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ABSTRACT

Background Hepatitis B is a potentially life-threatening acute or chronic disease that is caused by
hepatitis B virus (HBV). The development of chronic disease is age-dependent, with the highest
risk in the infant population. As such, the World Health Organization recommends universal
hepatitis B vaccination within the first 24 hours of birth. Yet, hepatitis B vaccination is provided
at age 12 years in Ontario, Canada. Chronic hepatitis B (CHB) is also characterized by the lack of
symptoms until progression to end-stage liver disease, making it difficult identify infected patients
early in the disease. This has resulted in uncertainties regarding the true prevalence and the impact

of CHB in Canada.

Objectives The objectives of this thesis are to: 1) assess the cost-effectiveness of implementing a
universal hepatitis B vaccination program in newborns versus adolescents in Ontario, and 2)

estimate the true prevalence of CHB and the proportion of undiagnosed cases in Canada.

Methodology Two models were developed to achieve the study objectives. First, a state-transition
model representing the natural history of acute and chronic hepatitis B was developed in TreeAge
Pro to assess the cost-effectiveness of two hepatitis B vaccine schedules. Analyses were performed
from a public payer perspective with a lifetime time horizon and a 1.5% annual discount rate.
Second, a modified version of the natural history model was adopted to create a prevalence model
in MATLAB to estimate the prevalence of CHB using Markov Chain Monte Carlo. Model input
data were obtained from peer-reviewed literature and publicly available databases from Statistics

Canada and Public Health Agency of Canada.

Results Birth vaccination was found to be cost-saving compared to the current adolescent

vaccination strategy in Ontario. Probabilistic analysis resulted in a mean cost of $317,261 and
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43.36 QALY s for birth vaccination versus $317,735 and 43.18 QALY for adolescent vaccination.
A microsimulation showed that the birth vaccination strategy leads to decreases in liver-related
cases by 15.96% in acute hepatitis B, 44.27% in CHB, 47.45% in compensated cirrhosis, 47.54%
in hepatocellular carcinoma, 56.44% in decompensated cirrhosis, 50.00% in liver transplant, and

51.16% in liver death

In Canada, the model estimated both the prevalence of CHB and proportion of undiagnosed cases
to have trended downwards in the total population from 2011 to 2017. Overall, when all age
cohorts were combined, CHB prevalence was estimated to be 0.85% and the undiagnosed
proportion was estimated to be 32.77%. The model-generated estimate for CHB prevalence of
0.85% was approximately doubled the previously estimated seroprevalence of 0.4% from a

national seroprevalence study.

Conclusion The results of the study indicate that by switching to a birth hepatitis B vaccination
program, the Ontario government can save healthcare spendings while increasing clinical benefits.
The results of the study provide policy makers with actionable recommendations on re-assessing
the current hepatitis B vaccination schedule in Ontario. The second model also showed that the
prevalence of CHB may be much higher than previously estimated and that a significant proportion
of patients remain undiagnosed. The prevalence model demonstrates a feasible framework for
future analyses using administrative databases to more accurately identify the true burden of CHB

in Canada.
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CHAPTER 1

Introduction and Background
i Viral Hepatitis

Viral hepatitis is an inflammatory disease of the liver that is caused by viral pathogens.!
Most cases of viral hepatitis are caused by hepatitis A, B, C, D, or E viruses, although adenovirus,
cytomegalovirus, Epstein-Barr virus, among others, can also rarely cause viral hepatitis.!
Characterized by both non-specific and specific symptoms such as fever, fatigue, dark urine, and
jaundice, the disease has a wide spectrum of symptom severity ranging from asymptomatic disease
to life-threatening cases from complications such as cirrhosis, liver failure, and hepatocellular

carcinoma (HCC).>?

Broadly, hepatitis can be categorized as acute or chronic infection. About 95% and 15-40%
of acute hepatitis B and C infection, respectively, in adults is self-resolving, does not require
antiviral therapy, and can be managed simply through supportive care.! Chronic infection is
characterized by the presence of virus in the blood for at least six months and increases the patient’s
risk of more severe liver diseases such as decompensated cirrhosis (DC) and HCC.* Of the five
hepatitis viruses, hepatitis B virus (HBV) and hepatitis C virus (HCV) have the highest risk of
causing chronic infection, while hepatitis A, D, and E viruses are unable to, or have minimal risk

of, causing chronic infection.!
ii. Hepatitis B

Estimates from the World Health Organization (WHO) in 2015 suggest that 257 million

people are chronically infected with HBV globally, resulting in approximately 800,000 deaths



annually.’ Majority of the deaths stem from cirrhosis and HCC, making hepatitis B a major global
health concern.® Fortunately, due to advancements in, and access to, preventative and treatment
methods, Canada is considered a low endemic (defined as <8% hepatitis B surface antigen
prevalence) hepatitis B country.” Yet, hepatitis B still remains to be a burdensome disease with a
national incidence of 13.0 per 100,000 for chronic hepatitis B (CHB).” In 2018, 4,783 cases of

HBYV were reported in Canada.

Part of the reason why hepatitis B remains a concern in Canada is related to its modes of
transmission. HBV can be spread through three major ways: percutaneous, sexual, and perinatal.*
Perinatal transmission, from mother to child, is typically the most common mode of transmission
in highly endemic countries.® However, perinatal transmission is still important in low endemic
countries like Canada where transmission occurs mostly in children of mothers who are HBV-
positive but did not receive recommended prophylactic therapy which can sometimes occur due to
incomplete prenatal screening coverage, as evidenced in a Canadian study by Biondi et al.*®
Perinatal transmission is also an important factor especially considering the fact that Canada is a

popular destination country for immigrant families from high HBV endemic countries such as

China and South Korea.*’
iii. Natural History of Hepatitis B

Different phases of hepatitis B are defined not by the symptoms but rather by the status of
viral DNA and liver function tests. Following an acute hepatitis B (AHB) infection, a patient may
develop CHB if they are unable to mount a sufficient adaptive immune response which will lead
to viral persistence in the body.'® The risk of developing CHB is age-dependent with the highest
risk being in infants at 80-90% compared to only about 5% in adults.® The persistence of hepatitis

B surface antigen (HBsAg), a biomarker used to indicate current infection, for at least six months
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defines CHB.*It is important to understand that HBV generally does not directly kill hepatocytes.'°
But rather, it is the immune response-mediated inflammation and the resulting cirrhosis that causes

complications in a chronic infection.!”

The natural history of CHB can be described in three phases: hepatitis B e antigen
(HBeAg)-positive chronic infection, HBeAg-positive chronic hepatitis, and HBeAg-negative
chronic infection.!! The three phases have also been more commonly referred in the literature as
immune tolerance, immune active/clearance, and immune control/residual phases, respectively.'!
HBeAg is an important biomarker in the assessment of CHB patients because positive HBeAg is
associated with high HBV DNA levels and so it can be used as a surrogate marker for viral

replication.!*13

The HBeAg-positive chronic infection phase, or the immune tolerance phase, is the first
phase of CHB. It is characterized as a highly replicative but low inflammatory phase.!® Viral DNA
levels are observed to be high while alanine transaminase (ALT) levels remain below the upper

limit of normal.!® As such, antiviral treatment in this stage is not indicated.'”

