
gistries was provided to the Data Linkage Unit, Australian Institute of
Health and Welfare (AIHW), for linkage to data from the same time
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period obtained from the Australian Cancer Database (national data
available to 31 December 2012) (to ascertain any cervical cancers
missed by screening registers), National Death Index (to confirm vital
status to allow censoring of follow up) and National HPV Vaccination
Program Register (NHVPR). The NHVPR recorded individual HPV
vaccination doses given in Australia. Quadrivalent vaccine was given in
three doses from 2007 to 2017. Between 2007 and 2009, all females
12-26 years were offered vaccination with high coverage (Dose 1/2/3
coverage 12-17 years 83/78/70%, 18-26 years 55/45/32%) [16,17],
and thereafter girls were vaccinated at age 12-13 years in school and
boys from 2013.

Probabilistic data linkage was performed using established proto-
cols to preserve privacy through separating identifying details (sur-
name, given names, date of birth, postcode, Medicare (Australia's
government funded health insurance) number) from analytic variables.
Briefly, a step-wise approach was used, whereby records with exact
matches on all variables were linked first, followed by subsequent
iterations allowing variables to vary with probable pairs assigned a
likelihood of a true match, supported by clerical review [18,19]. Prior
to linkage, NHVPR records were updated against current Medicare
enrolment data. The linked analytic data set contained vaccination
status, cervical screening data and demographic data for each woman
(date of birth, remoteness area [20] and area-level socioeconomic
status [21]) (Fig. 1).

2.2. Study cohort and definitions

We defined the study cohort as females participating in cervical
screening who were age eligible to have been vaccinated two years
prior to the Australian median age of sexual debut (age 17 [22]) i.e.
females born in or after 1992, as the 1992 birth cohort were eligible for
vaccination in 2007 at age 15 (Fig. 2). Any female screening prior to
first vaccination (an indication of sexual activity) was excluded. To
avoid introducing a systematic bias, we excluded unvaccinated women
who commenced screening prior to age 16. The outcome of interest was
histologically confirmed CIN2, CIN3, adenocarcinoma-in-situ (AIS),
CIN3/AIS or cervical cancer) [23]. HPV typing of cervical lesions or
cancers is not routinely undertaken in Australia: therefore, the outcome
used was histologically confirmed high—grade lesions due to any HPV
type. Two state registries did not code histology data specifically to the
level of CIN3+ (only CIN2+); therefore, a sensitivity analysis re-
stricted to this endpoint, with those two states excluded, was under-
taken.

The study period was defined as 1 April 2007 (when HPV vacci-
nation commenced in Australia) until 31 Dec 2014. Women entered the
cohort, with events and person-time counted, from the date of their first
screening test in the study period until the outcome, two and a half
years after their last negative screening test, the end of the study period,
hysterectomy, or death, whichever came first. Given that CIN2/AIS + is
diagnosed via screening, person-time at risk is only included for per-
sons who could be diagnosed with the outcome of interest (i.e.
screening women).

2.3. Dose assignment and sensitivity analyses

We assigned dose status to women using their final dose status
(0,1,2,3), counting outcomes for vaccinated women only after her final
dose in cases where women had their first screen during the vaccination
course, in order to avoid biasing findings by assigning prevalent disease
to earlier doses in the vaccine course (‘final dose status last’). In sen-
sitivity analyses, we also added buffer periods, starting outcome
counting at 12 and 24 months since last dose. Use of buffer periods
allows for prevalent infection or disease to clear prior to outcome
measurement. As prevalent disease is more likely to be counted as an
outcome against earlier doses in the vaccine course, buffer periods have
been commonly used in studies estimating per dose effectiveness
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State and territory cervical screening registers

Cohort selection for study
Select all women in national cervical screening data set with a cervical cytology screening test in the study period
(n = 6,136,291 women)

Post-vaccination cohort

Limit to women born in 1992 onwards
(n = 254,681 women)

v

Exclude who

e died or had a hysterectomy prior to entry to
cohort

. had a cervical cancer diagnosis prior to entry to
cohort

e had a histologically confirmed high-grade
cervical abnormality in 24 months preceding
entry to cohort

(n = 254,639 women)

v

Exclude vaccinated women who were screening prior
to first vaccine dose, unvaccinated women who were
screening before the age of 16, and women with
incomplete vaccination data
(n = 250,648 women)

Pre-vaccination cohort

Limit to women born pre-1992
(n = 284,030 women)

v

Exclude who
e died or had a hysterectomy prior to entry to
cohort

. had a cervical cancer diagnosis prior to
entry to cohort
e had a histologically confirmed high-grade
cervical in 24 months preceding entry to
cohort
(n = 283,925 women)

!

