Human papillomavirus

 Over 100 different strains

» 30-40 strains are transmitted through sexual
contact

« HPV causes:
— 5% of all cancers
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HPV infections

HPV infection results in
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« genital warts s
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Annual number of cases worldwide

(vertical transmission)
...requiring frequent surgery.



Prevalence in women

Including harmless strains, estimates are:
20 year old women: 20-40%

College women: >40%

Lifetime risk: 75%

(detection relies upon the pap smear, which
detects cellular abnormalities caused by
HPV)

Acquisition to malignancy takes >10 years

Cervical cancer is the second most common
cause of death from cancer in women.



Infections in the US

» 6,200,000 infections per year

14,000 women diagnosed with cervical
cancer each year, leading to...

* 3,900 deaths
(many fewer than would be caused by HPV,

due to effective pap |

smear screening sz ﬁ

and precancer 2 o )0 | . |
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HPV strains of interest

* Types 6 and 11 account for 90% of genital
wart infections

(as well as respiratory papillomatosis)

Long control region

 Types 16, 18, 31 and ...
45 lead to cancer Ve
» Types 16 and 18 are g
responsible for 65% of HPV-16

7904 bp

cervical cancer cases.
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Prevention

Without condom use, risk of transmission is
close to 90%

With condom use, risk is close to 40%
No antivirals have been developed for HPV
Vaccines are estimated at 90-100% efficacy.




Gardasil

Protects against both persistent and incident
infections

No side effects

Three shots over six months, costing
$US360

Recommended for women
aged 9-26
Highly efficacious

Greater than 90% when all
three doses are taken.




Men??

* The vaccine has recently been approved for
men

 However, uptake rates are low

 Thus, we'll assume vaccinated men have a
negligible effect on the outcome.




The rollout program

Canadian provinces are now vaccinating
girls aged 9-13

(ie before they become sexually active)
The vaccine is available to women aged

14-26, but is not covered by Canadian
health plans

However, different provinces vaccinate at
different ages
Some also give two doses instead of three

— piggybacking on other vaccination programs
tends to result in greater uptake rates.



Provincial vaccination strategies

Strategy | Province(s) | Grade | Doses Coverage Rate
1 NWT 4 3 unknown
2 QU 4,9 | 2, 1(last) 81-86%
3 AB 5 3 50-60%
4 BC 6,9 2 62%

5 NL 6,9 3 85%

6 MB 6 3 52-61%

6 NU 6 3 unknown
6 PE 6 3 85%

6 SK 6 3 58-66%

6 YK 6 3 unknown
7 NS 7 3 85%

7 NB 7 3 unknown
8 ON 8 3 49- 59%




Coverage levels

* |nitial surveys suggested that the majority of
parents (77%) would be receptive to their
children being vaccinated, if suitably
informed about HPV

* |n the first year, Ontario reported only 53%
vaccination coverage ‘

* This has not increased
substantially over
subsequent years.




Research questions

* Does the age at which girls are vaccinated
significantly affect the outcome?
— we’ll use grade instead of age, in line with how
the program is organised
* What are the implications of two vs three
doses?

» Should we attempt to standardise across
Canada?

— health is provincial, but the Public Health
Agency of Canada, based in Ottawa, can make
recommendations.



Baseline model

Our first approximation considered a single
childhood class

Children progress to adults
(defined as sexually active individuals)

Either children or adults can be
vaccinated

We only study heterosexual
transmission.
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Adult vaccination rate

* The rate of vaccination of adults is
L cep
1P =11
where c/y is the maximum possible rate of
vaccination, assuming perfect efficacy and
Immunogenicity
* This rate is zero if nobody is vaccinated and
high (but not infinite) if everybody is.

e=immunogenicity (adults)
p=coverage (adults)




Model assumptions

Men do not get vaccinated

Children progress to the sexually active pool
after 3 years

Women and men are in the sexually active
pool for 10 years

(after this time, women cannot be
vaccinated)

The vaccine may not confer 100% protection

Overall prevalence matched the Canadian
average (24%).