The HBeAg-positive chronic hepatitis phase, or the immune active/clearance phase, is

1.19 The reduction in

characterized by a decrease in viral DNA level and an increase in ALT leve
viral DNA and increase in ALT is a function of host-mediated immune response against HBV-

infected hepatocytes.'” Depending on the intensity of the immune response, the changes in the viral

DNA and ALT levels can fluctuate.!® Antiviral treatment is typically indicated in this phase.'*

The HBeAg-negative chronic infection phase, or the immune control/residual phase, is
characterized by low levels of both viral DNA and ALT.!® An important aspect of this phase is the

seroconversion of HBeAg in some patients where antibodies against HBeAg, named anti-HBe,



develop and HBeAg is lost.!”

HBeAg seroconversion is an important endpoint for antiviral
treatment as it is associated with disease remission in majority of patients.® Earlier seroconversion
is also associated with longer duration of remission, lower rate of reversion back to HBeAg-

positive phase, and slower disease progression.® Inactive carriers typically do not require treatment

and are monitored routinely, whereas active carriers will treatment.
iv. Hepatitis B: A Silent Disease

Arguably the most lethal and problematic characteristic of the natural progression of
hepatitis B is the fact that it is a silent disease. It is estimated that approximately 50% of adults and
90% of children under the age of five with AHB are asymptomatic.!>!7 Such high rates of
asymptomatic cases are concerning for various reason. First, many AHB patients who develop
CHB will be unaware of their disease until they have progressed to symptomatic end-stage liver
disease such as DC or HCC at which point the prognosis will be poor.'®!? This makes it difficult
for patients and clinicians to identify the disease early and treat it appropriately to prolong disease
remission. Second, the asymptomatic nature of the disease creates an epidemiological problem.
Because many patients will be unaware of their disease and remain undiagnosed, it is difficult to
understand the true prevalence of the disease and the true impact on the society. The lack of
knowledge on such fundamental epidemiological data then naturally makes it difficult to design

and implement public health measures against the disease.
V. Prevalence of Chronic Hepatitis B

In 2013, Statistics Canada, in partnership with the Public Health Agency of Canada
(PHAC), published the results of the Canadian Health Measures Survey which looked to produce

nationally representative estimates of the seroprevalence of hepatitis B and C virus infections.?’



Seroprevalence is the prevalence of a disease determined based on a blood sample. As such, the
PHAC study collected blood samples from the study participants to run serology tests and identify
their infection status.?® Looking at the data from 2007 to 2011, the authors found the
seroprevalence of current HBV infection in the 14 — 79 years old population to be 0.4% which
represents approximately 111,800 individuals.?® Yet, in 2017, only 192 cases of AHB, 4,086 cases
of CHB, and 627 cases of unspecified cases were reported in Canada through the Canadian
Notifiable Disease Surveillance System for a total of 4,905 known cases of hepatitis B.?!
Considering the fact that a large proportion of hepatitis B patients are asymptomatic and possibly
undiagnosed, these reported numbers are likely gross underestimations of the true prevalence of
the disease. In Canada, hepatitis B is not considered to be a highly prevalent disease but because
of the asymptomatic nature of the disease, questions remain regarding how much of the infected
population is not being captured through the currently narrow screening program. As such,
understanding the true prevalence of the disease and the proportion of undiagnosed patients will
be critically important in informing public health officials on whether it makes sense to implement

a broader screening program.
VI Current Policies on Hepatitis B

A number of policies surrounding hepatitis B vaccination, screening, and treatment are in
place in Canada. For disease screening, the 2018 Canadian guidelines for the management of HBV
infection recommends a list of patient groups that should be screened for hepatitis B including, but
not limited to, pregnant women, inmates, patients with chronic renal failure needing dialysis, those
with signs of liver disease or other infectious diseases like hepatitis C, among others.** In Ontario,

the Ministry of Health and Long-Term Care recommends screening for pregnant women for each



pregnancy, individuals from countries with high prevalence of HBV, and adopted children from

countries with high prevalence of infection and persons in high risk groups.®!

In terms of vaccination, all provinces and territories in Canada have long provided routine
vaccination against hepatitis B. Vaccination schedules vary by province with most provinces and
territories following one of three schedules: two-dose series beginning at birth, three-dose series

beginning in infancy, or two-dose series in grades six or seven.”’

Table 1: Hepatitis B Vaccination Recommendations by Province

BC, PEIL, SK, MB,
T
YT AB NL ON, NS QC NB N NU
Infancy:
Infancy: provided in a
provi((iied as | Grade6 | Grade6 | Grade?y C(‘)glct;l;zt:;%n Atbirth, | Atbirth, | Atbirth,
a 3-dose -dose 2-dose 2-dose 2,6 mos | 1,6mos | 1,9mos
combination (3 R )| ¢ ) DTaP-HB- K
vaccine of IPV-Hib
DTaP-HB-
IPV-Hib Adolescence:
HAHB

Abbreviations: DTaP, diphtheria tetanus acellular pertussis; HB, hepatitis B; IPV, inactivated
polio vaccine; Hib; Hemophilus influenzae; HAHB, hepatitis A hepatitis B.



OBJECTIVES

Cost-Utility Analysis of Implementing Hepatitis B Vaccination in Newborns in Ontario

i Knowledge Gap

In Ontario, hepatitis B vaccines are routinely given to Grade 7 students on a two-dose
schedule through a publicly funded program. Several agencies around the world, including the
Canadian Association for the Study of the Liver (CASL), World Health Organization (WHO) and
the US Centers for Disease Control and Prevention (CDC) recommend that hepatitis B vaccines
be given as a birth dose within 24 hours of birth. Many economic analyses have assessed the cost-
effectiveness of implementing a birth vaccination strategy compared to no vaccination. However,
to the best of our knowledge, no study has compared birth and adolescent vaccination strategies in
Ontario. As such, a state-transition model detailing the natural history of AHB and CHB was
developed to perform a cost-effectiveness analysis comparing universal hepatitis B vaccination in

adolescents (status quo) versus newborns in Ontario, Canada.

ii. Objective

The objective of this work was to assess the health and economic impact of modifying the
current vaccination schedule in Ontario to be aligned with evidence-based recommendations from
a clinical perspective with a penultimate goal of the data being used to aid decision-makers. Our
hypothesis is that the implementation of a birth vaccination program will be a cost-effective

method in Ontario.



Model-Based Estimation of the Prevalence of CHB and Proportion of Undiagnosed CHB Cases

in Canada Between 2011 and 2017

i Knowledge Gap

In Canada, there is a lack of a widely accepted estimate on the prevalence of CHB. This is
complicated by the fact that many patients with CHB are asymptomatic. Considering the similar
disease characteristics between CHC and CHB, and recent findings suggesting that a significant
proportion of CHC patients may remain undiagnosed in Canada, there is a need to delineate the
true prevalence of CHB and better understand its true impact in Canada. As such, a model-based
approach, using data from Statistics Canada and PHAC as core model input data, was taken to

estimate the true prevalence (e.g., diagnosed and undiagnosed) of CHB in Canada.

ii. Objective

The objective of this work was to develop a framework to assess the feasibility of using a
model to estimate the prevalence of CHB and to allow future analyses with administrative
databases. Ultimately, the goal of the study is to provide relevant stakeholders, such as clinicians
and public health officials, with a better understanding of the epidemiology of the disease. Our
hypothesis is that a model-based estimation of the prevalence leveraging historic data will be

greater than what has been reported through surveillance systems in Canada.