Exclude women who were screening before the
age of 16
(n =270,163 women)

Fig. 1. Data linkage process and exclusions for analysis. Figure 1 footnote: as per the methods of Fellegi and Sunter [18].

against genital warts and CIN in cohorts that include women sexually
active prior to vaccination [14]. We counted valid doses according to
national dose rules for the three-dose schedule using implied dose
numbers assigned by the NHVPR (counting documented doses adherent
to recommended minimal dose intervals). In a sensitivity analysis
taking into account current recommendations that two dose schedules
of HPV vaccine can be used in young adolescents with doses spaced
6-12 months apart, we considered recipients who received two doses
spaced 5 months or greater apart as two dose recipients (regardless of
age at dose one) and assigned women with closer spacing into the one
dose group. We also conducted sensitivity analyses utilising two alter-
native methods to assign dosage status over time as proposed by Drolet
et al. [24] These are ‘time varying dose status’ whereby, a woman's

screening outcomes are assigned to her dose status (0,1,2,3) at that time
i.e. she contributes person-time to multiple doses. The second alter-
native method is the ‘final dose status first’ method, whereby a woman's
screening outcomes are assigned to her final dose status (0,1,2,3) re-
gardless of whether she had received her final dose number at the time
of the outcome i.e. person-time/case counting begins after first dose
(but still after screening commences). This approach is designed to
minimise bias against one or two dose effectiveness estimates, given
that earlier screening episodes are more likely to be impacted by in-
fection prior to vaccination. As an example, if a girl received dose 1 at
15, commenced screening at 16, had dose 2at 17 and dose 3at 18
followed by a second screen, in the ‘final dose status last method’ only
screening outcomes occurring after the third dose are included so the
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Females

School-based 4vHPV cohorts

Males

2013 2014 2015 2016 2017

2018

Calendar year

Program start
3-dose 4vHPV vaccine, with
catch up to 26 years

Switch to 2-dose
9vHPV vaccine, with
catch up to 19 years

Fig. 2. Study eligible cohort indicated in red in relation to age over time and the roll out of Australia's National HPV Vaccination Program. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

screening outcome at age 18 would be assigned as occurring in a three
dose recipient's person time and the screening outcome at age 16 ex-
cluded. With the time varying dose status method, the first screen
would be considered as occurring in a one dose recipient's person time
and the second screen in a three dose recipient's person time. Using the
‘final dose status method first’, both the screening outcomes at age 16
and 18 would be included as occurring in a three dose recipient's person
time.

2.4. Statistical analyses

We used Cox proportional hazard regression, adjusted a priori for
area level socioeconomic status and area of residence, with age as the
time axis, to estimate hazard ratios (with 95% CIs) of high-grade his-
topathology for women in our cohort according to their vaccination
status. Using age as the time axis allows the baseline hazard to change
as a function of age, which is a better method for controlling potential
confounding due to age [25]. This method adjusts the analysis effec-
tively for both birth cohort and age at study entry (first screen). In a
sensitivity analysis, we also adjusted for age at vaccination among
vaccinated women, by comparing hazard ratios between vaccinated
dose groups using the three dose group as the reference group. In our
primary analysis, unvaccinated women were used as the reference
group. We also estimated hazard ratios with one, two or three dose
groups as the reference group.

We also evaluated the observed effectiveness of vaccination by
number of doses over time using a Kaplan-Meier cumulative failure
probability plot. Failure time was calculated as the number of days from
the time of their first screen or last vaccination dose (whichever was
later) until outcome or censoring.

In an additional analysis, in order to estimate the extent of herd
protection, we replicated the study for women aged 15 and under at
entry over an identical time span pre vaccination (Jan 2000-Sept

2007). We plotted their failure probability over time so that this his-
torical cohort shows the cumulative probability of CIN2+ in age
identical women followed for an identical amount of time in the pre
vaccine period. We also repeated our primary analysis using the pre-
vaccination cohort as the comparator group.

