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Abstract	

	

Many	jurisdictions	have	implemented	universal	human	papillomavirus	(HPV)	

immunization	programs	in	preadolescent	females.		However,	the	cost-effectiveness	

of	modified	cervical	screening	guidelines	and/or	catch-up	immunization	in	older	

females	in	Canada	has	not	been	evaluated.		We	conducted	a	cost-utility	analysis	of	

screening	and	immunization	with	the	bivalent	vaccine	for	the	Canadian	setting	from	

the	Ministry	of	Health	perspective.		We	used	a	dynamic	model	to	capture	herd	

immunity	and	included	cross-protection	against	strains	not	included	in	the	vaccine.		

We	found	that	adding	catch-up	immunization	to	the	current	program	would	be	cost-

effective,	and	that	combining	such	vaccination	with	delaying	the	start	age	of	

screening	could	result	in	cost	savings.		

	

	

Key	words:	human	papillomavirus	vaccine,	catch-up	immunization,	dynamic	model,	

cervical	screening,	cervical	cancer,	economic	evaluation	
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1.	Introduction	

Cervical	cancer	continues	to	impose	a	considerable	burden	worldwide	despite	

reduced	incidence	after	the	implementation	of	cervical	cancer	screening	in	the	

1960s	(1,	2).		In	2009	alone,	an	estimated	1,300	women	were	diagnosed	with	

cervical	cancer	and	approximately	390	women	died	of	this	disease	in	Canada	(3).	

Among	women	aged	20-44	years,	it	is	the	second	most	common	type	of	cancer.	

The	guidelines	for	cervical	cancer	screening	in	Canada	state	that	all	women	aged	18	

and	over	should	be	screened,	initially	with	two	smears	one	year	apart.	If	these	

smears	are	within	normal	limits,	then	rescreening	every	three	years	is	advised	until	

the	age	of	69	(4).	The	success	of	this	program	is	reflected	in	the	participation	rate	of	

women.	The	best	national	data	currently	available	show	1-year	participation	rates	

do	not	vary	greatly	among	provinces,	ranging	from	37%	in	British	Columbia	and	

Ontario	to	44%	in	Nova	Scotia	with	a	3-year	participation	rate	of	approximately	

70%	(5)	across	the	country.		

In	the	1980s,	infection	by	certain	human	papillomavirus	(HPV)	types	was	identified	

as	a	prerequisite	for	development	of	cervical	cancer	(6,	7).		Approximately	70%	of	

cervical	cancer	cases	are	caused	by	high-risk	HPV	types	16	and	18	(7).		Recently,	

two	vaccines	against	these	high-risk	types	were	developed	that	are	effective	in	

preventing	HPV	infection	and	development	of	pre-cancerous	cervical	lesions	(8,	9).		

HPV	vaccines	are	changing	the	landscape	of	cervical	cancer	prevention	and	

treatment,	with	promise	to	reduce	cervical	cancer	incidence	still	further.	 

Mathematical	models	can	be	used	to	project	future	costs	and	health	outcomes	of	

HPV	immunization	under	various	alternative	immunization	or	screening	strategies	

(10-32).		These	modeling	studies	have	investigated	topics	such	as	1)	the	cost-

effectiveness	of	universal	HPV	immunization	in	pre-adolescent	females	compared	to	

no	immunization;	2)	the	effectiveness	of	different	immunization	strategies	in	

reducing	prevalence	of	lesions	and	cervical	cancer	over	time;	3)	the	cost-

effectiveness	of	vaccinating	males;	and	4)	determining	the	number	of	women	who	

need	to	be	vaccinated	to	prevent	one	cervical	cancer	case	or	death.		
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However,	the	implementation	of	universal	immunization	programs	for	pre-

adolescent	females	in	many	jurisdictions	has	generated	new	questions	regarding	

screening	and	immunization	strategies.		For	example,	how	effective	and	cost-

effective,	are	catch-up	immunization	programs	in	older	females	who	have	not	been	

vaccinated?		Should	screening	recommendations	change	in	response	to	the	

implementation	of	HPV	immunization	programs?		What	combined	

immunization/screening	strategies	are	most	effective	for	preventing	cervical	cancer	

and	provide	the	best	value	for	money?		Moreover,	emerging	data	from	clinical	trials	

may	impact	model	predictions.		For	example,	both	bivalent	and	quadrivalent	

vaccines	now	report	significant	cross-protection	against	infection	and	high-grade	

lesions	caused	by	high-risk	HPV	types	not	included	in	the	vaccine	(8,	33).			

We	address	these	new	questions	through	a	cost-utility	analysis	based	upon	a	

dynamic	(transmission)	model.		Cost	utility	analyses	estimate	the	costs	required	per	

quality-adjusted-life-year	gained	by	implementing	an	alternative	strategy,	relative	

to	the	current	strategy.		Transmission	models	are	useful	for	capturing	transmission	

mechanisms	and	hence	herd	immunity	effects,	which	can	alter	cost-effectiveness	

estimates	considerably	(34,	35).		We	parameterized	the	model	with	recently	

published	data	on	cross-protection	properties	of	the	bivalent	vaccine.		Despite	being	

recently	licensed	for	use	in	Canada,	the	bivalent	vaccine	is	not	as	well	evaluated	as	

the	quadrivalent	vaccine.			Our	model	is	tailored	as	closely	as	possible	to	Canada,	

where	many	provinces	have	implemented	universal	school-based	programs	and	

where	a	single	payer	(the	ministry	of	health)	is	often	responsible	for	supporting	

both	immunization	programs	and	cervical	screening	programs.			

	

2.	Methods		

	

2.1.		Model	structure		
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An	age-structured	compartmental	model	of	HPV	transmission	and	immunization	

with	the	bivalent	vaccine	was	developed.		The	population	was	stratified	by	age	(15-

19,	20-24,	25-34,	35-44,	45-54,	55-64,	65+),	gender	(male,	female),	disease	status	

(for	females:	susceptible,	infected,	natural	immunity,	vaccine	immunity,	cervical	

intraepithelial	(CIN)	grade	1	lesion,	CIN2/3	lesion,	or	squamous	cell	carcinoma	

(SCC);	for	males:	susceptible,	infected,	or	natural	immunity);	and	HPV	type	(16/18,	

or	other	high-risk).		All	transitions	for	demographic	processes,	natural	disease	

history,	infection	and	immunization	are	illustrated	in	Figure	1	for	type	16/18	

infection	in	a	typical	age	class	of	females	and	males.		The	parameter	definitions	and	

parameter	values	corresponding	to	each	transition	are	in	Tables	1	and	2,	and	

costing	parameters	are	in	Table	3,	together	with	the	data	sources	(1,	8,	17,	19,	20,	

36-68).		Full	model	equations	are	included	in	the	Supplementary	File	(Sections	S1	

and	S2).		

2.2.	Demographic	processes		

Males	and	females	were	recruited	(i.e.,	entered	the	model	population)	at	age	15.			