CHAPTER 2

Cost-Utility Analysis of Implementing Hepatitis B Vaccination in Newborns in Ontario

INTRODUCTION

While widespread implementation of hepatitis B screening is currently not part of Canada’s
public health strategy against CHB, another fundamental public health measure is currently in
place — vaccination. Notably, Ontario, the largest province in Canada by population, has adopted
a two-dose schedule provided to grade seven students.?’ However, CASL and world-renowned
public health agencies like the WHO and the US CDC recommend that hepatitis B vaccine series
be started within 24 hours of birth.>***** Such a recommendation is largely stemmed from the fact
that the risk of developing CHB from AHB is age-dependent. Evidence suggests that infants
infected with HBV have 80 to 90% chance of developing CHB, while the risk for adults is less
than 5%.° Despite this knowledge and the strong recommendations from CASL, WHO and CDC,

Ontario continues to vaccinate children over a decade later than the recommended timeframe.

Part of the reason why Ontario has adopted an adolescent vaccination strategy is because
there were concerns in the past that the protective effects of hepatitis B vaccines would wane after
ten to fifteen years.>> Considering that hepatitis B is a sexually transmittable disease and children
can start to become more sexually active in their teenage years, concerns of waned vaccine
protection during sexually-active teenage years were raised. However, more recent evidence has
suggested that such drastic vaccine waning effect may not be true. In fact, a recent study by Bruce

et al. demonstrated that the protective effect of hepatitis B vaccine is stable over 30 years.



A number of barriers are often present when it comes to implementing change in a publicly
driven healthcare system. One of the most prominent barriers is typically the financial barrier. In
many instances, when there is an intervention available that can provide improved health outcomes,
it is typically one of great financial burden. When considering that Canada’s public health and
vaccine expenditures are less than 6% and 0.3% of the total health expenditure, respectively, any
proposal to the changes in vaccination programs is likely a challenging one even with a prospect
of better health outcomes.’’” Economic evaluations become especially important in such
circumstances where the incremental cost per additional health outcome can be quantified.
Economic evaluations use computer models informed by scientific evidence to produce results that
play an important role in providing decision-makers and key stakeholders with actionable policy

recommendations.

Many research groups have studied the cost-effectiveness of various hepatitis B
vaccination strategies, such as selective vaccination versus universal vaccination.*®-° One group
in the United Kingdom (UK) has conducted an economic evaluation of hepatitis B vaccination in
infants or adolescents compared to no vaccination.*’ The UK study concluded that, compared to
no vaccination, universal infant vaccination program would be more cost-effective than an
adolescent vaccination program.** However, infant and adolescent programs were not directly
compared to each other in the study.*’ In Ontario, there is also no research to directly demonstrate
the clinical and economic impact of providing universal vaccination at birth compared to

adolescents.

The role of cost-effectiveness studies in updating vaccine schedules may be particularly
important in Ontario, as evidenced by past examples in other diseases. In February 2018, following

extensive reports of real-world evidence in the US and UK, the National Advisory Committee on
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Immunization (NACI), Canada’s highest recommendation body on immunization, published a new
statement recommending universal pertussis vaccination in every pregnancy as a method of
reducing infant morbidity and mortality due to pertussis.*! By March 2021, three years following
the updated recommendation, every province and territory in Canada now publicly funds maternal
pertussis immunization in pregnancy with the sole exception of Ontario. In an October 2018 report
from the Public Health Ontario (PHO) in response to the 2018 NACI statement, PHO explicitly
stated that even though they acknowledge maternal immunization to be a highly effective
intervention from a clinical perspective, economic evaluation should be assessed as part of the
decision-making process on updating vaccine programs.*? Such inaction by Ontario decision-
makers, despite strong clinical evidence to support a policy change, provides a level of insight on
the importance of economic evaluation when trying to provide an actionable policy

recommendation to decision-makers.

METHODOLOGY

i Study Design

A state-transition model representing the natural history of acute and chronic hepatitis B
was developed to conduct a cost-effectiveness analysis of universal hepatitis B vaccination at birth
versus adolescence (status quo) in Ontario, Canada. The construct of the model and the analyses
of the results followed the guidelines for economic evaluation by the Canadian Agency for Drugs
and Technologies in Health (CADTH).* Analyses were performed from a Canadian public payer
perspective with a lifetime model time horizon. Health outcome and cost parameters were
discounted at an annual rate of 1.5%, as per the CADTH recommendation.** Each cycle was set to

be one-year in duration and all costs were adjusted for inflation to 2021 Canadian dollars. The
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primary outcome of interest was the incremental cost-effectiveness ratio (ICER) of vaccinating
newborns versus adolescents. The ICER value was determined by calculating the ratio of the

difference in total cost and the difference in the quality-adjusted life years (QALYYs).
0. Vaccination Strategies
Two vaccination strategies were considered in the study:

(1) Universal vaccination during adolescence (status quo): Subjects in this arm were assumed
to receive vaccination for hepatitis B at age 12 years based on the vaccine coverage rate in
Ontario, in accordance with the standard school-based vaccination schedule followed in
Ontario, Canada.” To reflect the current hepatitis B vaccination practices in Ontario for
adolescents, subjects in this group received two doses to complete the vaccination series,
instead of the typical three-dose series for infants.” Subjects in this arm had a higher risk
of hepatitis B infection during the first 12 years of life until vaccination, after which the
risk was comparable to those vaccinated in the newborn arm.

(2) Universal vaccination at birth: Subjects in this arm were assumed to receive vaccination
for hepatitis B at birth, as recommended by WHO, based on the adolescent hepatitis B
vaccine coverage rate in Ontario in the base-case analysis.** Subjects in this treatment

group received three doses to complete the vaccination series.