Analyses were conducted in SAS Enterprise Guide 7-1. Analyses of
differences in the distribution of demographic and exposure char-
acteristics of women in the cohort by vaccination status used the
Mann-Whitney U test and the Pearson chi-square test.

2.5. Ethics

Ethical approval for the study was given by AIHW Ethics Committee
(EO 2014-4-130) and state and territory human research ethics com-
mittees.

3. Results

The cohort included 250,648 women (Fig. 1) with a median follow
up time of 1.7 years (IQR 0.8-2.5 years). Of these, 48,845 (19-5%) were
unvaccinated, 174,995 (69-8%) had received three doses, 18,190
(7-3%) two doses and 8,618 (3-4%) one dose. Using the 2014 estimated
resident population of Australia and vaccination status data from the
NHVPR, we estimate that of the total Australian female population in
the 1992-1995 birth cohorts (n = 617,834), 37.6% had screened by
end of 2014 and were included in our cohort. Three dose and two dose
recipients had similar screening participation (40.0% and 38.5% re-
spectively), higher than one dose recipients (31.2% participation) or
unvaccinated women (31.7%). Characteristics by vaccination status are
given in Table 1.

There were significant differences across all characteristics ex-
amined. Mean age at first screen was significantly lower in women who
received one or two doses (18-4) than in either fully vaccinated (187)
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Table 1
Characteristics of 250,648 women eligible for quadrivalent HPV vaccination at age 12-15 years attending cervical screening 2007-2014, by final vaccination status,
Australia.
Unvaccinated 1 dose 2 doses 3 doses
Number of observations 48,845 8,618 18,190 174,995
Mean age in 2007 132 (= 13) 131 ( + 15)* 131 (= 15" 132 (= 1-4)*
Mean age at first screen 189 (= 1-5) 184 (= 1:6)*" 184 ( + 1:6)*" 187 (+ 1:5)*
Mean number screens 14 (= 08) 15 (= 09" 15 (= 09)* 15 (= 08)"
Mean age at entry to cohort 189 (= 1'5) 184 (= 16)*" 184 ( + 1-6)"" 187 (= 1:5)*

Year of birth

1992

1993

1994

1995

1996 +
Remoteness area
Major cities

Inner regional
Outer regional
Remote

Very remote
Socioeconomic status
1 (lowest)

2

3

4

5 (highest)

Age at first screen (years)
<14

15-17

18+

Number of screens
1 only

2-5

>5

Age commenced vaccination (years)

<13
14-15
16-17
18+
Year entered cohort
2007
2008
2009
2010
2011
2012
2013
2014

Mean years between vaccination and screening

Person-time (years)
Median person-time (years)
(25th-75th percentiles)

Cytological abnormalities diagnosed on entry into cohort

Unsatisfactory
Negative
Low-grade
High-grade
Cancer

16,878 (34:6%)
13,466 (27-6%)
9,844 (20-2%)
5,523 (11-3%)
3,134 (47%)

34,021 (69-8%)
8,920 (18:3%)
4,572 (9-4%)
754 (1:5%)
473 (1-0%)

10,322 (21-3%)
9,960 (20:6%)
9,839 (20-3%)
9,214 (19:0%)
9,076 (187%)

0 (0-0%)
9,032 (18:5%)
39,813 (815%)

35,230 (72:1%)
13,464 (27-6%)
151 (0-3%)

0 (0-0%)
0 (0-0%)
0 (0-0%)
0 (0-0%)

5 (0-0%)

252 (0:5%)
1,128 (2:3%)
2,945 (6:0%)
5,948 (12:2%)
9,234 (18:9%)
13,076 (26:8%)
16,257 (33:3%)
0

85,417

1.6 (0.7-2.5)

1,262 (2:6%)
41,212 (84-4%)
5,631 (11:5%)
740 (1-5%)

0 (0-0%)

2,896 (336%)
2,386 (27-7%)
1,537 (17-8%)*"
970 (11-3%)"
829 (6:3%)""

5,483 (637%)""'
1,932 (22:4%)*
925 (107%)*
145 (17%)"
126 (1-5%)**

2,096 (24-4%)*"
1,907 (22:2%)*
1,775 (207%)

1,478 (17:2%)%"
1,319 (154%)*"

74 (0:9%)"
2,455 (285%)""
6,089 (70-7%)""

