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	18	
Background	19	
The	ongoing	yellow	fever	(YF)	epidemic	in	Angola	is	placing	strain	on	the	global	vaccine	supply.	20	
In	order	to	extend	vaccine	supply	and	reduce	the	cost	of	mass-vaccination,	dose	sparing	by	21	
fractional-dose	vaccination	has	received	heightened	consideration.	Five-fold	fractionation	is	22	
similar	to	the	standard	dose	in	safety	and	immunogenicity.	However,	no	YF	vaccine	efficacy	23	
trials	have	been	performed	in	humans,	so	it	is	possible	that	fractional-dose	vaccines	may	be	less	24	
efficacious	even	if	equally	immunogenic.	There	is	an	urgent	need	to	study	under	what	25	
conditions	fractional	dosing	could	provide	epidemiologic	benefits	in	reducing	transmission.	26	
	27	
Methods	28	
We	estimated	the	effective	reproductive	number	for	YF	in	Angola	using	disease	natural	history	29	
and	case	report	data.	Using	these	results	and	simple	mathematical	models	of	YF	transmission,	30	
we	calculated	the	expected	final	size	of	an	epidemic	under	varying	levels	of	vaccine	coverage	31	
with	standard-dose	vaccine	and	up	to	five-fold	fractionation	with	varying	efficacy.	We	consider	32	
three	allocation	scenarios:	random;	targeted	at	only	susceptible	individuals;	and	whereby	33	
children	receive	standard-dose	vaccines	while	adults	receive	fractional-dose	vaccines.	34	
	35	
Findings	36	
The	effective	reproductive	number	early	in	the	outbreak	ranged	from	approximately	5	to	12	37	
transmission	events	per	infectious	individual.	As	expected,	if	five-fold	fractional-doses	retain	38	
100%	efficacy,	the	final	epidemic	is	dramatically	reduced,	especially	if	standard-dose	vaccine	39	
coverage	is	near	20%.	If	instead	some	fractional-dose	recipients	do	not	become	immunized,	the	40	
five-fold	fractional-dose	strategy	is	always	beneficial,	as	long	as	this	dose	produces	immunity	in	41	
at	least	20%	of	recipients.	We	quantify	how	the	threshold	becomes	more	stringent	if	vaccine	42	
action	is	leaky.	43	
	44	
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	45	
Interpretation	46	
We	conclude	that	dose	fractionation	could	be	a	very	effective	strategy	for	improving	coverage	47	
of	YF	vaccines	and	reducing	infection	attack	rate	in	populations,	possibly	by	a	large	absolute	48	
and	relative	margin,	if	high	to	moderate	efficacy	is	maintained	by	reduced-dose	formulations.	49	
	50	
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INTRODUCTION	53	

Yellow	fever	(YF)	has	resurged	in	Angola	and	threatens	to	spread	to	other	countries	with	54	
relatively	low	YF	vaccine	coverage.	While	the	rainy	season	is	ending	in	Angola	as	of	April,	it	55	
typically	lasts	through	May	in	the	Democratic	Republic	of	Congo	(DRC)	and	is	just	beginning	in	56	
parts	of	West	Africa.	Reports	of	YF	cases	in	Kinshasa,	DRC,	in	mid-April	2016	and	exportation	of	57	
cases	from	Angola	to	other	parts	of	the	world	raise	concern	that	YF	could	resurge	in	other	58	
populations	where	competent	vectors	are	present	and	vaccine	coverage	is	low.1	A	broad	band	59	
of	sub-Saharan	Africa	north	of	Namibia	and	Zambia	is	at	risk	60	
(http://www.cdc.gov/yellowfever/maps/africa.html),	as	is	much	of	the	northern	portion	of	61	
South	America	(http://www.cdc.gov/yellowfever/maps/south_america.html).	The	global	62	
community	is	increasingly	concerned	for	the	risk	of	YF	emergence	in	Asia,	where	the	disease	63	
has	been	curiously	absent	despite	seemingly	amenable	conditions.	64	