Prenatal HBsAg screening was accounted for as per the Ontario screening rate described
by Biondi et al.’ Meaning, in both vaccination strategies, it was assumed that prenatal screening
of HBsAg would continue regardless of timing of vaccination and that infants born to mothers who

are found to be HBsAg-positive would then receive appropriate treatment.
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iii. Cohort

Two theoretical cohorts of children were implemented in the model. The characteristics of
the two cohorts were assumed to be identical, with the exception of the timing of vaccination, and
Canadian demographic data was applied to emulate the Canadian population. Subjects were
modelled from birth, in order to capture disease incidents starting from age 0, and were followed

until all subjects have deceased.
iv. Decision Model

A state-transition model was implemented using TreeAge Pro Healthcare 2020 decision
analysis software.*> A state-transition model was appropriate for this analysis because it is optimal
for models where timing and recurrence of events need to be considered.*® They are particularly
useful when modelling long-term outcomes, which is appropriate for the present study considering

the chronic nature of hepatitis B.*¢

Eighteen health states were implemented to represent the natural progression of hepatitis
B and the state-transition model is illustrated in Figure 1: Susceptible, Vaccine-Induced Immunity
(VIl), Lost Vaccine Immunity (LVI), Acute Hepatitis B (AHB), Natural Immunity (NI), Immune
Tolerant (HBeAg-positive, IT), HBeAg-positive CHB, Inactive CHB (HBeAg-negative), HBeAg-
negative CHB, HBeAg-positive compensated cirrhosis (CC), Inactive CC (HBeAg-negative),
HBeAg-negative CC, Decompensated Cirrhosis (DC), Hepatocellular Carcinoma (HCC), Liver
Transplant (LT), Post-Liver Transplant (PLT), Liver-Related Death (LD), and All-Cause Mortality

(ACM).
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Figure 1: State-transition model of hepatitis B disease progression

Susceptible From any CC
, or CHB state HCe T
. —_—
Acute
Hepatitis B From any CC state pce LD
Immune
Tolerant From any state ACM PLT

(HBeAg')

Inactive
CHB
(HBeAg)

Abbreviations: VII, vaccine-induced immunity; LVI, lost vaccine immunity; HBeAg, hepatitis B
e antigen; CC, compensated cirrhosis; CHB, chronic hepatitis B; HCC, hepatocellular carcinoma;
DCC, decompensated cirrhosis; ACM, all-cause mortality; LT, liver transplant; LD, liver death;
PLT, post-liver transplant

Susceptible state represents healthy subjects who are not vaccinated and are at higher risk
of HBV infection. To account for perinatal transmission, a portion of patients were born into the
IT state, while the rest of the newborn subjects were assumed to begin in the Susceptible state
where they may transition to VII, AHB, or remain in the Susceptible state. VII state represents
subjects who have been vaccinated and are at reduced risk of acquiring HBV infection. Subjects

in this state may remain in V71, or transition to LV corresponding to waning vaccine effect, while
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a small fraction may still transition to 4HB. Subjects in the LV state were assumed to have the
same risk of developing acute hepatitis B as those in the Susceptible state. In the AHB state,
subjects could either transition to NI or IT at an age-dependent proportion. Those who transition
to NI were assumed to be immune from HBV and remained in this state until natural death from
any cause. Subjects in the /7 state could remain in the same state or, progress to HCC or HBeAg-
positive CHB. From HBeAg-positive CHB, subjects could progress to HCC, HBeAg-positive CC,
seroconvert to /nactive CHB, or remain in HBeAg-positive CHB. Similarly, in HBeAg-negative
CHB, subjects could progress to HCC or HBeAg-negative CC, or remain in HBeAg-negative CHB.
From Inactive CHB, subjects could progress to HCC or Inactive CC, revert back to HBeAg-positive
CHB, reactivate to HBeAg-negative CHB, develop immunity (NI), or remain in /nactive CHB.
Subjects in the HBeAg-positive CC state could progress to HCC or DC, seroconvert to Inactive
CC, or remain in HBeAg-positive CC. Similarly, in the HBeAg-negative CC, subjects could
progress to HCC or DC, or remain in HBeAg-negative CC. In the Inactive CC state, subjects could
progress to HCC or DC, revert back to HBeAg-positive CC, reactivate to HBeAg-negative CC,
develop immunity (N/), or remain in /nactive CC. Subjects who progress to DC could develop
HCC, require LT, remain in DC, or decease from LD. Similarly, subjects in the HCC state could
require LT, remain in HCC, or decease from LD. Patients requiring LT progressed to the PLT state
where they could remain in the state or decease from LD. Patients could decease from ACM at any
point in the model. Additionally, a minor proportion of subjects in HBeAg-positive CHB, HBeAg-
negative CHB, HBeAg-positive CC, or HBeAg-negative CC received antiviral treatment slowing

down the disease progression.
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V.

Model Input

a) Transition Probability

a. All transition probabilities were obtained from relevant peer-reviewed literature or

b) Cost

publicly available provincial databases with the exception of the prevalence of CHB.
The prevalence of CHB was estimated through a model-based approach in Chapter
3 of this thesis and was subsequently used to inform the current cost-effectiveness
model. Of note, the age-specific probabilities of acquiring AHB without
vaccination was obtained from a recent study from Ontario, Canada and the
probability of acquiring AHB with vaccination was assumed to be the product of
the probability without vaccination and vaccine effectiveness.” All transition

parameters are summarized in Table 2.

Cost data were obtained from Canadian sources and inflated to 2021 Canadian
dollars using the consumer price index from Statistics Canada.*® Notably, the per
person cost of vaccines for the infant arm was set at $119.79 (3-dose series) and
$79.86 (2-dose series) for the adolescent arm.*” Costs of individual health state
were derived from a study by Nanwa et al. which was a matched cohort study
assessing the mean attributable health care costs associated with hepatitis B in
Ontario. In all health states, the average Canadian cost of health care of $6,768.08
was applied as a baseline, as per Statistics Canada. All cost parameters are

summarized in Table 3.
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c) Utility

a. All utility parameters were derived from a Canadian study by Woo ef al. The study

measured utility values based on 433 patients who were 16 years and older from

four tertiary care hospitals in Ontario, Canada between 2007 and 2009. All utility

parameters are summarized in Table 4.

Table 2: Transition probability parameters

Point Lower Upper
Parameter Estimate __ Limit Limit Source
Prevalence of CHB [1] 0.0082 0.0078 0.0085 Chapter 3
Pr of prenatal HBsAg screening 0.073 — — 9
Pr of perinatal transmission [2] 0.3780 0 0.5 60
Perinatal transmission rate [1] x [2] — — -
Pr of all-cause mortality Life Table 61
Vaccine coverage rate® 0.692 — — 44
Pr of AH without vaccine [3] 0-3y: — — 9
0.006
4-Ty:
0.008
8—120y:
0.011
Vaccine effectiveness [4] 0.9 0.6750 1 40
Pr of AH with vaccine [3] x [4] — — -
Vaccine waning effect 0 — — 40, 49
Prof AH to IT 0y:0.9 — — 6
1-5y:0.5
6-120y:
0.05
Pr of IT to HBeAg+ CHB 0.1423 0.12 0.16 62
Pr of HBeAg+ CHB to HBeAg+ 0.044 0.022 0.088 47, 63-65
CcC
Pr of HBeAg+ CHB to Inactive 0.0213 0.0079 0.0551 66, 67
CHB
Pr of Inactive CHB to Inactive CC 0.001 0.001 0.002 47, 63, 68
Pr of Inactive CHB to HBeAg+ 0.0048 0.004 0.018 47, 63, 68
CHB
Pr of Inactive CHB to HBeAg— 0.0254 0.02 0.05 47, 68, 69
CHB
Pr of Inactive CHB to NI 0.008 0.005 0.02 47, 63,70
Pr of HBeAg— CHB to HBeAg— 0.029 0.015 0.058 47,68, 71,72

CC
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Pr of HBeAg+ CC to Inactive 0.1 0.07 0.13 73
HBeAg- CC®