5,544 (64-3%)"'
3,038 (35:3%)™"
36 (0-4%)

2,400 (27-8%)"
4,690 (54-4%)"
1,465 (17:0%)"
63 (0:7%)"

10 (0-1%)*

98 (11%)*"
433 (5:0%)""
834 (97%)""
1,300 (15:1%)™
1,772 (20:6%)°
1,948 (22:6%)""
2,223 (25:8%)*"
40 (*17)
18,104

2.1 (0.9-2.7)

223 (2:6%)
7,323 (85:0%)"
955 (11-1%)"
116 (1:3%)"

0 (0:0%)

5,968 (32:8%)"
4,954 (27-2%)
3,338 (184%)*"
2,165 (11-9%)%
1,765 (67%)""

11,635 (64-0%)*'
4,025 (22:1%)%
1,963 (10-8%)*'
321 (1-8%)%
228 (1-3%)*

4,187 (231%)*"
3,982 (22:0%)™
3,715 (20:5%)
3,368 (186%)"
2,850 (157%)*"

158 (0-9%)*"
4,909 (27-:0%)*"
13,123 (72:1%)*"

11,786 (64-8%)*
6,322 (34-8%)"
82 (0-5%)*

6,079 (33°5%)*"

10,574 (58-2%)*"

1,479 (8:1%)*"
41 (02%)"

23 (0:1%)™

251 (1-4%)*"
823 (45%)""
1,516 (8:3%)*"
2,742 (151%)*"
3,740 (20:6%)*
4,309 (237%)*"
4,786 (26:3%)""
44 (£16)
37,819

2.0 (0.9-2.6)

465 (2:6%)
15,626 (85-9%)™"
1,897 (10-4%)**
202 (1-1%)*

0 (0:0%)

57,139 (327%)"
47,021 (26:9%)*
36,178 (207%)*
22,120 (12:6%)*
12,537 (53%)"

113,616 (65:0%)*
38,876 (22:2%)"
17,988 (10-3%)*
2,466 (1-4%)%
1,894 (11%)*

32,423 (187%)"
36,748 (211%)*
35,356 (20-3%)

34,965 (201%)”
34,284 (197%)*

541 (0-3%)”
33,788 (19:3%)*
140,666 (80-4%)*

114,434 (654%)*
59,892 (34-2%)"
669 (0-4%)*

66,133 (37-8%)
105,223 (60-1%)
3,583 (2:0%)

56 (0-0%)

111 (01%)*
1,307 (07%)*
4,506 (2:6%)*
11,428 (6:5%)"
24,146 (13-8%)”
35,753 (20-4%)*
46,145 (26:4%)
51,599 (29-5%)"
49 (£ 14)
334,410

1.7 (0.8-2.5)

4,498 (2:6%)
152,159 (87:0%)*
16,735 (96%)*
1,603 (0-9%)*

0 (0-0%)

$ P-value P < 0-05 (reference group ‘unvaccinated’).
# P-value <0-0001 (reference group ‘unvaccinated’).
! P-value <005 (reference group ‘3 doses”).

* P-value <0-0001 (reference group ‘3 doses’).

Notes:1. Count is of women; ‘unvaccinated’ refers to women screened who did not receive any dose of HPV vaccine; number of doses refers to a woman's final dose of
HPV vaccine.2. Women were assigned to a remoteness area based on a proportional remoteness index. Postcode of usual residence as at entry to cohort was mapped
to remoteness index according to the Australian Statistical Geography Standard for 2011 at postcode level [20]. Please note that 285 (0.1%) of women were unable to
be assigned to a remoteness area.3. Women were assigned to a socioeconomic status group based on a proportional socioeconomic index. Postcode of usual residence
as at entry to cohort was mapped to socioeconomic index according to the Australian Bureau of Statistics Socio-Economic Indexes for Areas (SEIFA) Index of Relative
Socio-Economic Disadvantage for 2011 assigned by the Australian Bureau of Statistics at postcode level [21]. Please note that 1,784 (0.7%) of women were unable to
be assigned to a socioeconomic status group.4. One woman (< 0.01%) did not have information on their cytological abnormality diagnosed on entry into the cohort.

or unvaccinated women (189) (p < 0-0001). Women who received
one or two doses were also more highly represented in regional and
remote areas, and in areas of lower socioeconomic status compared to
fully vaccinated or unvaccinated women, with unvaccinated women

more likely to reside in major cities and fully vaccinated in areas of
higher socioeconomic status. The majority of women in each vaccine
dose group initiated vaccination at the age of 14 or 15, with age 12-13
the next most frequent age of initiation. However, one dose women
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Table 2
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Rate of histologically confirmed CIN2/AIS+ (due to any HPV type) and hazard ratios by number of quadrivalent human papillomavirus vaccine doses received®,

national cohort of screening women born in 1992 or later, 2007-2014, Australia.