Disease-free equilibrium

* The disease-free equilibrium is

C—,U _ 7TW(1 — Gp) CV _ W ED

a + e Q-+ Ue
_ C _ C A
A, = aCy A, — aCy + fAu
) S+ ) u
Iy = 0 Iy = 0
Moo= M N = 0

v

Cj=children Aj=uninfected women
li=infected adults M=uninfected men
N=infected men ny=boys =nw=girls
e=Immunogenicity p=coverage
a=maturation rate f=adult vaccination
u=leaving rate uc= childhood mortality




Jacobian

 The Jacobian at the disease-free equilibrium

IS
—luC — 0 0
0 —uc —a 0
v 0 —f—u
B 0 Q f
/= 0 0 0
0 0 0
0 0 0
0 0 0

Aj=uninfected women M=uninfected men
a=maturation rate f=adult vaccination
u=leaving rate uc= childhood mortality
B/=transmission rate y=vaccine efficacy
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Critical coverage threshold

* The critical vaccine coverage threshold is

1 - pt(p+ f(ep))(a+ ,u(;)] (See HPV
= — |+ 1 —1) — inati
ep o [,u f(ep)(1 — 1) e p— \l\/l?)(t:gsr;at on

* If coverage exceeds this level, then we have
eradication.

nv=boys mw=qirls e=immunogenicity
p=coverage [;=transmission rate
y=vaccine efficacy a=maturation rate
f=adult vaccination p=leaving rate

uc= childhood mortality




Proportion of children vaccinated

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

Results

Disease persists

Disease eradication

\

20%

40% 60%
Proportion of adults vaccinated

80%

100%



Proportion of children vaccinated

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

Results

fffffff Disease eradication

\
\
\
\
\
\
\
\
\
\
\
Disease persists

\
\
\
\
\
\
\
l | |
20% 40% 60%
Proportion of adults vaccinated

80%

100%



Proportion of children vaccinated
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What happens as the efficacy decreases?
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What happens as the efficacy decreases?
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Vaccinating children vs both
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Vaccinating children vs both
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What could go wrong?

* The vaccine efficacy might be suboptimal

(ie the vaccine might only protect a fraction
of the time)

* The vaccine immunogenicity might be
suboptimal

(ie the vaccine might only
create an antibody response
a fraction of the time).




Critical efficacy

* The critical vaccine efficacy is (See HPV
4 Vaccination
w* — 1 K (a+MC) Notes)
5M5N7T MTWQ

* |If the efficacy is lower than this critical value,
then we can never have eradiation

(even if we had perfect coverage and the
vaccine mounted a perfect immune
response).

nmv=boys mw=qirls e=immunogenicity
B/=transmission rate y=vaccine efficacy
a=maturation rate p=leaving rate

uc= childhood mortality




What if the vaccine has suboptimal efficacy?

Disease eradication
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Dependence on efficacy

e Eradication

" Persistence

paleuldoeA s)npe uoluodold

Proportion children
vaccinated

Vaccine efficacy



Critical immunogenicity

* The critical iImmunogenicity is (See HPV
Vaccination
) 1 M4(04‘|‘,UC) Notes)
e = —|1-
(0 BNBuTvTw o

* If the imunogenicity is less than this, then
even 100% childhood vaccination will not
lead to eradication.

nmv=boys mw=qirls e=immunogenicity
B/=transmission rate y=vaccine efficacy
a=maturation rate p=leaving rate

uc= childhood mortality




What if the vaccine has suboptimal immunogenicity?
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What if the vaccine has suboptimal immunogenicity?
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What if the vaccine has suboptimal immunogenicity?
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Parameter sensitivity

 How do the results depend on our other
parameters?

* We varied the
— years of sexual activity before age 26
— optimal age of infection
— transmission probabilities and birth rates
— years of survival from childhood

* Our output variable was the proportion of
adults needing to be vaccinated, assuming
/7% childhood vaccination.



Dependence on years of sexual activity
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Dependence on the optimal age of vaccination
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Dependence on the transmission and birth rates
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Dependence on years of survival since childhood
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Results (summary)

Using this model, we determined
* A threshold for eradication of the disease

« The amount of vaccination for a childhood-
only program

* The amount by which childhood-only
vaccination will be offset by adult vaccination

 Dependence upon the
— vaccine efficacy
— vaccine immunogenicity

— all other parameters.



Conclusions (Part 1)

Eradication of HPV is feasible

Childhood vaccination programs should be
supplemented by adult vaccination

There is a critical vaccine efficacy (77%)
below which eradication is not possible

There is a critical vaccine immunogenicity
(80%) below which even 100% childhood
vaccination cannot eradicate the epidemic.



Recommendation

 Recall that vaccination rates in Ontario are
at 53%

* This is less than required for eradication
(>80%) if only children are to be vaccinated

* Thus, voluntary adult vaccination should be
covered by Canadian health care.