Pr of Inactive CC to HBeAg+ CC 0.0048 0.008 0.018 47, 63,70
Pr of Inactive CC to HBeAg— CC 0.0254 0.02 0.05 47, 68, 69
Pr of Inactive CC to NI 0.008 0.0005 0.02 47, 63,70
Pr of HBeAg+ CHB to Inactive 0.0809 0.0434 0.1422 66, 67
CHB with treatment

Pr of IT to HCC 0.0003 0 0.0004 74

Pr of HBeAg+ CHB to HCC 0.008 0.004 0.016 63, 75,76
Pr of Inactive CHB to HCC 0.003 0.0015 0.006 63, 68

Pr of HBeAg— CHB to HCC 0.008 0.004 0.012 68,72,76, 77
Pr of HBeAg+ CC to HCC 0.034 0.01 0.12 47, 78-80
Pr of Inactive CC to HCC 0.022 0.011 0.044 47, 63, 81
Pr of HBeAg— CC to HCC 0.037 0.01 0.12 47,76, 78-80
Pr of DC to HCC 0.06 0.01 0.113 47,76, 82, 83
Pr of DC to LD 0.173 0.058 0.221 47, 82, 83
Prof DCto LT 0.05 0 0.4 47, 82, 83
Prof HCC to LT 0.15 0.05 0.4 47, 82, 83
Pr of HCC to LD 0.351 0.181 0.451 47, 82, 83
Prof LT to LD 0.142 0.124 0.159 84

Pr of PLT to LD 0.034 0.024 0.043 84

Pr of HBeAg+ CC to DC 0.073 0.035 0.1 47, 80, 85, 86
Pr of Inactive CC to DC 0.008 0.004 0.016 47, 63, 81
Pr of HBeAg— CC to DC 0.073 0.035 0.1 47, 80, 85, 86
Pr of receiving treatment®¢ 0.2366 0.1775 0.2958 87

Pr of HBeAg+ CC to Inactive CC 0.18 0.12 0.3 88, 89
with treatment®

RR of CHB to CC for treatment vs. 0.308 0.231 0.385 90

no treatment

RR of CC to DC for treatment vs. 0.5209 0.3910 0.6510 90

no treatment

RR of CC to HCC for treatment vs. 0.3857 0.2892 0.4821 91, 92

no treatment

RR of CHB to HCC for treatment 0.37 0.15 0.91 91

VS. no treatment

¥Subjects in the Newborn arm were vaccinated at birth while subjects in the Adolescence arm
were vaccinated at age 12. *Assumed to be same as non-cirrhotic CHB. “Calculated using the
probability of being diagnosis and probability of treatment uptake after diagnosis. ‘Range is

+25%. “Assumed to be same as probability of HBeAg+ CHB to HBeAg— CHB with treatment.

Abbreviations: HBsAg, hepatitis B surface antigen; Pr, probability; AH, acute hepatitis B; IT,
immune tolerant; HBeAg, hepatitis B e antigen; CHB, chronic hepatitis B; CC, compensated
cirrhosis; NI, natural immunity; HCC, hepatocellular carcinoma; DC, decompensated cirrhosis;
LD, liver-related death; LT, liver transplant; PLT, post-liver transplant; RR, relative risk.
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Table 3: Cost parameters

Parameter Point Estimate Lower Limit Upper Limit  Source
Cost of vaccine (3-dose; 119.79 60.93 247.85 47
infants)

Cost of vaccine (2-dose; 79.86 40.62 165.23 47
adolescents)

Susceptibility state? 6,768.08 5,076.06 8,460.09 93
Cost of VII state? 6,768.08 5,076.06 8,460.09 93
LVI state? 6,768.08 5,076.06 8,460.09 93
Additional cost of AH state 709.02 455.45 1,061.06 47
NI state? 6,768.08 5,076.06 8,460.09 93
Additional cost of IT state 687.17 544.55 842.76 97
Additional cost of HBeAg+ 2,554.21 1,905.93 3,264.07 97
CHB state

Additional cost of Inactive 687.17 544.55 842.76 97
CHB state

Additional cost of HBeAg— 2,554.21 1,905.93 3,264.07 97
CHB state

Additional cost of HBeAg+ 2,554.21 1,905.93 3,264.07 97
CC state

Additional cost of Inactive 687.17 544.55 842.76 97
CC state

Additional cost of HBeAg— 2,554.21 1,905.93 3,264.07 97
CC state

Additional cost of DC state 2,554.21 1,905.93 3,264.07 94
Additional cost of HCC 2,554.21 1,905.93 3,264.07 98
state

Additional cost of LT state 142,267.15 135,462.98 153,421.23 94
Additional cost of PLT 54,468 47,123.27 67,087.13 98
state

Annual cost of treatment 1,843.24 1427.65 2,379.42 95

(TDF)

All costs are adjusted to 2021 Canadian dollars. All costs are annual costs except for the cost of
vaccine which is a one-time cost. *Cost of baseline average healthcare cost

Abbreviations: VII, vaccine-induced immunity; LVI, lost vaccine immunity; AH, acute

hepatitis B; NI, natural immunity; IT, immune tolerant; HBeAg, hepatitis B e antigen; CHB,

chronic hepatitis B; CC, compensated cirrhosis; DC, decompensated cirrhosis; HCC,
hepatocellular carcinoma; LT, liver transplant; PLT, post-liver transplant; TDF, tenofovir

disoproxil fumarate.
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Table 4: Utility parameters

Parameter Point Estimate  Lower Limit Upper Limit Source
Susceptible state? 0.93 0.85 1.00 96
VII state? 0.93 0.85 1.00 96
LVI state? 0.93 0.85 1.00 96
AH state 0.87 0.85 0.88 96
NI state® 0.93 0.85 1.00 96
IT state 0.87 0.85 0.88 96
HBeAg+ CHB state 0.87 0.85 0.88 96
Inactive CHB state 0.87 0.85 0.88 96
HBeAg— CHB state 0.87 0.85 0.88 96
HBeAg+ CC state 0.81 0.75 0.86 96
Inactive CC state 0.81 0.75 0.86 96
HBeAg— CC 0.81 0.75 0.86 96
DC state 0.49 0.22 0.75 96
HCC state 0.85 0.76 0.95 96
LT state 0.72 0.60 0.83 96
PLT state 0.72 0.60 0.83 96

Utility value for the average Canadian population

Abbreviations: VII, vaccine-induced immunity; LVI, lost vaccine immunity; AH, acute
hepatitis B; NI, natural immunity; IT, immune tolerant; HBeAg, hepatitis B e antigen; CHB,
chronic hepatitis B; CC, compensated cirrhosis; DC, decompensated cirrhosis; HCC,
hepatocellular carcinoma; LT, liver transplant; PLT, post-liver transplant.