Abnormalities No. women Person —time (years) No. abnormalities Rate per 1000 women Rate per 1000 women- years Hazard ratio**
CIN2 + /AIS Unvaccinated 48,845 85,417 645 132 7.6 10
1 dose 8,618 18,104 89 10-3 4.9 065 (0-52-0-81)
2 doses 18,190 37,819 174 96 4.6 0-61 (0:52-072)
3 doses 174,995 334,410 1,496 85 4.5 0-59 (0-54-0-65)

* Vaccine dose status assigned to outcome using ‘Final status last’ method.

** From Cox proportional hazard regression, with age as the time-scale, adjusted for area of residence and socioeconomic status.

were least likely to have initiated vaccination at 12-13 (27-8% com-
pared to 33-4% 2 dose and 37-8% 3 dose) and most likely to have in-
itiated at either 16-17 (17-:0% vs 82% vs 2:0%) or at 18 years or older
(0:7% vs 0-2% vs 0-03%).

An increasing proportion of women in each vaccine dose group
commenced screening and entered the cohort every calendar year as
expected. On entry to the cohort, unvaccinated women were the least
likely to have a negative Pap test (84-4%) and fully vaccinated women
the most (87:0%). Univariate analysis confirmed that area level socio-
economic status (HR least disadvantaged compared to most dis-
advantaged 0-84 (95%CI 0-73-0-95)), remoteness (HR very remote
compared to major cities 1-47 (1-07-2-02)) and for vaccinated women,
age at vaccination (HR age 16 + compared to < 13 167 (1-34-2.9)),
were significant predictors of high-grade cervical disease (Appendix,
Table S1). Three cases of cervical cancer (two squamous cell carci-
nomas and one adenocarcinoma) were diagnosed in the cohort during
the study period.

The crude rate of histologically confirmed CIN2/AIS+ was highest
amongst unvaccinated women (13-2 per 1000 women) with reducing
frequency by vaccine dose status (1 dose 10-3, 2 doses 9-5, 3 doses 8'5)
(Table 2). However, the adjusted hazard ratio was significantly lower
and comparable between the vaccine dose groups compared to un-
vaccinated women (1 dose 0-65 (95%CI 0-52-0-81), 2 doses 0-61
(0-52-0-72) and 3 doses 0-59 (0-54-0-65)). Importantly when adjusted
for age at vaccination, effectiveness of one or two doses was equivalent
to the effect of three doses (one dose HR1.01 (95%CI 0.81-1.26), two
doses 1.00 (0.85-1.17)) (Table 3). This was also the case when women
vaccinated after 15 were excluded (Table S8). Results were consistent,
although less precise due to smaller numbers and with loss of power in
the one dose group, for the analysis restricted to CIN3/AIS+ (Table 3).
Results presented using one, two or three dose recipients as the com-
parator groups highlight no evidence of inferior protection for one dose
compared to two or three dose recipients (Appendix, Tables S2-4). Two
alternative analyses, without the exclusion of unvaccinated women
aged under 16 and restricted to women who started screening at age 18
and over, demonstrate equivalent findings (Appendix, Tables S5 and
S6).

The effectiveness of vaccination by number of doses over time
against CIN2/AIS+ is shown in Fig. 3, indicating some initial differ-
ences by vaccination status but a clear convergence over time between
the cumulative incidence rate in unvaccinated compared to vaccinated
women regardless of number of doses, y [2](3) = 126.76,p < 0.0001.
When incidence in a pre-vaccination cohort of 270,613 women was
compared (Fig. S1), herd protection of unvaccinated women became
apparent (HR 0.73 (0.67-0.79)) and, using the pre-vaccinated group as
a comparator, HRs were significant lower for all groups and remained
equivalent for one (HR 0.47 (0.38-0.58)), two (HR 0.44 (0.38-0.51))
and three dose groups (HR 0.43 (0.41-0.45)) (Table S7).