There	is	a	safe,	highly	effective	vaccine	against	YF.2	However,	the	global	stockpile	of	YF	vaccines	65	
is	low,	with	approximately	10	million	doses	currently	available	and	a	global	manufacturing	66	
capacity	of	25	million	doses	per	month.	Given	the	large	populations	at	risk	for	YF	infection,	the	67	
stockpile	might	well	be	inadequate	to	meet	the	need;	the	entire	current	stockpile	would	be	68	
required	just	to	vaccinate	the	population	of	Kinshasa.	For	this	reason,	the	possibility	of	dose-69	
sparing	by	fractional-dose	vaccination	is	under	consideration,	in	which	smaller	volumes	of	70	
vaccine	would	be	used	per	dose	in	order	to	increase	the	number	of	persons	who	can	be	71	
vaccinated	with	a	given	quantity	of	vaccine.2	Dose-fractionation	has	been	proposed	as	a	means	72	
of	extending	the	supply	and	reducing	the	cost	of	mass-vaccination	campaigns	for	YF;	these	73	
benefits	might	also	enhance	equity	of	vaccine	access.3		74	

A	randomized,	noninferiority	trial	has	shown	that	0·1	ml	intradermal	(ID)	vaccination	with	the	75	
17D	YF	vaccine	was	equally	safe	compared	to	the	standard	0·5ml	subcutaneous	dose.4	Another	76	
randomized	trial	of	the	17DD	vaccine	given	in	Brazil	showed	that	there	was	no	significant	loss	of	77	
immunogenicity	when	the	currently	administered	vaccine	(containing	27,476	IU	of	virus)	was	78	
given	at	doses	as	low	as	2·1%	(i.e.	a	>40-fold	reduction)	of	the	full	dose.5	The	lowest	reduced	79	
dose	in	that	study	that	was	noninferior	to	the	full	dose	was	587	IU.	For	comparison,	the	WHO	80	
minimum	for	YF	vaccines	is	1000	IU	per	dose.6	No	efficacy	trial	of	YF	vaccines	has	been	81	
performed	in	humans,7	so	the	comparative	efficacy	of	different	doses	and	routes	remains	82	
unknown.	83	

While	the	equal	immunogenicity	of	fractional-dose	vaccines	suggests	that	efficacy	might	also	be	84	
equal	to	that	of	the	standard	dose,	decision	makers	may	be	cautious	about	changing	dosing	85	
recommendations.	Challenges	to	such	a	change	include	obtaining	regulatory	approval,	training	86	
vaccinators	to	deliver	fractional	doses,	possibly	by	the	intradermal	route,	and	other	logistical	87	
issues.2	88	

Beyond	these	operational	challenges,	which	we	do	not	specifically	consider	in	our	modeling	89	
study,	it	is	possible	that	the	dose-sparing	vaccines	may	be	less	efficacious	even	if	equally	90	
immunogenic.	Moreover,	the	findings	of	equal	immunogenicity	of	reduced	doses	are	limited	to	91	
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adults;	no	comparable	data	exist	in	children.	Here	we	use	simple	mathematical	models	to	92	
assess	the	magnitude	of	benefit	that	could	be	achieved	by	dose-fractionation,	by	allowing	93	
higher	or	more	rapid	vaccine	coverage	with	a	fixed	supply	of	vaccine.	Our	initial	analysis	94	
assumes	that	the	efficacy	of	five-fold	fractional-dose	vaccine2,4	is	equal	to	that	of	standard-dose	95	
vaccine,	and	that	both	are	100%	effective,7	and	estimates	the	benefit	of	higher	coverage	with	96	
no	loss	of	protection	for	individual	vaccinees.	We	next	show	that	even	if	vaccine	efficacy	were	97	
considerably	lower	for	fractional-dose	vaccination,	the	population-level	benefit	of	wider	98	
coverage	could	still	outweigh	the	lower	individual-level	efficacy,	in	terms	of	total	cases	99	
prevented.	Finally,	given	the	lack	of	comparative	immunogenicity	data	for	fractional-dose	YF	100	
vaccination	in	children,	we	consider	the	results	of	a	strategy	that	provides	standard-dose	101	
vaccines	to	children	and	fractional-dose	vaccines	to	adults.	We	find	that	each	of	these	102	
strategies	could	provide	significant	benefit	epidemiologically,	and	that	the	best	policy	will	be	103	
determined	by	balancing	logistical	and	regulatory	considerations	against	the	extent	of	104	
epidemiologic	benefit.	105	