(The	average	age	of	onset	of	sexual	intercourse	is	approximately	14-15	in	the	

general	Canadian	population	(69);	vaccination	at	age	12	was	accounted	for	by	

adjusting	the	compartmental	sizes	upon	recruitment	as	required.)		The	size	of	each	

birth	cohort	equaled	the	average	size	of	a	typical	Ontario	birth	cohort.		Age-specific	

death	rates	due	to	other	causes	were	applied	to	males	and	females.		Age-specific	

benign	hysterectomies	were	also	included	for	females.				

2.3.	Natural	disease	history	assumptions		

Progression	from	infected	to	CIN1,	infected	to	CIN2/3,	and	CIN1	to	CIN2/3	occurred	

at	specified	rates.			Regression	also	occurred	from	CIN1	to	infected,	CIN2/3	to	CIN1	

and	CIN2/3	to	infected	at	specified	rates.		Individuals	cleared	the	infected	state	at	a	

specified	rate,	acquiring	natural	immunity.		Natural	immunity	to	HPV	is	weak	(39,	

40),	hence	we	assumed	that	individuals	lost	natural	immunity	at	a	specified	rate,	

becoming	fully	susceptible	again.		Individuals	progressed	from	CIN2/3	to	squamous	

cell	carcinoma	(SCC)	at	a	specified	rate,	and	SCC	did	not	regress.		A	separate	



6	

submodel	tracked	progression	from	SCC	stage	I	to	SCC	stage	IV	(see	Supplementary	

File	Section	S3).		The	output	of	this	submodel	was	used	to	assign	a	cost	and	QALY	

penalty	per	incident	case	of	SCC,	which	was	combined	with	the	incidence	of	SCC	

predicted	by	the	dynamic	model	to	predict	the	total	impact	of	SCC	on	costs	and	

QALYs	over	time.		Replacement	effects	caused	by	“unmasking”—progression	of	

other-high-risk	lesions	that	would	have	been	removed	through	treatment	in	the	pre-

vaccine	era—were	also	included	and	depended	on	the	assumed	vaccine	coverage	

rate	(37,	52)	(Supplementary	File,	Section	S4).		It	was	assumed	that	progression	of	

type	16/18	infections	and	progression	of	other	high-risk	types	were	otherwise	

independent.				

2.4.		Transmission	assumptions		

It	was	assumed	that	sexual	mixing	was	age-assortative,	with	males	and	females	

tending	to	pick	sexual	partners	close	in	age,	but	the	male	typically	being	a	few	years	

older	than	the	female	(38).		For	type	16/18	infection,	the	probability	of	a	susceptible	

female	of	age	group	i	being	infected	by	an	infected	male	of	age	group	j	depended	on	

(1)	the	proportion	of	contacts	of	females	in	age	group	i	that	occurred	with	males	in	

age	group	j	according	to	the	age-assortative	mixing	considerations;	(2)	the	

percentage	of	males	in	age	group	j	currently	infected;	and	(3)	a	fitted	parameter	

representing	the	transmission	rate.		The	transmission	rate	parameter	was	further	

adjusted	for	age-related	and	gender-related	differences	(male	to	female	versus	

female	to	male)	in	transmission	probability.			Age-related	variation	was	allowed	

because	epidemiologically	relevant	factors	such	as	frequency	of	sexual	intercourse,	

partnership	turnover	rate,	and	sexual	network	structure	also	vary	with	age	(38,	70,	

71).		The	free	parameters	were	fitted	according	to	a	filtering	methodology	described	

in	subsection	2.7.		Transmission	was	modeled	the	same	way	for	infection	by	other	

high-risk	types,	and	for	the	rate	at	which	females	infected	males.		The	mathematical	

equations	representing	the	transmission	processes	appear	in	the	Supplementary	

File,	Sections	S1	and	S2.		

2.5.		Intervention	assumptions		
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Individuals	efficaciously	vaccinated	were	moved	from	the	susceptible	to	the	vaccine	

immunity	compartment.		We	assumed	use	of	the	bivalent	vaccine:	this	vaccine	has	a	

high	efficacy	against	infection	for	type	16/18,	and	also	provides	partial	efficacy	

against	infection	and	CIN2/3	lesions	associated	with	high-risk	types	not	included	in	

the	vaccine.		The	efficacy	of	the	vaccine	in	preventing	CIN2+	lesions	by	twelve	

common	non-16/18	high-risk	types	is	37%	after	adjusting	for	co-infections	(54%	

before	adjusting	for	co-infections)	(8).		In	the	model,	this	cross-protection	was	

incorporated	by	assuming	a	specified	vaccine	efficacy	against	infection	by	other	

high-risk	types	(thereby	allowing	us	to	capture	herd	immunity	effects),	with	an	

additional	efficacy	parameter	for	preventing	CIN2+	lesions,	to	account	for	cases	

where	the	vaccine	prevented	lesions	caused	by	other-high	risk	types	but	did	not	

prevent	infection	(this	was	modeled	as	a	reduced	rate	of	progression	from	infection	

to	lesions).		For	the	baseline	analysis	we	assumed	a	lifelong	duration	of	vaccine-

derived	immunity,	but	we	considered	a	scenario	of	waning	immunity	in	sensitivity	

analysis.		Screening	could	occur	at	any	point	during	disease	progression,	but	only	

detected	CIN2/3	and	SCC	were	treated	(CIN1	was	assumed	to	be	monitored	only).		

Stage-specific	sensitivity	and	specificity	for	the	Pap	test	were	assumed.		Most	

individuals	treated	for	CIN2/3	were	moved	to	the	susceptible	state,	and	the	

remainder	was	moved	to	the	infected	state	(68).		Screening	was	assumed	to	occur	at	

age-specific	rates	that	have	been	actually	observed,	rather	than	at	the	recommended	

screening	intervals.			We	assumed	that	vaccine	coverage	under	a	school-based	

program	would	be	higher	than	vaccine	coverage	under	a	clinic-based	program,	

based	on	experience	with	hepatitis	B	immunization	in	Canada	(72-74).		

	

2.6.		Health	economic	assumptions	and	costs	

An	80-year	time	horizon	was	used,	with	a	3%	discount	rate	applied	to	both	costs	

and	health	outcomes	(75).		Disutility	scores	for	false	positive	outcomes,	and	CIN	or	

cervical	cancer	diagnoses,	were	applied	over	a	specified	duration	(Table	3).		A	full-

course	of	vaccine	was	assumed	to	cost	$270	CAD	(67),	and	vaccine	administration	
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costs	were	different	for	clinic-based	versus	school-based	settings.		The	Ministry	of	

Health	perspective,	as	the	single	payer,	was	adopted.		Costing	data	(Table	3)	were	

based	on	Canadian	data	where	possible	and	were	inflated	to	2010	Canadian	dollars	

using	the	healthcare	component	of	the	Consumer	Price	Index	for	reporting	results.			