When only women with two doses spaced over 5 months apart were
assigned as two dose recipients, and women with closer spacing con-
sidered as one valid dose recipients, crude rates became higher in the
two dose group (10-1 per 1000) than one dose group (9.7 per 1000) but
adjusted hazard ratios remained similar for all three dosage groups
(Table 3). Addition of a 12 or 24-month buffer period lowered crude

rates across all groups but the overall finding, of significant and con-
sistent protection across dose groups, remained. Analyses using the
‘Time varying dose’ or ‘First status first’ methods similarly indicated
little impact of dose assignment method on the findings (Table 3).

4. Discussion
4.1. Principal findings

In this national data linkage study of screening women first offered
vaccine up to seven years previously, we found that one dose of
quadrivalent HPV vaccine was as effective as three at preventing his-
tologically confirmed high-grade cervical lesions. This is most robustly
demonstrated in our analysis comparing rates of disease between vac-
cinated groups which also accounted for age at vaccination, and found a
hazard ratio for one dose of 1.01 (95%CI 0.81-1.26) and for two doses
of 1.00 (0.85-1.17) compared to three. We demonstrated a vaccine
effectiveness of approximately 40% when compared to unvaccinated
women in the same cohort. This is the effectiveness against all cause
high grade lesions (CIN2/AIS+) rather than vaccine type related le-
sions against which the vaccine has very high efficacy (> 95%) in
baseline HPV-naive cohorts. Approximately half of HSIL contain
HPV16 or 18, suggesting this effectiveness estimate is consistent with
expected overall impact [26] although somewhat lower than previous
earlier estimates in younger cohorts in Australia [27] (with wide con-
fidence intervals due to low power). This could be due to a decline over
time in 16/18 circulation in adolescents due to both direct and herd
protection impacts of vaccination, as previously documented [28,29],
and a resulting decrease in the proportion of high grade cervical lesions
attributable to 16/18. We demonstrated herd protection of un-
vaccinated women in our additional analysis comparing a historical
cohort (Fig. S1) and note that vaccine effectiveness is higher when
using a pre-vaccine period rate as the comparator, at around 55%
(Table S7). Herd protection could not explain our finding of equivalent
one and two dose effectiveness as three unless herd protection impacted
one and two dose recipients to a greater extent than unvaccinated and
three dose recipients. This is highly implausible.

Equivalent impact regardless of number of doses was suggested
despite demographic differences between fully vaccinated and partially
vaccinated women, such as lower socioeconomic status, increased re-
moteness of residence, older age at vaccination, and younger age at first
screen, all of which will likely limit our ability to detect equivalent
vaccine effectiveness in partially vaccinated women because these
factors are associated with an increased risk of HPV infection, CIN and
cervical cancer. These differences are the likely reason for initially
higher rates of CIN in the one and two dose groups due to higher rates
of prevalent infection at cohort entry (Fig. 3). Our findings were robust
to alterations in definition of two valid doses, the addition of buffering
periods, alternative methods of dose assignment and adjustment for age
at vaccination. That we did not observe any substantial increase in ef-
fectiveness with buffering periods may be due to the young age of
vaccination and relatively long duration between vaccination and
screening in this cohort. Our secondary analysis restricted to CIN3/AIS
+ was underpowered, due to the lower frequency of these lesions and
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Table 3
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Sensitivity analyses: Rate of histologically confirmed CIN2/AIS+ (caused by any HPV type) per 1000 women and hazard ratio by number of quadrivalent human
papillomavirus vaccine doses received, national cohort of screening women born in 1992 or later, 2007-2014, Australia.

Abnormalities No. women

No. abnormalities Rate per 1000 Adjusted hazard ratio”

Analysis variation: adjusted for age at vaccination amongst vaccinated women

CIN2/AIS + 1 dose 8,618 89 103 1-01 (0-81-1-26)
2 doses 18,190 174 96 1-00 (0-85-1-17)
3 doses 174,995 1,496 85 10

Analysis variation: 2 doses reallocated: < 5 months = 1 dose, = 5 months = 2 doses

CIN2/AIS + Unvaccinated 48,845 645 132 10
1 dose 21,853 213 97 062 (0:53-072)
2 doses 4,955 50 10.1 063 (0-48-0-85)
3 doses 174,995 1,496 85 0-59 (0-54-0-65)