106	
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METHODS	107	

Estimation	of	the	effective	reproductive	number	for	YF	in	Angola	108	

We	used	data	on	confirmed	cases	each	day	from	the	18	April	2016	WHO	Angola	Situation	109	
Report8	and	applied	the	method	of	Wallinga	and	Teunis9.	We	estimated	the	probability	110	
distribution	function	for	the	generation	time	using	the	convolution	of	the	intrinsic	and	extrinsic	111	
incubation	periods	of	yellow	fever	estimated	by	10,	with	the	assumption	that	the	latent	and	112	
incubation	period	in	the	human	host	were	the	same.	In	the	integral,	t1	gives	the	time	post-113	
infection	when	the	human	host	becomes	infectious,	t2	gives	the	time	at	which	he	is	bitten	by	a	114	
competent	mosquito,	and	t3	is	the	time	at	which	the	mosquito	becomes	infectious.	We	assume	115	
an	exponentially	distributed	infectious	period	with	mean	4	days	in	the	human,11	and	an	116	
exponentially	distributed	mosquito	lifespan	varying	over	a	broad	range	around	2	weeks	117	
(http://www.dengue.gov.sg/subject.asp?id=12).	This	expression	corresponds	to	the	118	
approximating	assumption	that	once	infected	and	infectious,	vectors	bite	at	a	constant	rate	119	
until	they	die.	Thus	the	probability	distribution	function	fGT	for	the	generation	time	a	is		120	

0

( )( )
( )

GT
h af a
h u du

∞=
∫

	121	

where	122	

   

h(a) = fH (t1)
Intrinsic incubation period;
Lognormal distributed with
mean 4.6 days and CoV 0.36

! ⋅ P(I > t2 − t1)
Probability that the
human infectious period
exceeds t2−t1  days when
the mean infectious duration
is mean 4 days.

" #$$ %$$
⋅

0

t2∫0

t3∫0

a

∫ fV (t3 − t2 )
Extrinsic incubation period
at 28 degree Celsius; Weibull
distributed with mean 12.7 days
and CoV 0.61

" #$ %$
⋅ e−d (a−t2 )

Probability that the
mosquito is still alive
a−t2  days after getting
infected

"#% dt1dt2dt3 		123	

	We	assumed	that	serial	interval	and	generation	time	have	the	same	probability	distribution.	124	

Infection	attack	rate	calculations		125	

Our	basic	approach	was	to	calculate	the	expected	final	size	of	an	epidemic	(infection	attack	rate	126	
or	IAR)	under	the	following	homogeneous-mixing	model.	Let	 0S 	and	 0I 	be	the	proportion	of	127	
population	susceptible	and	infectious	just	before	vaccination.	Let	V 	be	the	vaccine	coverage	of	128	
standard-dose	vaccines.	Suppose	each	standard-dose	vaccine	can	be	fractionated	into	n	n-fold	129	
fractional-dose	vaccines	(i.e.	each	n-fold	fractional-dose	vaccine	contains	1/n-th	amount	of	the	130	
antigen	in	a	standard-dose	vaccine).	We	denote	the	vaccine	efficacy	of	n-fold	fractional-dose	131	
vaccines	by	 ( )VE n ,	i.e.	the	vaccine	efficacy	of	standard-dose	vaccines	is	 (1)VE .	Given	V ,	the	132	

highest	fractionation	factor	sensible	is	nmax = S0 V 	if	the	susceptible	population	can	be	133	

identified	for	targeted	vaccination	and	nmax =1 V 	otherwise,	i.e.	the	fractionation	factor	n 	134	

(hereafter,	fractionation)	must	lie	between	1	and	 maxn .	Let	Q(V ,n) =VnVE(n)w(n) 	be	the	135	

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 14, 2016. ; https://doi.org/10.1101/053421doi: bioRxiv preprint 

https://doi.org/10.1101/053421
http://creativecommons.org/licenses/by-nd/4.0/


	 6	

effective	vaccine	coverage	assuming	all-or-nothing	vaccine	action,	where	 ( )w n 	is	the	136	
proportion	of	fractionated	doses	that	do	not	get	wasted.	As	such,	the	optimal	fractionation	that	137	
gives	the	smallest	IAR	is	the	one	that	maximizes	 ( ) ( )nVE n w n .	Compared	to	standard-dose	138	
vaccination,	dose	fractionation	is	better	if	and	only	if	 ( ) ( ) (1)nVE n w n VE> .	That	is,	in	the	139	
absence	of	wastage,	n-fold	dose	fractionation	is	better	if	and	only	if	the	vaccine	efficacy	of	n-140	
fold	fractional-dose	vaccines	are	at	least	1/n	times	that	of	standard-dose	vaccines.	The	criterion	141	
is	substantially	higher	for	leaky	vaccines	when	transmissibility	is	high	(see	below).	We	assumed	142	
that	vaccine	efficacy	of	n-fold	fractional-dose	vaccines	is	a	linear	function	of	the	amount	of	143	
antigen	in	the	vaccines	(which	is	proportional	to	1/n).	That	is,	for	n	between	1	and	5,	144	