Reported	outcomes	were:	(1)	total	incidence	of	squamous	cell	carcinoma	10,	30,	and	

60	years	after	the	start	of	immunization	programs	in	2007;	(2)	incremental	average	

annual	undiscounted	costs	of	alternative	strategies	versus	current	practice;	(3)	

costs	per	quality-adjusted-life-year	(QALY)	gained;	(4)	costs	per	life-years	saved.			

We	also	projected	squamous	cell	carcinoma	incidence	over	time	under	several	

strategies.		

2.7.		Comparators	

Eight	comparator	strategies	(Table	4)	were	divided	into	two	categories	according	to	

the	baseline	strategy	against	which	they	were	compared:	(1)	immunization	

strategies	compared	to	no	vaccination	(i.e.	screening	only);	(2)	individual	or	

combined	immunization	and	screening	strategies	being	compared	to	immunization	

of	80%	of	12-year-old	females	in	a	school-based	program	and	current	screening	(21,	

76).		We	assumed	three	doses	of	vaccine	were	administered.		Two	types	of	catch-up	

programs	were	considered.		Under	the	“school-based	catch-up	program”,	a	school-

based	program	covers	80%	of	18-year-olds	females	until	the	first	cohort	vaccinated	

at	age	12	reaches	the	age	of	18,	at	which	point	the	catch-up	program	is	no	longer	

needed.		Under	the	“clinic-based	catch-up	program”,	a	catch-up	program	is	

administered	through	physician	offices	and	public	health	clinics,	and	is	targeted	at	

females	aged	12-26.		It	was	assumed	that	a	clinic-based	catch-up	program	covers	

40%	of	females	over	a	three-year	period.		

2.8.		Parameterization	and	sensitivity	analysis	

HPV	transmission	and	natural	history	are	highly	uncertain,	such	that	multiple	

parameter	combinations	may	explain	data	on	HPV	infection	prevalence	and	SCC	

incidence	almost	equally	well.		To	deal	with	this	uncertainty,	a	probabilistic	
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uncertainty	analysis	based	on	filtering	outputs	from	Monte	Carlo	sampling	was	used	

to	decide	which	parameter	values	to	use	to	generate	results.		For	each	parameter	

subject	to	significant	uncertainty,	an	interval	of	lowest	and	highest	plausible	values	

was	defined	based	on	existing	literature	(see	Tables	1-3	for	intervals).		The	model	

was	then	simulated	100,000	times.		For	each	simulated	parameter	realization,	

samples	were	drawn	from	a	triangular	distribution	for	each	input	parameter	for	

which	a	plausible	interval	was	defined.		The	lower	and	upper	limits	of	the	triangular	

distribution	were	based	on	the	lowest	and	highest	plausible	values.		The	output	of	

each	simulated	realization	was	then	compared	to	empirical	data	on	(1)	overall	

prevalence	of	infection	by	type	16/18;	(2)	overall	prevalence	of	infection	by	other	

high-risk	types;	(3)	prevalence	of	infection	by	any	high-risk	type	by	age;	(4)	

incidence	of	SCC	by	age	class	(1,	17,	19,	41).		Acceptance	ranges	were	defined	based	

on	these	empirical	data	(see	Table	2	for	ranges	used).		All	realizations	that	fell	

outside	of	at	least	one	acceptance	range	were	discarded.		The	remaining	set	of	223	

parameter	values	was	used	to	generate	results.			The	fit	of	the	model	to	the	

acceptance	ranges	defined	from	the	data	is	shown	in	the	Supplementary	File,	

Section	S5.		

We	also	conducted	a	univariate	sensitivity	analysis	for	all	comparators	described	in	

Table	4	under	scenarios	where	parameters	differed	from	the	baseline	assumptions,	

including	(1)	lower	baseline	coverage	of	60%	and	40%	under	the	universal	school-

based	program	in	females	aged	12	years	(with	clinic-based	coverage	of	30%	and	

20%	respectively)	(2)	a	3%	rate	of	waning	vaccine-derived	immunity,	(3)	no	vaccine	

cross-protection,	(4)	natural	immunity	lasting	15	years,	and	40	years,	and	(5)	

vaccine	cost	of	$400	for	a	full	course	of	3	doses.		We	also	plotted	cost-effectiveness	

of	some	comparators	against	the	assumed	cost	for	a	full	course	of	vaccination.			

	

3.		Results	
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Our	modeling	shows	that	school-based	immunization	of	80%	of	females	at	age	12	is	

cost-effective	compared	to	no	immunization	(scenario	1),	yielding	an	incremental	

cost-utility	ratio	below	a	threshold	of	$50,000/QALY	(77).		Adding	school-based	

catch-up	immunization	of	80%	of	females	at	age	18	(scenario	2)	is	also	cost-effective	

at	this	threshold	(Table	5).		These	results	are	robust	under	the	probabilistic	

uncertainty	analysis.		The	cost	per	QALY	gained	is	always	lower	than	the	cost	per	

life-year	saved	because	QALY	gains	under	vaccine	programs	are	partially	due	to	

preventing	lesions	that	would	have	otherwise	reduced	quality	of	life,	without	

necessarily	leading	to	cancer-related	deaths.		Long-term	SCC	incidence	is	reduced	

significantly	in	both	scenarios	1	and	2.	

Addition	of	either	a	clinic-based	or	a	school-based	catch-up	program	to	the	baseline	

practice	of	vaccinating	80%	of	age	12	females	in	a	school-based	program	is	also	

cost-effective	(scenarios	3	and	4).		Moreover,	the	incremental	cost-effectiveness	

ratios	of	scenarios	3	and	4	are	lower	than	that	of	the	comparator	in	scenario	1	

because	catch-up	immunization	targets	older	women,	thereby	preventing	lesions	

and	SCC	cases	sooner	than	would	immunization	at	age	12.		As	a	result,	health	gains	

under	catch-up	programs	are	less	impacted	by	discounting.			

School-based	catch-up	is	predicted	to	be	more	cost-effective	than	clinic-based	catch-

up,	although	total	SCC	incidence	declines	more	rapidly	and	QALY	gains	accrue	more	

rapidly	under	clinic-based	catch-up	than	under	school-based	catch-up.		SCC	

incidence	declines	more	quickly	under	either	catch-up	program	than	under	the	

baseline	scenario	of	vaccinating	12-year-old	females	only	(scenario	1).		However,	

catch-up	immunization	does	not	impact	total	SCC	incidence	in	the	very	long	term:	

after	60	years,	peak	SCC	incidence	is	occurring	in	birth	cohorts	that	were	born	well	

after	the	catch-up	program	was	phased	out.		