Vi. Modelling Assumptions

A number of modelling assumptions were made in the implementation of the model. First,
although the vaccine coverage rate for adolescents is available through Public Health Ontario*,
what the coverage rate for birth vaccination would be in Ontario is unknown. As such, although a
higher coverage rate with a birth vaccination strategy may be expected, it was assumed that the
vaccine coverage rate in newborns will be identical to that of adolescents in the base-case analysis
because an assumption of higher coverage rate in the newborn arm is one that could significantly
favour the newborn arm and such a strong assumption could potentially unfairly bias the results.
However, this assumption was challenged in a scenario analysis by applying the vaccine coverage

rate from British Columbia, where an infant vaccination strategy is already implemented. Second,
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while the diagnosed prevalence of AHB in Ontario is quantified for children between ages 0 to 11
years’, age-specific prevalence values for older children and adults were not available. As such, it
was assumed that the prevalence in the >12 years population would be equal to the prevalence in
11-year-olds as identified by Biondi et al.’ Lastly, it was assumed that the protective effect of
hepatitis B vaccine was consistent and life-long. Previously, the potential waning effect of hepatitis
B vaccine was a major concern and a key driver in delaying vaccination until adolescence.®
However, a recent study has demonstrated that hepatitis B vaccine may produce protection up to

30 years.*
vii.  Analytic Strategy

A base-case analysis was performed to identify the ICER value of vaccinating at birth
compared to during adolescence from a public payer perspective with a lifetime time horizon. In
compliance with the CADTH guidelines, a probabilistic analysis was performed for the base-case
analysis.* A deterministic sensitivity analysis (DSA) was done to test the robustness of the model
and to delineate the impact of individual model parameters on the overall outcome. A probabilistic
analysis was performed using a Monte Carlo simulation of 10,000 replications to determine the
cost-effectiveness of vaccinating at birth at a willingness-to-pay (WTP) threshold of $50,000 per
QALY. To assess the clinical effects of the two vaccination strategies, a microsimulation in
TreeAge Pro Healthcare 2020 was performed to assess the differences in the incidence of liver

outcomes such as AHB, CHB, CC, DC, HCC, LT, and LD.
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viii.  Model Validation

The model was validated by comparing the model-produced risk of developing HCC and
the proportion of liver-related mortality due to HCC to real-world evidence of HBV infected

patients.**-!

RESULTS
i Model Validation

Previous studies have shown that the risk of HBV carriers to develop HCC ranges from
15% to 40%.%° To ensure the validity of our model, we performed a microsimulation of 10,000
trials and found the risk of developing HCC in our model to be 32.8% which falls within the range
observed in the literature. Furthermore, a European review of the burden of liver disease indicated
that about 46% of liver-related deaths could be attributed to liver cancer.’! Similarly, our model

projected that 50.6% of liver-relates deaths were from HCC, further validating our model.
ii. Base Case Analysis

In the base case analysis, universal hepatitis B vaccination at birth was compared to
vaccination during adolescence by performing a PSA of 10,000 iterations (Table 5). Vaccination
at birth had a mean cost of $317,261 while the mean cost during adolescence was $317,735,
resulting in a mean difference of —$474. Considering the effectiveness of the two strategies,
vaccination at birth had a mean effectiveness of 43.36 QALY's compared to 43.18 QALY for
adolescents, resulting in a mean difference of 0.18 QALY. As such, the base case analysis

concluded that universal hepatitis B vaccination at birth dominated vaccination during adolescence.

22



Table 5: Base-case analysis

Vaccination Cost- .
Strategy Cost ($) ACost ($) QALY AQALY ICER Effective Cost-Saving
Adolescent 5 735 - 43.18 - - - -
Vaccination
Birth .
.. 317,261 —474 43.36 0.18 Dominant 100% 79.39%
Vaccination

The base case analysis is performed using 10,000 iterations of probabilistic sensitivity analysis.
Cost-effectiveness was assessed at willingness-to-pay threshold of $50,000 per QALY All costs
are adjusted to 2021 Canadian dollars.

Abbreviations: QALY, quality-adjusted life year; ICER, incremental cost-effectiveness ratio;
WTP, willingness-to-pay; —, not applicable

A microsimulation of 10,000 iterations indicated that hepatitis B vaccination at birth leads
to reductions in CHB and other liver-related outcomes. Compared to the status quo, birth
vaccination led to decreases in cases by 15.96% in AHB, 44.27% in CHB, 47.45% in CC, 47.54%
in HCC, 56.44% in DC, 50.00% in LT, and 51.16% in LD. A full list of projections on the clinical

impact of birth vaccination is summarized in Table 6.

Table 6: Comparison of health events between vaccination strategies

Health Event % Change, if Birth Vaccination Implemented
Acute Hepatitis B -15.96%
Immune Tolerant —42.14%
Natural Immunity —-13.00%
Total CHB —44.27%
HBeAg+ CHB —43.08%
HBeAg— CHB —49.15%
Inactive CHB —45.08%
Total CC —47.45%
HBeAg+ CC —49.09%
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HBeAg- CC —48.28%

Inactive CC —43.96%
Hepatocellular Carcinoma —47.54%
Decompensated Cirrhosis -56.44%
Liver Transplant -50.00%
Liver-Related Death -51.16%

Abbreviations: CHB, chronic hepatitis B; HBeAg, hepatitis B e antigen; CC, compensated cirrhosis
iii. Sensitivity Analyses

To assess for the impact of individual model parameter on the outcome of the study, a DSA
was performed and the results of the ten most sensitive parameters are summarized as a tornado
diagram in Figure 2. Of the ten parameters, five were transition probabilities, four were cost
parameters, and one was a utility parameter. Cost of baseline healthcare was the most sensitive

parameter.

Figure 2: Tornado diagram of deterministic sensitivity analysis
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Abbreviations: Pr, probability; HCC, hepatocellular carcinoma; LT, liver transplant; DCC,
decompensated cirrhosis; LD, liver death; HBeAg+ CHB, hepatitis B e antigen positive chronic
hepatitis B; PLT, post-liver transplant; I'T, immune tolerant; ICER, incremental cost-effectiveness
ratio; QALY, quality adjusted life year

A cost-effectiveness scatterplot of 10,000 iterations of a probabilistic analysis is shown in
Figure 3. The probabilistic analysis results indicated that a universal birth vaccination strategy

would be cost-effective at a WTP threshold of $50,000 per QALY in 100% of the model iterations

and cost-saving in 79.39% of the iterations (Table 5).

Figure 3: Incremental cost-effectiveness scatterplot of vaccination at birth versus adolescence
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10,000 replications were performed in the probabilistic analysis and 1,000 outcomes were
randomly generated and plotted in a scatterplot to visually represent the likelihood of vaccination
at birth being cost-effective compared to vaccination at adolescence. Each dot represents an
iteration of the analysis and those that fall within the bottom-right quadrant are cost-saving
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iv. Scenario Analysis

In the base case analysis, it was assumed that the vaccine coverage rate between the two
intervention arms would be identical based on the current coverage rate amongst adolescents in
Ontario, Canada. A scenario analysis was performed to assess impact of changing vaccine
coverage rate for the birth vaccination strategy. When a coverage rate of 84% was used, as per the
infant vaccination rate in British Columbia, the birth vaccination strategy remained 100% cost-
effective and cost-saving in 81.37% of the iterations (Table 7). Even when the birth vaccine
coverage rate was reduced to 50%, it remained cost-saving compared to the adolescent vaccination

strategy.