( )( )( ) (5) 1.25 1 1 5 (1) (5)VE n VE n VE VE= + − − .	145	

We	consider	three	scenarios:	146	

1. Random	vaccination.	Vaccine	coverage	among	susceptible	and	immune	individuals	are	147	
the	same,	i.e.	the	susceptible	and	immune	population	are	indiscernible,	so	targeted	148	
vaccination	is	not	possible.	For	any	given	fractionation	 n ,	the	infection	attack	rate	149	

( )IAR n is	obtained	by	solving	the	equation	150	
IAR(n) = S0 1−Q(V ,n)( ) 1− exp(−R0 ⋅ (I0 + IAR(n)))⎡⎣ ⎤⎦ .	151	

2. Targeted	vaccination.	Vaccinations	are	targeted	only	at	susceptible	individuals.	For	any	152	
given	fractionation	 n ,	the	infection	attack	rate	 ( )IAR n is	obtained	by	solving	the	153	
equation	154	

IAR(n) = S0 −Q(V ,n)( ) 1− exp(−R0 ⋅ (I0 + IAR(n)))⎡⎣ ⎤⎦

= S0 1−Q(V ,n) S0( ) 1− exp(−R0 ⋅ (I0 + IAR(n)))⎡⎣ ⎤⎦ .

	155	

Hence,	targeted	vaccination	has	the	same	effects	as	random	vaccination	with	effective	156	
vaccine	coverage	Q(V ,n) S0 .	We	do	not	provide	graphs	of	this	scenario	separately.	157	

3. Standard-dose	vaccination	of	children,	fractional-dose	vaccination	of	adults.	We	assume	158	
0 1S = .	Let	 p 	be	the	proportion	of	adults	in	the	population.	We	assumed	that	children	159	

have	vaccine	priority.	That	is,	all	children	receive	standard-dose	vaccines	before	adults	160	
begin	to	receive	fractional-dose	vaccines.	For	a	given	standard-dose	vaccine	coverage	V 	161	
,	the	proportion	of	children	vaccinated	is	Vchildren =min(V ,1− p) .	If	the	stockpile	is	large	162	
enough	to	vaccinate	all	children	(i.e.	V >1− p ),	then	adults	receive	n-fold	fractional-163	
dose	vaccination	where	 n =min(5, p (V −1+ p)) .	The	proportion	of	adults	vaccinated	is	164	
Vadults =1 	if	 5n < 	and	Vadults = 5(V −1+ p) p 	otherwise.	The	effective	vaccine	coverage	is	165	
Q(V ,n) =Vchildren (1− p)VE(1)+Vadults pVE(n)w(n) .		166	

	167	

Leaky	vaccine	action	168	
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If	vaccine	efficacy	is	"leaky"	(such	that	its	efficacy	is	the	independent	probability	of	protecting	169	
an	immunized	recipient	on	each	exposure12,13)	then	the	attack-rate	calculations	change	slightly.	170	
Suppose	the	expected	number	of	secondary	cases	is	the	same	for	vaccinated	and	unvaccinated	171	
individuals	if	they	become	infected.	Given	fractionation	 n =min(5,1/V ) ,	the	infection	attack	172	
rate	 ( )IAR n is	obtained	by	solving	the	equation	173	

IAR(n) = S0 1−Vn( ) 1− exp(−R0 ⋅ (I0 + IAR(n)))⎡⎣ ⎤⎦

                     + S0Vn 1− exp(−(1−VE(n))R0 ⋅ (I0 + IAR(n)))⎡⎣ ⎤⎦
	174	

if	vaccination	is	random.	Dose	fractionation	is	better	if	and	only	if		175	

VE(n) > 1
VE(1)

1+ ln(1− Z )
R0 (I0 + IAR(1))

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟     where

Z = IAR(1)
Vn

−
1
Vn

−1
⎛

⎝
⎜

⎞

⎠
⎟ 1− exp(−R0 ⋅ (I0 + IAR(1)))⎡⎣ ⎤⎦

.