~a &
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Full model

We now extend the baseline model to
multiple classes of children

— these represent different school grades

— vaccination occurs at a particular grade

— otherwise the vaccination rate is zero
Some children may already be infected
— eg childhood sexual abuse

These individuals will proceed
directly to the infected class

We also include recovery of
infected individuals.
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The model

Girls in grade 4 (approx. 9 years old) are described as

dcy

1w — (1 .
o =™ — (14 pc)C

For girls in grade ¢, where 5 < ¢ < 10, we have

Infected adult women are described as

dl AyN

d_g = ¢uCiou + PwAuN. Sulu — palvtwly

drl 1-— Ay N

d_;/ = ¢vCrov + ( ¢)§W = —&yly — paly—wly

acC i+1)U Uninfected men are described as
% = (1 —epi)Civ — (1 + pc)Cliynyu
AM__BuloM BulvM
— =Ty — - MN —pa
dCit1yv dt ? ?
——— =il v — (1 i .
dt PiCiv + Civ ( + MC)C( +V Infected men are described as
Uninfected adult women are described as dN  BuluM  BulvM
— = + —&m N — paN.
dAy pw AuN at ¥ i
T (1 —¢v)Ciov + Eulu — f(ewpw)Au — — paAy + wAy
dA 1— Ay N
d—tv = (1= ¢v)Ciov +&viv + flewpw)Au — ( ¢)§W Y aAy —wAy.

Cj=children Ai=uninfected adults li=infected adults M,N=men
f=adult uptake ui=death rates mmw=female birth rate my=male
birth rate e=efficacy pj=coverage ®;=childhood infection
w=waning Bj=transmissibilities Y=protection {=duration of
infection Q=total women & =total men




Q and &

* The denominators are the total numbers of
women (including girls) and men:

Q@ =C4+ Csuy + Csv + Cou + Cov + Cru + Crv + Csy + Csy + Coy + Coy
+ Ciouv +Croov + Ay + Ay + Iy + Iy,

d=M+N

Cj=children
Aj=uninfected adults
li=infected adults
M,N=men




Disease-free equilibrium

 The DFE Is

(04) CSU, CSV, CGU, CGV, C7U) C?V} CSU) CBV) CQU) CQV, ClOU) ClOV} AU) AV) IU) IV) M) N))

where

C, =
_ 1+ pe
 For 4<i£10, we have

(1 —epu-1))Cli—1yv _ epi-1)Cl-1yv + Cu-1)v

Civ = }
v 1 + “c v 1 — |17
y (1 = ¢u)Chou y v fEwpw)Au + (1 — ¢v)Choy
f(ewpw) + pa pa
Iy =0 Iy =0 Cj=children A=uninfected adults

li=infected adults M,N=men
— M — f=adult uptake u=death rates
M=— N =0. mv=male birth rate ej=efficacy

Ha pj=coverage ®;j=childhood infection




Stability

 We found the Jacobian matrix and used the

Routh—Hurwitz criterion to determine stability
of the DFE

* This is valid, so long as we have the

condition %ﬁ%

— i.e. the duration of infection for vaccinated
individuals is shorter than the duration

of infection for unvaccinated ~

C e s “'f
individuals ==
« We expect this to occur. G

=



Basic reproduction number

* The stability comes down to the sign of the
constant term in the characteristic
polynomial

* From this, we find

P Bw B (1 = ) (pa + & + w) Ay + (pa + v +w)Ay)
O Qluad + B (Eu &y F € +w) F palCu (v +w) vl + (Ev F w)enr) + Eu(Ey + w)]

where the Ay and Av values
are evaluated at the
disease-free equilibrium.

Aj=uninfected adults uj=death rates
Bj=transmissibilities ? =total women
W=protection w=waning
¢i=duration of infection




Critical childhood vaccine immunogenicity

* We can evaluate the critical vaccine
immunogenicity for children €*

e We set Ro=1 and use our reformulated
equilibrium values

* We solve for €* by looking at childhood-only
vaccination

— we thus set pw=0
 Then we have

o BwBrm(pa +&u +w)(1— du)mwpa —pd (1 + pe)"Qw? + palCu +&v +Em +w) + Eu(€v +w) + Evénmr + (Ev + w)émr)

BrBumlpalpa +E&v +w)(1 —du)mw — pa(l — ov)mw]

ui=death rates ej=efficacy pj=coverage ®;=childhood
infection w=waning Bj=transmissibilities Q=total
women ¢j=duration of infection rw=female birth rate




Other critical values

« Similarly, we can find the critical vaccine
efficacy for adults:

. (L +)BwBumw (pa +&v +w)(1 — ou)pa — paD
W De—pa) — BwBumw (pa +Eu +w)(1 — ép)[(1 — )c — pa]

where D is given by

D = (14pc) " Qua(ph+uh (Ev+&v+&vtw)+pa v (v +w)+Euémr+(Ev+w)ém ) +Hu (§v+w))

* If the efficacy is below this value, then an

adult-only vaccine cannot lead to
eradication.

ui=death rates rrw=female birth rate

Bj=transmissibilities ¢ =total women

W=protection é=duration of infection
c/y=max possible vaccination




Latin Hypercube Sampling

» We explored the sensitivity of Ro to
parameter variations using

— Latin Hypercube Sampling
— Partial Rank Correlation Coefficients

 Latin Hypercube Sampling
— samples parameters from a random grid

— resamples, but not from the same row or
column

(a bit like tic tac toe)
— runs 1,000 simulations.