In	the	presence	of	an	immunization	program	covering	80%	of	12-year-old	females,	

delaying	the	initial	screening	age	to	either	21	or	25	results	in	significant	cost	savings	

compared	to	current	screening	practices	(scenarios	5	and	6).		However,	the	

uncertainty	intervals	on	incremental	QALYs	are	very	large	since	QALY	gains	from	
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reducing	false	positives	under	these	strategies	do	not	necessarily	counteract	QALY	

losses	from	slightly	increased	progression	to	cancer.		Hence	it	is	not	clear	whether	

delaying	the	initial	screening	age	alone	is	dominated,	or	dominates,	current	practice	

from	a	QALY	perspective.	Delaying	the	initial	screening	age	also	results	in	a	small	

but	definite	net	loss	of	life-years,	meaning	delaying	strategies	are	dominated	by	the	

current	practice	with	respect	to	life-years	saved.		SCC	incidence	increases	slightly	

under	these	strategies,	relative	to	continuing	the	current	screening	practice.		Cost	

savings	are	significantly	larger	under	a	strategy	of	initial	screening	at	age	25	than	

under	a	strategy	of	initial	screening	at	age	21.		

We	also	considered	two	combined	strategies	that	implement	catch-up	immunization	

while	simultaneously	changing	screening	recommendations	(scenarios	7	and	8).		

These	strategies	are	predicted	to	save	costs	while	also	generating	significant	QALY	

gains	(Table	5).		Thus,	these	strategies	dominate	the	current	strategy.			This	outcome	

is	robust	under	our	probabilistic	uncertainty	analysis.		The	most	cost-saving	

strategy,	which	is	also	the	most	effective	in	reducing	SCC	incidence	and	gaining	

QALYs,	is	implementing	a	clinic-based	catch-up	program	in	women	aged	13-26	

while	simultaneously	delaying	initial	screening	until	the	age	of	25.		This	strategy	is	

cost	saving	because	it	reduces	screening	in	an	age	group	that	is	at	low	risk	of	

developing	SCC,	while	simultaneously	expanding	vaccine	coverage	in	these	age	

groups.	The	strategy	is	highly	effective	because	the	vaccine	covers	a	wider	range	of	

ages	and	because	herd	immunity	benefits	compensate	for	lower	vaccine	coverage	

compared	to	the	school-based	catch-up	program.		(Herd	immunity	benefits	can	be	

expected	to	be	significant	at	40%	coverage	for	an	infection	such	as	HPV.)		Combined	

strategies	involving	school-based	catch-up	are	somewhat	less	cost	saving	and	

accrue	fewer	QALYs	than	clinic-based	catch-up	programs,	but	are	still	economically	

attractive.		

The	time	evolution	of	SCC	incidence	in	all	strategies	remains	relatively	constant	

from	2007	until	2017,	after	which	SCC	incidence	begins	to	decline	as	larger	numbers	

of	individuals	in	vaccinated	birth	cohorts	become	sexually	active	(Figure	2).		SCC	

incidence	due	to	all	high-risk	HPV	types	declines	to	about	2	per	100,000	women	per	
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year	by	the	year	2050,	for	strategies	without	catch-up.		For	strategies	with	a	clinic-

based	catch-up	program	the	same	level	of	incidence	of	2	per	100,000	women	is	

reached	a	decade	earlier,	in	2040.		The	decline	is	particularly	rapid	between	the	

years	2017	and	2037.		Changing	the	initial	screening	age	to	25	years	does	not	have	a	

significant	impact	on	the	temporal	trajectory	of	total	SCC	incidence	in	any	strategy	

(Figure	2).				

The	probabilistic	uncertainty	analysis	yields	confidence	intervals	that	support	

robustness	of	model	predictions	under	uncertainty	in	parameters	relating	to	disease	

natural	history,	transmissibility	and	treatment	costs.		However,	it	is	also	useful	to	

conduct	univariate	sensitivity	analysis	on	crucial	individual	parameters	to	

understand	their	specific	impact	on	predictions,	such	as	vaccine	coverage,	waning	

vaccine	immunity,	vaccine	cross-protection,	duration	of	natural	immunity,	and	

vaccine	cost	(Supplementary	File,	Sections	S6-S13).		We	find	that	vaccine	price	is	an	

important	driver	of	estimated	cost-effectiveness	(Figure	3	and	Supplementary	File,	

Section	S6).			For	instance,	as	the	cost	of	3	doses	of	vaccine	decreases	from	$400	to	

$150,	the	incremental	cost-effectiveness	ratio	(ICER)	for	catch-up	immunization	

under	the	clinic-based	program	(scenario	4)	decreases	from	$12,000/QALY	to	

$6,000/QALY	(Figure	3).		The	relative	change	in	the	ICER	is	similar	for	scenarios	1	

and	3	(Figure	3).				

If	the	assumed	baseline	vaccine	coverage	in	school-based	programs	in	12-year-old	

females	is	changed	from	80%	to	60%	or	40%,	the	incremental	cost-effectiveness	

ratios	are	lower	across	all	scenarios	(Sections	S7	and	S8).		This	reflects	the	higher	

incremental	benefits	of	vaccine-derived	herd	immunity	at	intermediate	vaccine	

coverage	versus	high	vaccine	coverage.		Results	are	otherwise	qualitatively	

unchanged.		Allowing	vaccine-derived	immunity	to	wane	at	3%	per	year	has	

relatively	little	impact	on	the	results	(Section	S9).		Removing	vaccine	cross-

protection	results	in	a	moderate	increase	in	incremental	cost-effectiveness	ratios,	in	

line	with	what	is	known	from	clinical	studies	on	cross	protection	(Section	S10)	(8).		

Assuming	a	longer	duration	of	natural	immunity	of	15	years	on	average,	or	40	years	

on	average,	has	a	significant	impact	on	predicted	cost-effectiveness	(Sections	S11	
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and	S12);	however,	the	median	ICER	for	catch-up	immunization	scenarios	remains	

below	$50,000/QALY	even	when	natural	immunity	lasts	40	years.		A	conservative	

scenario	that	changes	three	parameters—higher	vaccine	cost	($400	for	3	doses),	no	

cross-protection	from	the	vaccine,	and	longer-lasting	natural	immunity	(40	years)—

increases	the	median	incremental	cost-effectiveness	ratio	to	$20,756/QALY	for	

clinic-based	catch-up	(scenario	4)	and	to	$20,342/QALY	for	school-based	catch-up	

(scenario	3)	(Section	S13).		