	176	

We	define	the	right-hand	side	of	this	inequality	as	the	“benefit	threshold,”	the	lowest	leaky	177	
efficacy	that	is	needed	for	a	fractional-dose	strategy	to	produce	a	lower	IAR	than	a	standard-178	
dose	strategy.	179	

As	in	the	case	for	all-or-nothing	vaccines,	the	effects	of	targeted	vaccination	are	the	same	as	180	
that	for	random	vaccination	with	effective	vaccine	coverage	 0( , )Q V n S 	for	leaky	vaccines.	 	181	
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RESULTS	182	

Reproductive	number	of	Yellow	Fever	in	Angola.	Figure	1	shows	the	epidemic	curve	of	yellow	183	
fever	cases	in	Angola8	(A)	and	the	estimated	reproductive	number	Rt	over	the	course	of	the	184	
outbreak,	estimated	using	natural	history	data	from	ref.	10	and	the	Wallinga-Teunis	method.9	185	
Early	in	the	outbreak,	estimates	of	Rt	range	from	approximately	5	(lowest	point	estimate)	to	12	186	
(highest	upper	bound	of	95%	confidence	interval).	While	these	estimates	may	reflect	partial	187	
immunity	due	to	vaccination	or	prior	exposure	among	some	of	the	population,	we	take	this	as	188	
the	center	of	a	range	for	the	possible	basic	reproductive	number	in	a	future	outbreak	in	189	
another	population,	which	we	assume	may	be	between	3	and	12,	due	to	varying	vector	ecology	190	
and	levels	of	preexisting	immunity	in	the	population.	191	

Reducing	attack	rate	by	increasing	coverage.	Figure	2A	shows	the	attack	rate	expected	for	a	192	
sustained	epidemic	in	a	simple	mathematical	model	given	varying	levels	of	transmission	(basic	193	
reproductive	number	R0,	different	curves)	and	standard-dose	vaccine	coverage	(V,	assumed	to	194	
be	achieved	prior	to	the	epidemic’s	start)	with	and	without	five-fold	dose-fractionation,	195	
assuming	100%	efficacy.	Figures	2B-C	show	the	corresponding	absolute	and	relative	reduction	196	
in	attack	rate.	Clearly	a	five-fold	increase	in	coverage	can	dramatically	reduce	the	attack	rate,	197	
by	at	least	five-fold,	and	by	more	if	the	reproductive	number	is	brought	close	to	or	below	one	198	
by	herd	immunity	effects,	achieved	as	vaccine	coverage	approaches	the	herd	immunity	199	
threshold	(1-1/R0)x100%.	200	

Lower-efficacy	assumption.	Figure	3	shows	the	robustness	of	the	dose-fractionation	strategy	to	201	
the	possibility	that	fractionated	doses	have	lower	efficacy.	In	Figure	3,	we	repeat	the	202	
calculations	of	reduced	attack	rate	from	Figure	2,	but	assuming	that	fractional-dose	vaccines	203	
provide	full	immunity	to	90%,	60%,	30%	and	10%	of	those	vaccinated	(all-or-nothing	204	
efficacy).12,13	We	find	that	the	five-fold	fractional-dose	strategy	is	always	beneficial,	regardless	205	
of	the	achievable	coverage	V	with	the	standard-dose	vaccine	or	the	basic	reproductive	number	206	
R0,	as	long	as	five-fold	fractional-dose	vaccines	are	at	least	20%	efficacious.	Mathematically,	it	207	
can	be	shown	that	for	efficacy	greater	than	100%/n,	an	n-fold	fractionation	is	always	208	
advantageous	in	the	sense	of	a	lower	attack	rate	expected	with	fractionated	doses	and	higher	209	
coverage	than	standard	dosing	at	n-fold	lower	coverage.	If	we	assume	there	is	some	wastage	of	210	
fractionated	doses	due	to	unfamiliar	administration	methods	and	lower	seroconversion	rates,	211	
this	threshold	becomes	slightly	less	favorable	because	x%	wastage	would	cause	a	x%	reduction	212	
in	effective	vaccine	coverage,	which	is	a	product	of	vaccine	coverage,	vaccine	efficacy,	and	213	
wastage.	For	example,	five-fold	fractionation	with	no	wastage	and	20%	vaccine	efficacy	has	the	214	
same	effect	as	20%	wastage	and	25%	vaccine	efficacy,	which	is	still	well	above	that	which	215	
seems	plausible	from	the	immunogenicity	data.	216	