Example




Partial Rank Correlation Coefficients

 Partial Rank Correlation Coefficients
(PRCCs)

— test individual parameters while holding all other
parameters at median values

— rank parameters by the amount of effect on the
outcome

« PRCCs > 0 will increase Ro when they are
iIncreased

« PRCCs < 0 will decrease Ro when they are
iIncreased.

Ro=basic reproductive ratio




Waning rate

Proportion of infected girls, vaccinated
Proportion of infected girls, unvaccinated
Recovery rate, men

Recovery rate, vaccinated women
Recovery rate, unvaccinated women
Maximal rate of vaccination, women
Attentuation constant

Probability of protection

Rate of transmission, women to men
Rate of transmission, men to women
Death rate, adults

Death rate, children

Efficacy, women

Efficacy, girls

Birth rate, men

Birth rate, women

Proportion of vaccinated women
Proportion of vaccinated girls, Grade 9
Proportion of vaccinated girls, Grade 8
Proportion of vaccinated girls, Grade 7
Proportion of vaccinated girls, Grade 6
Proportion of vaccinated girls, Grade 5
Proportion of vaccinated girls, Grade 4
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Two doses vs three doses
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Vaccination coverage rates

Proportion of children vaccinated
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Summary

Three doses is more effective than two, but
not greatly

— this is in line with clinical evaluations of provinces
that use two vs three doses

The age of vaccination does not matter
terribly much for childhood vaccination

— thus the grade of vaccination should be chosen
based on vaccination-program limitations

What matters most is coverage levels

Childhood vaccination needs to be
supplemented by moderate adult vaccination.



Conclusions (Part 2)

The most effective way to decrease Ro is to
decrease transmission probabilities

— either through condom distribution or through
changes in sexual behaviour

The vaccination age is not a crucial parameter

The number of doses barely affects the
outcome, except to facilitate greater uptake

Childhood vaccination should be

supplemented by moderate adult vaccination

— this could be achieved by enhanced HPV
awareness programs in colleges/universities.



Interaction with PHAC

* This research was undertaken as part of a
MITACS internship by Carley Rogers, as
part of her M.Sc. at the University of Ottawa

» Carley worked at the Public Health
Agency of Canada for four months G:‘
— from May—August 2013 ! =)
i

« The model was developed in |
collaboration with PHAC members

— they also had access to provincial vaccination
data.



A policy outcome

» Specific additions by
P H AC We re : Quebec reduces HPV vaccine dose, only two shots

now needed

— including recovery for both
women and men

— adding in children who were
pre-infected

 As a result of this

Quebec girls will become the firs country to benefit from new research that suggests the
HPV vaccine is SO effective that two doses -- rather than the recommended three -- may be all
eeeeeeeeeeee .
The p vince's h alth ministry has decided to forgo the third dose of HPV vaccine for girls
ing S co dary 3 -- equivalent of Grade 9 -- this fall, Karine White, a spokesperson for the
I l l l I l I S ro I I l re e ry co med in an |nterV|ew The decision was made based on a recommendation from an
p pan
to two doses.



Timeline

Fall 2010 |Carly began her M.Sc.

Winter 2011 |Carly had idea in class

Internship proposed, funding
secured from MITACS

Oct 2012 |Model revised by PHAC

Summer 2012

Apr—Aug 2013 [Carly’s internship

Aug 2013 |Policy changed in Quebec

Carly defends thesis.

Aug 2013 (She passes.)



Mathematics and policy

This shows that we can have a direct
influence on policy

However, it has to be done collaboratively

Our aim is to have a conversation between
mathematicians and non-mathematicians

Only be designing the model together, so that
all parties have input, will we be able to
construct models that the intended audience
have faith in

— thus we have to build models from the ground
up.



Another modelling success story

The West African River Blindness Control
Program was hailed as a success due to
integrated modelling and control efforts

Modelling predicted that 14 years of vector
control would reduce the risk to less than 1%

Helped convince donors that control was
feasible

Models were refined using subsequent data
to include treatment

Modelling retained a prominent role in
subsequent policy discussions.



Can math change the world?

It's estimated that malaria has killed one In
two humans who ever lived

In 1911, Sir Ronald Ross discovered
mosquitoes were responsible
— this made many people very upset

Kermack and McKendrick used an SIR
model and Rg to outline eradication methods

— these were largely successful

Thus, many of us are alive A
because malaria is no longer b
endemic in developed countries.