	

4.		Discussion	

	

Here	we	assessed	the	effectiveness	and	cost-effectiveness	of	catch-up	HPV	

immunization	and	modified	screening	programs,	compared	to	current	school-based	

immunization	at	age	12	and	current	screening	practices.		We	also	assessed	

effectiveness	and	cost-effectiveness	of	school-based	immunization	at	age	12	to	no	

immunization	(current	screening	only)	in	order	to	compare	our	model	to	other	

published	models	that	have	assessed	that	comparator.		Our	dynamic	model	was	

largely	parameterized	from	Canadian	data	sources	and	included	herd	immunity	

effects,	as	well	as	cross-protection	observed	with	the	bivalent	vaccine	against	high-

risk	types	not	included	in	the	vaccine.		We	found	that	both	clinic-based	and	school-

based	catch-up	immunization	strategies	are	cost-effective	at	$50,000/QALY.		The	

higher	cost-effectiveness	of	these	strategies	compared	to	strategies	that	vaccinate	at	

age	12	derives	partially	from	preventing	outcomes	sooner	than	strategies	that	

vaccinate	at	a	younger	age,	despite	the	fact	that	immunization	in	older	age	groups	

may	occur	after	infections	have	occurred.		Delaying	initial	screening	until	age	21	or	

25	saves	costs	but	may	not	result	in	net	QALY	gains	if	the	harms	of	preventing	

slightly	less	cervical	cancer	in	these	age	groups	outweigh	the	benefits	of	avoiding	

numerous	false	positives.			These	strategies	also	cause	small	increases	in	SCC	

incidence	and	life-years	lost.		However,	delaying	the	initial	age	of	screening	while	

also	implementing	catch-up	immunization	is	predicted	to	save	costs,	reduce	SCC	

incidence,	and	accrue	more	QALYs,	compared	to	current	screening	practice	and	a	
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program	of	only	immunizing	females	at	age	12	(scenarios	7	and	8,	Table	5).		These	

results	are	robust	under	the	ranges	used	in	our	probabilistic	uncertainty	analysis.		

Univariate	sensitivity	analysis	showed	that	results	were	most	sensitive	to	

assumptions	about	vaccine	cost	and	durability	of	natural	immunity.			

The	predicted	cost	per	QALY	gained	under	universal	HPV	immunization	of	

preadolescent	females	compared	to	no	immunization	(scenario	1)	varies	widely	

across	published	analyses.		A	large	number	of	model	assumptions	can	potentially	

influence	both	costs	and	effectiveness	(22,	24,	28).		Our	predicted	cost-effectiveness	

ratio	for	universal	immunization	versus	no	immunization	is	lower	than	that	found	in	

two	similar	comparisons	in	the	Canadian	setting.		These	two	studies	did	not	account	

for	herd	immunity	and	cross-protection	and/or	assumed	a	higher	vaccine	cost.		By	

comparison,	our	analysis	includes	herd	immunity,	vaccine	cross	protection,	and	a	

lower	vaccine	cost,	which	may	explain	why	our	predicted	ICER	is	lower	(20,	21).		

Our	estimates	are	also	somewhat	lower	than	similar	comparisons	in	other	

countries:	country-specific	factors	may	drive	differences	in	predicted	cost-

effectiveness	(23,	25).		Among	analyses	that	use	dynamic	models,	our	estimates	

produce	lower	cost-effectiveness	ratios	than	some	(23,	25)	but	higher	cost-

effectiveness	ratios	than	others	(29-31,	38).		Our	baseline	assumption	of	$270	for	3	

doses	of	vaccine	is	based	on	the	most	recent	price	of	the	bivalent	vaccine	Cervarix®	

for	the	private	Canadian	market	(the	public	health	price	will	probably	be	lower	than	

this).		Previous	modelling	analyses	have	typically	assumed	a	cost	of	$400	for	3	doses	

of	vaccine,	and	sensitivity	analysis	of	our	model	as	well	as	many	previous	models	

suggests	that	vaccine	cost	is	an	important	driver	of	estimated	cost-effectiveness	of	

universal	HPV	immunization.		Our	predicted	ICER	for	universal	preadolescent	

immunization	versus	no	immunization	for	the	case	that	combines	no	cross-

protection,	a	higher	vaccine	cost	of	$400,	and	long-lasting	natural	immunity	

(Supplemental	File,	Section	S13)	is	$32,370/QALY,	which	is	significantly	higher	than	

the	ICER	for	our	baseline	(scenario	1),	and	is	closer	to	some	of	the	higher	ICER	

estimates	that	have	been	published	(23,	25).		The	detrimental	impact	of	waning	

immunity	(Supplementary	File,	Section	S9)	is	generally	not	as	high	as	predicted	by	
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some	other	modeling	analyses	based	on	static	models	(20).		We	attribute	this	to	the	

inclusion	of	herd	immunity	in	our	model.		A	previous	model-based	analysis	

comparing	cost-effectiveness	with/without	herd	immunity	and	with/without	

waning	vaccine	immunity	shows	that	waning	immunity	impacts	cost-effectiveness	

ratios	less	when	herd	immunity	is	included	than	when	it	is	not	(21).		We	note	that	

durability	of	natural	immunity	is	a	determinant	of	strength	of	herd	immunity	

generated	by	vaccines,	and	by	extension	the	impact	of	waning	vaccine	immunity	

(22,	27).				

As	for	any	model,	this	model	had	certain	limitations	that	must	be	borne	in	mind	

when	interpreting	its	results.		For	instance,	we	did	not	include	distinct	risk	groups,	

although	the	risk	of	HPV	infection	varies	with	sexual	activity	level	(78).		We	used	5-

year	age	intervals	in	the	model	based	on	age	intervals	in	available	data,	despite	the	

fact	that	HPV	epidemiology	can	vary	significantly	within	5-year	age	intervals.		

Individuals	transition	at	a	constant	rate	between	ages	and	epidemiological	

compartments,	which	means	that	some	outcomes	such	as	SCC	incidence	reduction	

may	occur	sooner	in	the	model	than	they	would	in	reality:	this	effect	will	lower	the	

incremental	cost-effectiveness	ratios	once	discounting	is	applied.		We	assumed	

independence	between	screening	adherence	and	vaccine	coverage,	although	in	

reality	the	likelihood	of	undergoing	regular	screening	may	not	be	independent	of	

the	likelihood	of	accepting	immunization	(79)	and	such	heterogeneities	can	

significantly	impact	results.			If	low	vaccine	uptake	is	markedly	positively	correlated	

with	low	screening	adherence,	then	cost-effectiveness	ratios	will	likely	be	higher	

than	we	predicted.			We	did	not	include	the	possibility	of	strain	replacement	(32),	as	

thus	far	there	is	no	evidence	for	strain	replacement.		It	would	be	difficult	to	address	

the	impact	of	strain	replacement	even	via	sensitivity	analysis,	because	so	little	is	

known	about	its	possible	likelihood,	extent	and	impact.		In	principle,	strain	

replacement	is	less	pertinent	to	HPV	than	to	many	other	vaccine-preventable	

infections,	as	the	significant	lag	between	HPV	infection	and	cancer	development	

allows	time	to	reformulate	the	vaccine	and	administer	booster	doses.		We	also	did	

not	incorporate	a	screening	algorithm.		This	means	that	the	model	could	not	be	used	
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to	assess	the	impact	of	certain	alternative	screening	algorithms.		However,	not	

including	a	screening	algorithm	will	have	little	impact	on	our	prediction	of	cost	

savings	when	catch-up	vaccination	is	combined	with	a	delay	in	the	initial	age	of	

screening	(scenarios	7	and	8),	because	the	incidence	of	CIN	lesions	and	cancer	is	

small	before	the	ages	of	21	or	25,	and	the	cost	savings	of	this	strategy	are	driven	by	

not	having	to	do	Pap	testing	below	these	ages.		Like	many	other	models,	our	model	

grouped	multiple	HPV	types	into	the	same	categories	for	simplicity;	this	forces	an	

artificially	high	parameterized	transmissibility,	which	in	turn	tends	to	yield	more	

conservative	predictions	of	the	impact	of	vaccination	(22).		We	also	assumed	that	

vaccine	efficacy	was	the	same	in	older	women	with	previous	exposure	to	HPV	than	

in	younger	women	without	previous	exposure.		Finally,	consistent	with	many	other	

HPV	dynamic	models,	we	did	not	account	for	the	existence	of	sexual	partnerships,	

which	can	likewise	influence	projections	under	certain	conditions	(26,	70,	80).			