Vaccination	of	adults	with	fractionated	doses	and	children	with	standard	doses.	Given	the	217	
lack	of	immunogenicity	data	for	fractionated	doses	in	children	and	evidence	of	lower	218	
seroconversion	rates	to	standard	doses,14	a	conservative	strategy	would	be	to	fractionate	doses	219	
only	for	adults.	Figure	4A	shows	the	fold-increase	in	vaccine	coverage	that	could	be	achieved	220	
with	five-fold	fractionation	in	adults	only,	as	a	function	of	proportion	of	adults	in	the	population	221	
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( Padults ).	Adult	fractionation	increases	coverage	more	if	a	larger	fraction	of	the	population	is	222	
adults.	In	Angola	in	2015	approximately	70%	of	the	population	was	adults	(20	and	older).	If	223	
there	were	enough	standard-dose	vaccine	supplies	to	cover	one	half	of	such	a	population	224	
(V=0.5),	fractionation	of	only	the	adult	doses	would	provide	a	2-fold	increase	in	coverage.	Given	225	
the	vector-borne	nature	of	yellow	fever	we	assume	that	transmission	between	children	and	226	
adults	is	well-mixed.	Figure	4B	shows	the	same	calculations	as	Figure	2B	with	the	five-fold	227	
fractional-dose	vaccine	efficacy	is	60%.	The	benefits	of	n-fold	fractionation	for	only	adult	doses	228	
is	maximized	when	standard-dose	coverage	V = Pchildren + Padults / n .	These	calculations	all	assume	229	
that	there	is	no	preexisting	immunity	in	children	or	adults;	if	preexisting	immunity	existed	230	
mainly	in	adults,	then	prioritizing	children	would	have	a	greater	benefit	than	projected	here.	231	

Leaky	vaccine	efficacy.	Thus	far,	when	considering	the	possibility	that	fractionated	doses	have	232	
VE<100%,	we	have	assumed	that	this	follows	the	“all-or-nothing	model”	of	100%	efficacy	in	a	233	
proportion	VE	of	vaccinees	and	0%	in	the	remainder.	Alternatively,	reduced	efficacy	could	take	234	
the	form	of	less	than	100%	protection	in	all	vaccinated	persons.	We	consider	this	unlikely	(see	235	
Discussion)	but	note	that	in	this	situation,	the	efficacy	of	n-fold	fractionated	doses	necessary	to	236	
provide	a	benefit	in	terms	of	IAR	is	higher	than	1/n	and	is	dependent	on	transmission	intensity,	237	
with	higher	efficacy	required	to	provide	an	advantage	in	higher-transmission	settings.	This	238	
occurs	because	under	the	“leaky”	model	each	infectious	bite	is	assumed	to	be	less	likely	to	239	
cause	infection	if	the	host	is	vaccinated,	but	the	probability	of	infection	grows	as	the	person	240	
receives	more	infectious	bites.	Figure	5	shows,	under	the	“leaky”	model	of	vaccine	action,	the	241	
“benefit	threshold,”	the	minimum	efficacy	of	fractionated	vaccine	dose	for	which	greater	242	
coverage	outweighs	lower	efficacy.	Dose	fractionation	is	much	less	beneficial	if	vaccine	action	is	243	
leaky,	efficacy	is	modest,	and	R0	is	high.		 	244	

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 14, 2016. ; https://doi.org/10.1101/053421doi: bioRxiv preprint 

https://doi.org/10.1101/053421
http://creativecommons.org/licenses/by-nd/4.0/


	 10	

DISCUSSION	245	

Our	primary	analysis	shows	that	dose-fractionation	of	YF	vaccine,	if	there	were	no	loss	of	246	
efficacy,	could	provide	a	substantial	benefit	to	reducing	the	attack	rate	of	YF	in	a	population.	247	
We	consider	this	assumption	of	full	efficacy	for	five-fold	fractionation	to	be	the	most	likely	248	
scenario,	despite	the	lack	of	efficacy	data	on	any	YF	vaccine,	for	several	reasons:	1)	two	studies	249	
of	five-	or	greater-fold	vaccination	doses	have	shown	indistinguishable	immunogenicity	in	250	
humans;	2)	at	least	some	preparations	of	YF	vaccine	substantially	exceed	the	WHO	minimum	251	
standard	for	potency	of	1000	IU/dose,	so	fractionation	at	some	level	could	be	performed	252	
without	dropping	below	that	threshold;	3)	YF	vaccine	is	live	attenuated	virus,	so	a	biological	253	
rationale	exists	that	if	a	productive	vaccine-virus	infection	can	be	established	by	a	fractionated	254	
dose,	protection	should	be	comparable	to	that	with	a	higher	dose.	Nonetheless,	to	test	the	255	
robustness	of	our	analysis,	we	considered	the	possibility	that	five-fold	fractionated	dosing	fails	256	
to	immunize	a	proportion	(1-VE(5))	of	recipients,	and	found	that	as	long	as	at	least	20%	of	257	
recipients	are	fully	immunized	by	the	vaccine,	the	population-wide	benefits	of	higher	coverage	258	
would	outweigh	the	lower	efficacy	of	fractionated	dosing	for	individual	vaccinees.	Even	more	259	
unlikely,	in	our	opinion,	is	that	fractionated	doses	would	be	less	efficacious	according	to	a	260	
“leaky”	model,	in	which	all	vaccinated	individuals	were	imperfectly	protected	against	infection	261	
from	each	infectious	bite,	with	the	same	probability	of	infection	from	each	bite,	reduced	by	262	
vaccine	by	a	proportion	VE.	If	this	were	the	case,	then	especially	in	high-transmission	areas,	the	263	
fractionated-dose	vaccine	would	need	to	be	80-90%	efficacious	to	provide	a	benefit	over	264	
standard	dosing.	265	