Table 7: Scenario analysis of varying vaccine coverage rate

Vaccine Vaccination Cost-
Coverage Strategy Cost ($) ACost ($) QALY AQALY Effectivet Cost-Saving
Rate
69.2% Adolescent 5,5 55 - 43.18 - - -
Vaccination
Birth
50% .. 317,502 -233 43.29 0.11 100% 72.68%
Vaccination
69.2% Adolescent 5, 435 - 43.18 - - -
Vaccination
Birth
69.2%:? o 317,261 474 43.36 0.18 100% 79.39%
Vaccination
69.2% Adolescent 5, 435 - 43.18 - - -
Vaccination
o/b Birth 0 ")
84% .. 317,074 —661 4341 0.23 100% 81.37%
Vaccination

#Base case analysis; 69.2% based on the current hepatitis B vaccine coverage rate in Ontario
®84% based on vaccine coverage rate from British Columbia where a birth vaccination strategy is
implemented”’

“Cost-effective at a willingness-to-pay threshold of $50,000 per QALY

DISCUSSION

The results of the study indicate that a universal hepatitis B vaccination program at birth is
cost-saving compared to the status quo of vaccination during adolescence. More importantly, from

a clinical perspective, the birth vaccination strategy was projected to lead to reductions in cases of
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CHB and other liver-related outcomes. Such reductions are important because, when consider the
fact that over 90% of AHB cases in children under the age of 5 years are asymptomatic,!” many
infected children may progress to chronic disease without awareness until they develop advanced
liver disease such as HCC or DC at which point the prognosis remains poor.’? As such, it is
important to minimize the risk of infection in this population in order to reduce the incidence of

chronic infection and end-stage liver diseases.

As reported in a recent study by Biondi et al., the current vaccination strategy in Ontario
has a number of issues that may potentially leave Ontarians at an unnecessary risk of developing
acute and/or chronic hepatitis B infection.’ First, the current adolescent vaccination strategy relies
on screening and treating infants born to mothers with hepatitis B infection. However, as illustrated
by Biondi ef al., the current routine screening process has failed to screen over 7% of pregnancies
in Ontario between 2012 and 2016, creating missed opportunities in providing early and effective
treatment measures for newborns. Second, while a child may be born without hepatitis B infection,
there is a risk of horizontal transmission before vaccination during adolescence. While the risk of
horizontal transmission in young children may be low, the probability of progressing to a chronic
infection in infants and young children is disproportionately higher making early vaccination an

important, necessary and achievable intervention.®

From an implementation perspective, changing from an adolescent to birth vaccination
schedule may be challenged by the fact that infants born in Canada currently follow a relatively
complex and crowded vaccination schedule.?” While a hexavalent vaccine containing hepatitis B,
diphtheria, tetanus, acellular pertussis, inactivated poliomyelitis, and Haemophilus influenzae type
B is currently licensed in Canada for pediatric use, it is used in children over the age of 6 weeks.*

As such, a separate monovalent hepatitis B vaccine would need to be given at birth and possibly
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finish the series through the hexavalent vaccine, or a three-dose monovalent hepatitis B series in
addition to a pentavalent vaccine series may be needed, both of which increase the number of

injections an infant may receive, further complicating an already-complex vaccination schedule.

While the current study was aimed at assessing the cost-effectiveness of a birth hepatitis B
vaccination strategy in Ontario, clinicians and policy makers in all Canadian provinces and
territories may benefit from assessing their current hepatitis B vaccination schedules. Considering
the possibility of families with infants and young children moving between provinces, it is possible
for a child to be neglected of a potentially life saving hepatitis B vaccine. For instance, if a child
born in a province providing hepatitis B vaccination during adolescence relocates to a province
that provides vaccination at birth, they may not receive the vaccine and be at a higher risk of
developing the disease. Hence, this provides an additional layer of the importance of not only a

provincial but a national strategy on providing universal hepatitis B vaccination at birth.

A number of limitations exist in the study. First, a static approach to vaccination was
applied in the model. It was assumed that, in the newborn and adolescent arms of the model,
subjects will be vaccinated at a particular coverage rate exclusively at ages 0 and 12 years,
respectively. However, in practice, although the proportions are unknown, some patients receive
hepatitis B vaccination outside the recommended timeframe. Therefore, such static approach to
the vaccination rate may not accurately reflect real-world practices and potentially have an impact
on the magnitude of the economic or clinical benefits seen with birth vaccination. Second, the
model assumed that hepatitis B vaccine would provide consistent and life-long protection.
Meaning, the effects of the vaccine will not wane over time. Although recent studies appear to

suggest that hepatitis B vaccines may provide long-term protection against the virus,*® a level of
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uncertainty regarding the true duration and level of protection remains. As such, a scenario analysis

considering different levels of vaccine waning effect may provide a more robust conclusion.

CONCLUSION

The study concluded that hepatitis B vaccination at birth may be cost-saving compared to
vaccination during adolescence in Ontario, Canada. In addition, the birth vaccination strategy was
projected to lead to clinical benefits through the reductions in cases of AHB, CHB, CC, HCC, DC,
LT, and LD. The study outcomes are in alignment with recommendations from CASL, CDC and

WHO, and provide an actionable change to consider for policy makers.
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CHAPTER 3

Model-Based Estimation of the Prevalence of CHB and Proportion of Undiagnosed CHB

Cases in Canada Between 2011 and 2017

INTRODUCTION

For diseases that are difficult to diagnose due to a lack of overt presentation, one of the
most fundamental and effective epidemiological strategies in disease-control is screening. Disease
screening can be especially effective and useful in the case of hepatitis B because clinicians know
exactly what biomarker to test for in order to diagnose hepatitis B reliably and also because
screening and identifying HBV-positive patients early on can allow clinicians and patients to
implement appropriate interventions to delay progression to end-stage liver disease as CHB is
associated with 25% chance of death from cirrhosis of HCC if left undiagnosed or without

t.22 On a population level, early detection of disease may lead to reductions

appropriate treatmen
in end-stage liver diseases and HBV-related deaths while potentially being a cost-effective
measure for the government. However, despite understanding the potential benefits of disease
screening, it is difficult to make the decision to implement a nation-wide, or even a province-wide,
screening strategy with a broad eligibility criteria without fully understand the true prevalence of
the disease and its impact. Most notably, a publicly funded screening program capturing a large
proportion of the population will add a significant financial burden on the system. As such, it is
difficult to rationalize broadening the current screening program without a sound scientific
justification to show that the current program may be leading to high rates of patients being

undiagnosed. Otherwise, it does not make clinical and financial sense to invest additional funds

only to get minimal returns. As such, it is critically important to understand the true prevalence of
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CHB and the proportion of undiagnosed cases in order to assess the feasibility and necessity of

such a program.

A recent Canadian modelling study estimated that 27.1% of the chronic hepatitis C infected
population in Canada remains undiagnosed, leaving a large gap in missed opportunity for early
care.”? Considering the similar natural history of hepatitis B and C, where patients are often
asymptomatic until they reach end-stage liver disease, it is reasonable to question whether a
significant proportion of CHB patients also remain undiagnosed in Canada. In fact, a national
seroprevalence study by Statistics Canada found that 54.5% of those with HBV infection were not
aware of their infection.?’ Unfortunately, there are currently no widely accepted estimate on the
true prevalence of CHB in Canada. This gap in knowledge is critical in not only understanding the
true burden of CHB in Canada but also in informing public health officials to take an evidence-

based approach in re-assessing public health programs for hepatitis B.