These	limitations	suggest	directions	for	future	work	using	more	sophisticated	

models.		

For	many	jurisdictions,	recently	implemented	HPV	immunization	programs	in	

preadolescent	females	are	among	the	most	expensive	immunization	programs	ever	

introduced.		Although	implementation	costs	are	high	in	absolute	terms,	our	analysis	

suggests	that	these	programs	are	cost-effective	compared	to	no	immunization,	and	

significantly	reduce	costs	associated	with	follow-up	screening,	and	treatment	of	

high-grade	lesions	and	cancer.		Moreover,	adding	catch-up	immunization	in	older	

females	to	an	existing	program	in	12-year-old	females	is	cost-effective	compared	to	

continuing	with	the	program	in	12-year-old	females	only.		Finally,	in	jurisdictions	

where	a	single	payer	is	responsible	for	the	reimbursement	of	both	HPV	

immunization	programs	and	cervical	screening	programs,	implementing	catch-up	

programs	combined	with	delaying	the	initial	age	of	screening	can	result	in	

significant	cost-savings—with	greater	costs	of	the	immunization	program	being	

offset	by	reduced	costs	associated	with	cervical	screening—while	also	providing	

additional	health	benefits.		
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5.		Conclusions	

Catch-up	HPV	immunization	of	females,	either	through	a	school-based	program	or	a	

clinic-based	program,	is	predicted	to	be	cost-effective	in	the	Canadian	setting.		From	

the	Ministry	of	Health	perspective,	it	provides	additional	health	benefits	at	a	cost	

considered	acceptable	by	commonly	used	cost-effectiveness	standards.		Moreover,	

combining	catch-up	immunization	with	a	delay	in	the	age	of	initial	screening	is	

predicted	to	be	cost	saving	from	the	Ministry	of	Health	perspective	while	also	

providing	additional	health	benefits.		Our	model	included	herd	immunity	effects,	

vaccine	cross-protection,	and	the	most	recent	information	on	reduced	cost	of	the	

bivalent	vaccine,	all	of	which	have	a	significant	impact	on	predicted	cost	per	QALY	

gained.		
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Table	1:	Demographic,	transmission,	vaccination,	and	screening-related	input	parameters.	
	
Para-
meter	

Definition	 Baseline	value,	or	(lower,	upper)	
for	probabilistic	uncertainty	
analysis	

Source	

k  Recruitment	rate	per	year	 73,327	 (43)	

		 Death	rate	of	females	per	year,	by	
age	group	

0.0006,	0.00068,	0.00118,	0.003,	
0.0076,	0.0193,	0.0749		

(43)	

		 Death	rate	of	males	per	year,	by	
age	group	

0.00144,	0.00157,	0.00225,	
0.0048,	0.0121,	0.0315,	0.0968	

(43)	

hi	 Hysterectomy	rate	per	year,	by	age	 0,	0.0027,	0.0027,	0.0027,	
0.00603,	0.002882,	0.00226	

(44)	

	 Percentage	of	cervical	cancer	
patients	dying	due	to	cancer	within	
5	years,	by	age	group	

0.14,	0.14,	0.14,	0.18,	0.31,	0.45,	
0.45	

(45)	

ai	 Ageing	rate	per	year,	by	age	group	 0.2,	0.2,	0.1,	0.1,	0.1,	0.1,	0.1	 	

si		 Screening	rate	per	year	by	age	
group	

(0.13,	0.20),	(0.30,	0.45),	(0.28,	
0.43),	(0.26,	0.39),	(0.23,	0.34),	
(0.17,	0.25),	(0.04,	0.03)	

(46)	

Pfalse+	 False	positive	rate	for	Pap	test		
(1-specificity)	

(0.026,	0.038)	 (47)	

PCIN1	 Sensitivity	of	pap	test	for	CIN1		 (0.51,	0.80)	 (48,	63,	
64)	

PCIN2/3	 Sensitivity	of	pap	test	for	CIN2/3	 (0.58,	0.85)	 (48,	63,	
64)	

Pcancer	 Sensitivity	of	pap	test	for	cancer	 (0.65,	0.97)	 (49,	50,	
63,	64)	

		 Proportion	of	contacts	of	females	
of	age	group	i	that	are	with	males	
of	age	group	j	

 15-19 20-24 25-34 
 

15-19 0.90 0.10 0. … 
20-24 0.10 0.80 0.10 … 
25-34 0 0.10 0.70 0.2 

… … … … … 
	

(38,	62)	

	 Proportion	of	contacts	of	males	of	
age	group	i	that	are	with	females	of	
age	group	j	

 15-19 20-24 25-34 … 
15-19 0.95 0.05 0 … 
20-24 0.10 0.85 0.05 … 
25-34 0 0.20 0.70 0.1 
… … … … … 

	

(38,	62)	

	 Transmission	rate	per	year	for	
types	16/18	

(0.39,	0.64)	 Fitted	
(see	2.6)	

	 Transmission	rate	per	year	for	
other	high-risk	types		

(0.9,	2.1)	 Fitted	
(see	2.6)	
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Ti Transmission	rate	adjustment	
factor	for	age	

(1.4,	1.8),	(1.2,	2.0),	(1.0,	1.4),	
(1.0,	1.4),	(0.9.	1.3),	(0.9,	1.3),	
(0.9,	1.3)	

Fitted	
(see	2.6)	

F Transmission	rate	adjustment	
factors	for	male	to	female	versus	
female	to	male	transmission	
probabilities	

(1.5,	1.8)	 Fitted	
(see	2.6)	

c Fraction	of	females	infected	by	
other	high-risk	types	already	at	
CIN1	due	to	previous	infection	by	
types	16/18	(“unmasking”)	

0.000756	 Estimate	
from	
(37,	52),		

e Vaccine	efficacy	against	infection	
by	types	16/18	(assumed	to	be	
independent	of	previous	exposure)	

(0.9,	1.0)	 (8,	53)	

d Vaccine	efficacy	against	infection	
by	other	high-risk	types	

(0.05,	0.19)	 (8,	53)	

t Rate	of	waning	vaccine-derived	
immunity	

3%	(for	sensitivity	analysis	only)	 Assumed	

 
Reduction	in	progression	from	
CIN1	to	CIN23	due	to	cross-
protection	from	vaccine		

(0.7,	0.9)	at	80%	coverage	
(0.74,	0.94)	at	60%	coverage	
(0.8,	0.99)	at	40%	coverage	