Analysis variation: Application of buffer 12 months after entry to cohort

CIN2/AIS + Unvaccinated 32,574 287 88 10
1 dose 6,390 36 56 054 (0-38-0-76)
2 doses 13,399 89 66 064 (0-51-0-82)
3 doses 123,318 768 62 064 (0-56-0-74)

Analysis variation: Application of buffer 24 months after entry to cohort

CIN2/AIS + Unvaccinated 19,501 165 85 10
1 dose 4,446 26 58 059 (0-39-0-89)
2 doses 9,090 56 62 061 (0-45-0-83)
3 doses 77,211 444 58 061 (0-51-0-73)

Analysis variation: Dose status assigned using time varying dose status method

CIN2/AIS + Unvaccinated 48,847 645 132 1-0
1 dose 8,695 90 104 065 (0-52-0-81)
2 doses 18,248 173 95 061 (0-51-0-72)
3 doses 174,738 1,491 85 0-59 (0-54-0-65)

Analysis variation: Dose status assigned using final dose status first method

CIN2/AIS + Unvaccinated 48,845 645 132 10
1 dose 8,618 89 10-3 065 (0-52-0-81)
2 doses 18,190 175 96 061 (0-51-0-72)
3 doses 174,995 1,502 86 0-59 (0-54-0-65)

Analysis variation: Restricted to CIN3 + outcomes (two States excluded which did not code to CIN3 level))

CIN3/AIS + histopathology Unvaccinated 24,202
1 dose 4,035
2 doses 8,641
3 doses 80,435

145 6:0 10

19 47 0-66 (0-41-1-06)
25 29 0-42 (0-27-0-64)
227 2:8 0-43 (0-35-0-53)

# From Cox proportional hazard regression, with age as the time-scale, adjusted for area of residence and socioeconomic status.

loss of data from two populous states, but was also consistent with the
main analysis. An analysis restricted to the youngest birth cohorts
routinely eligible for vaccination at age 12-13 (1994 and after) was also
consistent but underpowered (data not shown). Our overall results are
consistent with the substantial declines in CIN2/3/AIS observed in
Australia since vaccination commenced, which is steadily impacting
extended age groups as the vaccinated cohorts age [24]. They are also
consistent with our previous study, which linked HPV vaccination and
cervical screening data from women in Victoria, Australia [13]. That
analysis, which included a majority of women vaccinated in their late
teens/early twenties, suggested that in women vaccinated prior to
screening initiation, partial vaccination had increased effectiveness
over time, as prevalent infection and disease within the cohort was
cleared [13].

4.2. Strengths and limitations of the study

Compared to our previous analysis, this analysis is national rather
than for one state only and has the majority likely vaccinated prior to
sexual debut, and improved linkage accuracy due to updating of

Medicare details prior to linkage. The major strengths of our study are
that it is national data from the country with the first high uptake na-
tional HPV vaccination program, and the use of high quality registry
data to determine vaccination status, screening participation and out-
comes, and vital status.

Limitations include some degree of under-linkage and inaccurate
linkage because Australia does not have a unique national identifier:
this will result in some misclassification of vaccinated women as un-
vaccinated, which will decrease our ability to distinguish differences in
outcomes between vaccinated and unvaccinated women. Vaccination
status may also be slightly under-reported, meaning some unvaccinated
women may have been vaccinated and some one and two dose re-
cipients could have received a second or third dose. However, because
all individuals in the analysis were eligible for vaccination at school,
where all doses were notified in contrast to the known 5-15% un-
der-reporting of doses given in general practice, we do not believe that
mis—assignment to dose groups would be sufficiently large to possibly
explain the findings of equivalence [17]. The vaccination register rou-
tinely sent reminder statements to apparently incompletely vaccinated
individuals with good response rates, including updating of the register
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Fig. 3. Cumulative failure probability plot for high grade cervical histopathology (CIN2/AIS+) among 250,648 screening women eligible for quadrivalent HPV
vaccine at age 15 or under by final dose status. Figure 3 footnote: Note time 0 is date of first cervical screen.

with doses not previously notified from general practice [30]. We could
not adjust for all known CIN risk factors, such as sexual history and
smoking. It is probable that some residual confounding between dose
groups remains. It may be that, even when the impact of prevalent HPV
infection at vaccination is minimised through using a younger cohort, a
higher risk of HPV infection and disease throughout life suggested by
the characteristics of women who only received one dose, cannot be
entirely mitigated. Estimated screening participation was highest
amongst fully vaccinated women and participation in screening in these
young cohorts was low overall. Follow up analyses as these women age
and more enter screening will be important to confirm these findings in
a larger proportion of the population.