We	have	used	five-fold	fractionation	as	an	example	because	it	is	the	strategy	with	the	best	266	
evidence	base	of	equal	immunogenicity.	However,	some	data	suggest	that	more	than	five-fold	267	
fractionation	could	be	equally	immunogenic,	and	of	course	the	benefits	of	fractionation	would	268	
be	greater	if	more	than	five-fold	fractionation	were	logistically	possible	and	comparably	269	
efficacious.	270	

On	programmatic	grounds	a	simpler	strategy	--	such	as	fractionated	dosing	for	all	--	may	be	271	
preferred	to	a	more	complex	strategy	that	gives	different	doses	to	different	groups,	say	age	272	
groups.	While	either	would	provide	epidemiologic	benefit,	the	choice	between	such	strategies	273	
would	be	influenced	by	the	number	of	available	doses,	logistical	barriers,	and	location-specific	274	
regulations	regarding	specific	groups,	such	as	children.	275	

Our	simple	model	has	several	limitations.	We	have	assumed	homogeneous	mixing	of	the	276	
population	(reasonable	at	least	locally	for	a	vector-borne	disease)	and	have	neglected	277	
preexisting	immunity	in	our	main	results,	though	the	Methods	show	how	our	calculations	could	278	
be	modified	to	consider	preexisting	immunity.	The	purpose	was	to	provide	basic	calculations	for	279	
the	most	at-risk	populations,	those	with	little	preexisting	immunity.	We	have	also	fixed	a	280	
particular	value	of	R0	for	each	calculation,	and	assumed	this	value	is	maintained	until	the	281	
epidemic	has	swept	through	a	population.	In	reality,	R0	will	vary	seasonally	as	vector	282	
abundance,	extrinsic	incubation	period,	and	other	factors	vary.	The	existence	of	a	high-283	
transmission	season	might	enhance	the	benefits	of	fractional-dose	vaccination.	Most	284	
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importantly,	there	will	be	a	premium	on	achieving	high	vaccine	coverage	before	the	peak	of	285	
transmission	to	maximally	impact	transmission,	and	this	will	be	limited	by	supply	constraints	286	
that	could	be	partially	relieved	by	fractionation.		287	

We	conclude	that	dose	fractionation	could	be	a	very	effective	strategy	for	improving	coverage	288	
of	YF	vaccines	and	reducing	infection	attack	rate	in	populations	–	possibly	by	a	large	absolute	289	
and	relative	margin	--	if	high	to	moderate	efficacy	is	maintained	by	reduced-dose	formulations.	290	
For	vaccines	whose	standard	formulations	exceed	WHO	minimum	concentration	of	viral	291	
particles,6	this	dose-fractionation	could	be	accomplished	without	changing	the	WHO	292	
recommendations.	Even	if	the	efficacy	of	fractionated	doses	were	substantially	lower,	293	
increasing	coverage	by	a	factor	greater	than	the	reduction	in	efficacy	would	still	be	predicted	to	294	
reduce	the	population-wide	infection	attack	rate.	Substantial	benefits	could	also	be	achieved	if	295	
fractional	doses	were	given	only	to	adults	while	providing	standard-dose	vaccines	to	children.	296	
We	urge	consideration	of	means	to	implement	dose-fractionation	as	a	component	of	a	YF	297	
response	strategy	for	the	current	situation.	Rollout	of	fractionated	dosing	should	perhaps	be	298	
preceded	or	accompanied	by	noninferiority	studies	of	the	intended	vaccine's	immunogenicity	in	299	
the	intended	populations.	Ongoing	programs	should	be	monitored	by	observational	studies	of	300	
safety,	immunogenicity	and,	if	possible,	effectiveness15	to	assure	that	the	assumptions	301	
underlying	the	rationale	for	such	programs	continue	to	be	met.	 	302	
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	361	