Paramet
erized	
from	(8)	

	
	

 

xCIN 2 / 3
other
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Table	2:	Natural	history	parameters	
	
Parameter	 Definition	 Baseline	value,	or	

(lower,	upper)	
value		

Source	

d	 Proportion	of	treated	CIN2/3	cases	who	
become	susceptible		

(0.6,	0.9)	 (68)	

		
		

Rate	at	which	a	female	of	age	group	i	clears	
16/18	infection,	other	high-risk	infection	

(0.23,	1.21)/yr	
(0.53,	1.79)/yr	

(17)	

		
	

Rate	at	which	a	male	of	age	group	i	clears	
16/18	infection,	other	high-risk	infection	

(0.23,	1.21)/yr	
(0.53,	1.79)/yr	

(17)	

	
	

Rate	at	which	a	female	of	age	group	i	clears	
CIN1	due	to	16/18	infection,	other	high-risk	
infection	

(0.19,	1.26)	/yr	
(0.43,	2.12)	/yr	

(17)	

	
	

Rate	at	which	a	female	of	age	group	i	clears	
CIN2/3	due	to	16/18	infection,	other	high-
risk	infection	

(0.14,	0.79)	/yr	
(0.31,	1.38)	/yr	

(17)	

	
	

Rate	of	at	which	a	female	of	age	group	i	
regresses	from	CIN2/3	to	infected	with	
16/18,	other	high-risk	

(0.05,	0.71)	/yr	
(0.04,	0.69)	/yr	

(17)	

	
	

Rate	of	at	which	a	female	of	age	group	i	
regresses	from	CIN1	to	infected	with	16/18,	
other	high-risk	

(0.15,	0.75)	/yr	
(0.15,	0.78)	/yr	

(17)	

	
	

Rate	of	at	which	a	female	of	age	group	i	
regresses	from	CIN2/3	to	CIN1	due	to	16/18,	
other	high-risk	

(0.01,	0.20)	/yr	
(0.01,	0.21)	/yr	

(17)	

	
		

Rate	of	at	which	a	female	of	age	group	i	
progresses	from	infected	to	CIN1	due	to	
16/18,	other	high-risk	

(0.03,	0.13)	/yr	
(0.03,	0.15)	/yr	

(17)	

	
	

Rate	of	at	which	a	female	of	age	group	i	
progresses	from	CIN1	to	CIN2/3	due	to	
16/18,	other	high-risk	

(0.03,	0.27)	/yr	
(0.03,	0.27)	/yr	

(17)	

	
	

Rate	of	at	which	a	female	of	age	group	i	
progresses	from	infected	to	CIN2/3	due	to	
16/18,	other	high-risk	

(0.006,	0.134)	/yr	
(0.003,	0.067)	/yr	

(17)	

	
	

Rate	of	at	which	a	female	of	age	group	i	
progresses	from	CIN2/3	to	cancer,	due	to	
16/18,	other	high-risk	

(0.000927,	
0.002781)	/yr	
(0.002,	0.038)	/yr	

(17)	

f	 Proportion	of	cancers	due	to	16/18	 (0.7,	0.75)	 (66)	
w Duration	of	natural	immunity		 (2,	5)	yrs	 (39,	40)	
 Calibration	target,	HPV	type	16/18	infection	

prevalence	in	females	
[0.024,	0.073]	 (1,	17,	

19,	41)	
 Calibration	target,	other	high-risk	HPV	type	

infection	prevalence	in	females	
[0.075,	0.139]	 (1,	17,	

19,	41)	
 Calibration	target,	prevalence	of	infection	in	

females	with	any	high-risk	HPV	type	by	age	
15-19:	[0.12,	0.26]	
20-24:	[0.18,	0.40]	

(1,	17,	
19,	41)	
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25-34:	[0.11,	0.23]	
45-44:	[0.10,	0.22]	
45-54:	[0.07,	0.16]	
55-64:	[0.06,	0.13]	

 Calibration	target,	incidence	of	SCC	by	age	per	
100,000	females	

15-19:	[0,	5.5]	
20-24:	[0.8,	11.9]	
25-34:	[2.8,	20.6]	
45-44:	[5.1,	25.7]	
45-54:	[6.2,	27.7]	
55-64:	[5.0,	27.3]	

(1,	17,	
19,	41)	
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Table	3:	Cost	and	disutility	parameters.	
	
Parameter		 Definition	 Baseline	value,	or		

(lower,	upper)	
value	

Source	

unorm	 Cost	per	screened	female	with	a	normal	Pap	
test	result	

($73.80,	
$110.78)	

(54-56)	

ufalse+	 Cost	per	screened	susceptible	or	infected	
female	with	abnormal	(false	positive)	Pap	
result	(includes	costs	for	follow-up	screening;	
does	not	include	cost	of	initial	Pap	test)	

($42.70,	
$241.90)	

(46,	54,	55,	
57,	58)	

	

uCIN1	 Cost	per	screened	CIN1	female	with	abnormal	
Pap	result	(includes	costs	for	follow-up	
screening	and	treatment	of	lesions)	

($852,	$878)	 (20,	54)	

	

uCIN2/3	 Cost	per	screened	CIN2/3	female	with	
abnormal	Pap	result	(includes	costs	for	
follow-up	screening	and	treatment	of	lesions	
or	hysterectomy)	

($819,	$1,543)	 (20,	54)	

	

ucancer	 Cost	per	screened	cancer	female	with	
abnormal	Pap	result	(includes	costs	for	
follow-up	screening	and	treatment	of	lesions	
or	hysterectomy)	

($12,364.92,	
$22,364.92)	

(50,	54,	59)	

	

uvacc	 Cost	of	full	course	of	HPV	vaccine	 $270	
($90/dose)	

(67)	

uclinic	 Cost	of	administering	HPV	vaccine	in	a	clinic	
setting,	per	dose	

($25.00,	
$35.00)	

(60)	

uschool	 Cost	of	administering	HPV	vaccine	in	a	school-
based	setting,	per	dose	

($9.30,	$10.80)	 (60)	

DCIN1		
Dfalse	

Disutility,	false	positive	or	CIN1	diagnosis	 (0,	0.06)	 (20,	36,	65)	

DCIN23	
	

Disutility,	CIN	2/3	 (0.02,	0.12)	 (20,	36,	65)	

TCIN1	
Tfalse	

Duration	of	disutility,	false	positive	or	CIN1	
diagnosis	

(0,	3)	months	 (20,	36,	65)		

TCIN2/3	
	

Duration	of	disutility,	CIN	2/3	 (0,	5)	months	 (20,	36,	65)	

Dcancer	 Disutility,	cancer	diagnosis	 (0.3,	0.5)	 (20)	

Dnormal	 Background	utilities,	by	age	 0.94,	0.94,	0.94,	
0.935,	0.925,	
0.915,	0.900	

(61)	
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Table	4:	Strategies	evaluated*		
	
Compared	to	a	baseline	of	no	immunization:		