4.3. Comparison with other studies

These findings support previous post-hoc analyses of the bivalent
HPV vaccine trials [8] and non-randomised data from India of the
quadrivalent HPV vaccine [10] suggesting sufficient immunogenicity
and effectiveness against HPV infection from one dose. Compared to
previous observational studies, the current work is better powered and
more representative of target populations rather than catch up cohorts,
given the length of time since the national vaccination program was
started in Australia. A recent study from Denmark and Sweden pro-
duced findings consistent with our data in observing similar vaccine
effectiveness against CIN2+ in women vaccinated with the quad-
rivalent HPV vaccine at age < 16 years by dose number, although the
protection given by one or two doses was not statistically significant
with wide confidence intervals due to small numbers [31]. En-
couragingly an extended analysis of these data for Denmark, with more
follow up time and power, found a similar and lower incidence of
CIN3+ in one, two and three dose recipients at the population level
than unvaccinated women (Incidence Rate Ratios one dose 0.38 (95%CI
0.14-0.98), two doses 0.38 (95%CI 0.22-0.66), three doses 0.37 (95%
CI 0.30-0.45) [32]. However neither of these studies fully accounted

for screening participation, with the incidence of CIN2+/3 + calcu-
lated for the entire female population regardless of whether they had
attended screening or not. The United States also commenced HPV
vaccination early but has struggled to achieve high coverage. A recent
US study using insurance data, and with the notable strength of being
able to adjust for other HPV risk factors such as other sexually trans-
mitted infections, found no difference in genital warts incidence by
number of doses in females and males who were vaccinated at age
15-19; incidence rates were too low in the under 15 year old age group
to detect any vaccine effect [33]. These recent observational data
hopefully foreshadow that we are entering a time, more than a decade
on from the first HPV vaccination programs, where many countries will
start to report HPV-related outcomes for females routinely vaccinated
at 9-14 years of age cohorts as they enter adulthood rather than for
catch up cohorts who were not HPV naive at baseline.

4.4. Implications for clinicians, policymakers and future research

In summary, these real-world data are consistent with the hypoth-
esis that one dose of quadrivalent HPV vaccine may be as effective as
two or three in preventing high—grade cervical disease. We believe that
these data support decision makers to consider how a one dose HPV
vaccination schedule, or a planned schedule with a 3-5 year interval
between doses, could reduce vaccine demand globally (which currently
exceeds supply) whilst awaiting confirmation of equal protection from
one dose against HPV infection from the randomised trials currently
underway [9]. Although one dose could have waning protection, the
time span of this analysis includes girls screening seven years after
vaccination. Analyses with more follow—up time will be undertaken, as
will analyses including only girls vaccinated at 12-13 years. Recent
data supports both the immunogenicity of one dose of quadrivalent
vaccine given routinely to 9-14 year olds and the strong response to
boosting achievable 3-8 years later using a dose of nonavalent HPV
vaccine, supporting that a booster dose would be effective, if trial data



J.M. Brotherton, et al.

or long term follow up data indicated it was required, for cohorts who
had been given one dose [34]. There is a strong and successful pre-
cedent for trial implementation of reduced dose schedules with HPV
vaccines, with both Quebec and Mexico initially implementing a
two—dose schedule with a third ‘booster’ dose scheduled years later if
needed (not required to date) [35]. We believe that one dose HPV
vaccination should be considered a viable strategy as part of the recent
WHO call for action to develop strategies, which will include vaccina-
tion, screening, early diagnosis and treatment, and palliative care, to
achieve the elimination of cervical cancer as a public health problem
[36,37]. Requiring only one dose of vaccine greatly reduces program
costs and requirements, and may open the way for a global mass vac-
cination campaign. It may make the difference for many countries, and
at the moment for cohorts of girls who may otherwise miss out alto-
gether due to supply constraints, especially those countries who are
otherwise unable to afford either screening or vaccination and are
therefore suffering what is now a largely preventable burden of cervical
cancer.
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