Figure	1:	Estimates	of	reproductive	number	over	the	course	of	the	Angola	epidemic.	Panels	362	
show	estimates	for	varying	assumptions	about	the	mean	vector	lifespan,	which	generate	363	
varying	estimates	of	the	mean	serial	interval.		364	
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	365	

	366	

Figure	2:	The	impact	of	five-fold	fractional-dose	vaccination	with	no	reduction	in	vaccine	367	
efficacy.	A	Infection	attack	rate	(IAR)	as	a	function	of	standard-dose	vaccine	coverage,	V.	The	368	
solid	and	dashed	curves	correspond	to	standard-dose	and	five-fold	fractional-dose	vaccination,	369	
respectively.	IAR	is	reduced	to	0	when	coverage	(V	for	solid	curves,	5V	for	dashed	curves)	370	
reaches	the	herd	immunity	threshold	(1-1/R0)x100%.	B-C	Absolute	and	relative	reduction	in	IAR	371	
conferred	by	five-fold	fractional-dose	vaccination.	IAR	reduction	is	maximum	when	the	372	
fractional-dose	vaccine	coverage,	namely	5V,	reaches	(1-1/R0)x100%.		373	
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	374	

Figure	3:	The	impact	of	five-fold	fractionated	dose	vaccination	with	reduced	vaccine	efficacy	375	
(all-or-nothing	assumption)	and	different	reproductive	numbers.	If	the	standard-dose	vaccine	376	
coverage	V	exceeds	20%,	then	everyone	in	the	population	can	be	vaccinated	under	five-fold	377	
fractionated-dose	vaccination,	in	which	case	the	fractionation	factor	would	only	be	n	=	1/V.	378	
Vaccine	efficacy	of	n-fold	fractional-dose	vaccines,	denoted	by	VE(n),	is	assumed	to	be	a	linear	379	
function	of	vaccine	dose	(see	Methods).	A	IAR.	B	Absolute	reduction	in	IAR.	As	V	increases,	a	380	
kink	appears	when	herd-immunity	threshold	is	attained	or	everyone	is	vaccinated	under	five-381	
fold	fractional-dose	vaccination	(i.e.,	V	=	0·2).	If	five-fold	fractional-dose	vaccination	at	100%	382	
coverage	cannot	attain	the	herd	immunity	threshold	(because	of	low	fractional-dose	vaccine	383	
efficacy),	then	a	second	kink	appears	when	V	is	large	enough	such	that	fractional-dose	384	
vaccination	attains	herd-immunity	threshold	due	to	the	increase	in	VE	resulting	from	lower	385	
fractionation	factors	(namely	1/V).	C	Relative	reduction	in	IAR.		386	
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	387	

	388	

Figure	4:	Vaccination	of	adults	with	fractionated	doses	and	children	with	standard	doses.	All	389	
children	are	vaccinated	with	standard-dose	vaccines	before	any	adults	receive	vaccination.	A	390	
Fold-increase	in	the	proportion	of	individuals	vaccinated	conferred	by	five-fold	fractionated	391	
dose	vaccination.	B	Same	as	Figure	2B	when	70%	of	the	population	are	adults	and	five-fold	392	
fractional-dose	vaccine	efficacy	is	60%.		 	393	
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		394	

Figure	5:	Benefit	thresholds	for	leaky	vaccines	as	a	function	of	standard	dose	vaccine	supply	V	395	
and	basic	reproductive	number	R0.	Five-fold	fractionated	dosing	will	produce	an	infection	396	
attack	rate	lower	than	standard	dosing	if	the	“leaky”	vaccine	efficacy	of	a	fractionated	dose	is	397	
above	the	line	corresponding	to	the	basic	reproductive	number.	This	threshold	becomes	high	398	
for	large	values	of	R0	because	under	the	“leaky”	model	of	vaccine	efficacy,	multiple	exposures	399	
eventually	lead	to	infection	of	vaccinated	individuals,	overcoming	their	protection	from	the	400	
vaccine.	Although	we	consider	this	model	unlikely	to	apply	to	YF	vaccines	(and	best	evidence	401	
suggests	that	five-fold	fractionated	doses	are	likely	to	be	nearly	100%	efficacious),	we	include	402	
this	as	a	formal	possibility.	403	
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