1	 Immunizing	80%	of	12-year-old	females		
2	 Immunizing	80%	of	12-year-old	females	plus	school-based	catch-up	

Compared	to	a	baseline	of	immunizing	80%	of	12-year-old	females:		
3	 Baseline	plus	school-based	catch-up	covering	80%	of	18-year-old	females	
4	 Baseline	plus	clinic-based	catch-up	covering	40%	of	females	aged	12-26	
5	 Baseline	plus	start	screening	at	age	21	
6	 Baseline	plus	start	screening	at	age	25	
7	 Baseline	plus	school-based	catch-up	plus	start	screening	at	age	21	
8	 Baseline	plus	clinic-based	catch-up	plus	start	screening	at	age	25		

*current	screening	rates	and	age	of	initial	screening	assumed	except	where	otherwise	noted	
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Table	5:	Projected	costs,	health	outcomes,	and	cost-effectiveness	ratios.*			

	

Comparator	

Cancer	Incidence		

(annual,	per	100,000	females)	

Incr.	costs	
(annual,	
undis-

counted),	
millions	
2010	CAD	

Incr.	QALYs	
(annual,	
undis-
counted)	

Incr.	life-
years	
(annual,	
undis-
counted)	

Cost	per	QALY,	
2010	CAD	

Cost	per	LY,		
2010	CAD	10	yrs	 30	yrs	 60	yrs	

	 Compared	to	a	baseline	of	no	immunization:	
1		 80%		 9.7	

(5.2,	14.2)	
4.8	

(2.4,	7.1)	
2.7	

(1.0,	4.3)	
13.9	

(11.7,	16.1)	
2113	

(783,	3444)	
1727	

(646,	2808)	
10553	

(2695,	18411)	
12921	

(3514,	22328)	
2		 80%		

+	SBP		
9.1	

(4.9,	13.3)	
4.1	

(2.0,	6.2)	
2.6	

(1.0,	4.2)	
14.3	

(12.0,	16.7)	
2258	

(846,	3669)	
1839	

(692,	2986)	
10087	

(2706,	17467)	
12416	

(3586,	21245)	

	 Compared	to	a	baseline	of	immunizing	80%	of	12-year-old	females:	
3	 80%		

+	SBP	
9.1	

(4.9,	13.3)	
4.1	

(2.0,	6.2)	
2.6	

(1.0,	4.2)	
0.4	

(0.3,	0.6)	
138	

(54,	222)	
115	

(46,	183)	
6361	

(1958,	10765)	
7892	

(2648,	13136)	
4	 80%		

+	CBP	
8.4	

(4.5,	12.3)	
3.6	

(1.7,	5.5)	
2.6	

(1.0,	4.2)	
1.1	

(0.9,	1.3)	
258	

(98,	417)	
216	

(85,	346)	
8260	

(2935,	13585)	
9962	

(3634,	16291)	
5	 80%		

+	age21	
9.7	

(5.2,	14.2)	
4.8	

(2.4,	7.1)	
2.7	

(1.0,	4.3)	
-9.0	

(-10.8,	-7.1)	
1	

(-7,	9)	
-4	

(-7,	-1)	
--	 Dominated	

6	 80%		
+	age25		

9.7	
(5.2,	14.2)	

4.8	
(2.4,	7.2)	

2.7	
(1.0,	4.4)	

-19.8	
(-23.9,	-15.7)	

9	
(-21,	38)	

-13	
(-22,	-4)	

--	 Dominated	

7	 80%		
+	SBP		
+	age21			

9.1	
(4.9,	13.3)	

4.1	
(2.0,	6.2)	

2.6	
(1.0,	4.3)	

-8.5	
(-10.4,	-6.7)	

138	
(54,	222)	

111	
(42,	179)	

Dominant	 Dominant	

8	 80%		
+	CBP		
+	age25		

8.4	
(4.5,	12.3)	

3.6	
(1.7,	5.5)	

2.6	
(1.0,	4.3)	

-18.7	
(-22.8,	-14.6)	

262	
(100,	423)	

204	
(74,	334)	

Dominant	 Dominant	

	*	Values	in	cells	represent	the	median	(median	minus	two	standard	deviations,	median	plus	two	standard	
deviations)	of	accepted	realizations	from	the	Monte	Carlo-based	filtering	described	in	subsection	2.7.	
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	Figure	Captions	
	
	
Figure	1:	Schematic	diagram	of	dynamic	model	for	female	component	(a)	and	male	

component	(b).		The	state	variable

 

Sk,F
16 /18 	(respectively,	

 

Ik,F
16 /18 ,	

 

Rk,F
16 /18 ,	

 

Lk,F
16 /18 ,	

 

Hk,F
16 /18 ,	

 

Ck,F
16 /18

,	

 

Vk,F
16 /18)	is	the	number	of	females	in	age	group	k	who	are	susceptible	(respectively,	

are	infected,	are	naturally	immune,	have	a	low-grade	(CIN1)	lesion,	have	a	high-

grade	(CIN2/3)	lesion,	have	squamous	cell	carcinoma,	are	protected	against	

infection	by	the	vaccine)	for	types	16/18.		The	state	variable

 

Sk,M
16 /18 	(respectively,	

 

Ik,M
16 /18

,	

 

Rk,M
16 /18)	is	the	number	of	males	in	age	group	k	who	are	susceptible	(respectively,	

infected,	naturally	immune)	for	types	16/18.		Solid	black	arrows	represent	

transitions	relating	to	infection	or	disease	status,	grey	arrows	represent	deaths,	and	

dashed	arrows	represent	recruitment/aging.		Compartments	are	identical	for	other-

high-risk	although	transition	rates	differ	to	capture	cross-protection	and	unmasking	

as	described	in	Supplementary	File	Sections	S1	and	S2.		Transition	rates	between	

compartments	are	given	in	Tables	1-3.	

	

Figure	2:	Total	incidence	of	SCC	cases	per	100,000	females	per	year	over	time	for	

80%	universal	vaccination—scenario	1	(a);	80%	universal	vaccination	plus	clinic-

based	catch-up—scenario	4	(b);	80%	universal	vaccination	plus	start	screening	at	

age	25—scenario	6	(c);	and	80%	universal	vaccination	plus	clinic-based	catch-up	

plus	start	screening	at	age	25—scenario	8	(d).		Solid	black	lines	represent	median	of	

realizations	accepted	under	the	Monte	Carlo	filtering	used	in	probabilistic	

uncertainty	analysis,	and	thin	grey	lines	represent	plus/minus	two	standard	

deviations.		

	

Figure	3:	Median	incremental	cost-effectiveness	ratio	(ICER)	from	realizations	

accepted	under	the	Monte	Carlo	filtering	used	in	probabilistic	uncertainty	analysis	

as	a	function	of	cost	for	3	doses	of	vaccine	for	scenario	1	(baseline	strategy),	

scenario	3	(school-based	catch-up	program),	and	scenario	4	(clinic-based	catch-up	

program).	
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