In the US, studies have estimated the proportion of undiagnosed CHB population in several
ways. A recent study by Ogawa et al. used a large national claims database of over 100 million
patients to compare the number of patients with CHB diagnoses and the number of patients who
should have been diagnosed based on their HbsAg test result to estimate the true prevalence of the
disease and found only 18.6% of privately insured patients with CHB were diagnosed.?* Another
study by Moore et al. used a surveillance-based approach to estimate the prevalence of CHB in
New York City by utilizing data from routine surveillance over a 16-year period and incorporated
an estimation of the number of undiagnosed persons based on a modelling study to estimate the
true prevalence of the disease.* They also found that a large proportion of patients remain
undiagnosed with the diagnosed CHB prevalence being 1.5% while the prevalence for both
diagnosed and undiagnosed patients was estimated to be 2.7%.2* Lastly, multiple studies have also
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used cross-sectional community-based hepatitis B screening process to estimate the prevalence of

CHB.25_28

As mentioned in Chapter 1, the only estimate on the prevalence of CHB in Canada is from
a seroprevalence study by Statistics Canada.?’ For diseases like CHB that are often asymptomatic
and remain undiagnosed, a back-calculation based modelling approach has frequently been used
in the literature to estimate the true prevalence of a disease. Such method has successfully been
implemented in several disease states like CHC and HIV.?*!% In this chapter, a similar back-
calculation method was implemented to estimate the prevalence of diagnosed and undiagnosed

CHB in Canada.

METHODOLOGY

i Study Design

A back-calculation based model framework was developed to estimate the prevalence of
diagnosed and undiagnosed CHB cases in Canada between 2011 and 2017. The back-calculation
approach used in this study has been successfully implemented in several studies in the past like
chronic hepatitis C and HIV.?>!% In essence, back-calculation is a technique that uses known
outcome values to infer the unknown values that would have led to the known outcomes. Back-
calculation approach is often used when the unknown values are unobservable. In this model, the
known outcomes values were the observed number of cases of CHB and HCC from PHAC and
Statistics Canada while the inferred unknown values were the historical prevalence of CHB that
consists of both diagnosed and undiagnosed cases. The inference was done through a calibration

method based on the Bayesian Markov Chain Monte Carlo Metropolis-Hastings (MCMC-MH)

32



algorithm. Through a process of repeated sampling of five million iterations, the algorithm
calibrated the model generated outcomes against the known outcome values (observed number of
CHB and HCC cases) to generate a probability distribution of the historical prevalence of CHB. A
detailed mathematical description of the method is presented in the appendix. The model focused
on three birth cohorts: patients born before 1938, patients born between 1938 and 1967, and
patients born after 1967. The three birth cohorts were chosen based on seroprevalence data from a
Statistics Canada study by Rotermann et al. which showed that there was higher seroprevalence
for HBV among the 50- to 79-year-old age group.?’ Using 2017 as the base year, the age of the
birth cohorts to be used in the prevalence model then correspond to <49 years, 50 to 79 years, and
>80 years. 2017 was chosen as the base year as it is the most recent year with comprehensive

hepatitis B-related data available from Statistics Canada and PHAC.

ii. Model Input Data

Model input data were gathered mainly from the literature and public databases. Most of
the transition probabilities used were identical to the values used in the vaccination model in
Chapter 2 (Table 2). Likelihood data for model calibration were obtained from public databases:
the number of reported cases of hepatitis B from PHAC, the Canadian population size from
Statistics Canada, and the number of HCC cases from Statistics Canada.’*>® HCC cases from
Statistics Canada were reported as the total cases from any cause and thus, the data was adjusted
to reflect HCC caused by hepatitis B. It is estimated that approximately 9% of primary liver cancers
are caused by hepatitis B.>” As such, HCC values from Statistics Canada were multiplied by 9%
to estimate the number of HCC cases caused by hepatitis B. Relevant datapoints were obtained

and adjusted for years 1992 to 2017; however, only data for years 2011 to 2017 were implemented
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in the model because these were the years with the most accurate data (Table 8). Of note, the

reported cases of hepatitis B from PHAC does not distinguish acute and chronic hepatitis B cases.

Table 8: Diagnosis data for prevalence model calibration

Birth Year > 1968 1938 < Birth Year <1967 Birth Year <1937
Year  yCcsS  HepB*  Population®™ HCC®S HepB* Population® HCC®S HepB* Population®
1992 <5 449 9,867,028 11 1330 12,778,419 49 174 5,627,114
1993 <5 435 10,371,025 11 1,136 12,746,765 52 161 5,464,560
1994 <5 441 10,841,479 13 1,076 12,754,303 58 155 5,299,150
1995 <5 413 11,272,581 16 880 12,797,943 56 107 5,123,127
1996 <5 388 11,717,853 17 735 12,840,623 56 99 4,939,927
1997 <5 357 12,142,793 23 591 12,904,468 57 70 4,743,663
1998 <5 314 12,609,983 23 557 12,852,209 59 67 4,573,906
1999 <5 273 13,042,822 25 473 12,834,027 57 54 4,400,882
2000 <5 271 13,474,052 30 423 12,859,140 60 46 4,223,994
2001 <5 205 13,941,472 39 349 12,899,809 61 41 4,179,621
2002 <5 212 14,414,518 42 332 12,956,177 61 33 3,989,384
2003 <5 241 14,911,850 42 298 12,901,335 60 48 3,830,843
2004 <5 416 15,389,683 54 442 12,883,290 57 65 3,667,681
2005 <5 697 15,849,042 62 662 12,897,264 63 90 3,497,447
2006 <5 817 16,325,577 70 639 12,914,783 61 99 3,330,814
2007 <5 1,559 16,828,672 81 1,238 12,923,613 61 163 3,136,740
2008 <5 1,864 17,421,853 83 1443 12,840,506 61 172 2,984,759
2009 <5 1,938 18,003,477 94 1385 12,795,460 56 154 2,829,958
2010 6 1,891 18,557,778 99 1265 12,776,234 60 152 2,670,876
2011 <5 3,369 19,093,076 125 1,996 12,745,288 64 212 2,500,964
2012 <5 3,429 19,673,366 140 2,011 12,724,543 64 232 2,316,313
2013 8 3,371 20,288,292 151 2,087 12,618,784 64 248 2,175,878
2014 8 3211 20,868,392 164 1,841 12,537,885 54 206 2,031,157
2015 9 3,113 21361,116 184 1,674 12,470,086 57 170 1,871,707
2016 12 3,302 21,988,721 175 1,656 12,403,606 48 156 1,717,159
2017 11 3,188 22,660,628 176 1,567 12,336,713 40 138 1,547,954

HCC values are adjusted to reflect cases caused by hepatitis B

iii. Natural History Model of Hepatitis B

The prevalence model utilized parts of the hepatitis B natural progression model that was
developed as part of the cost-effectiveness model in Chapter 2 of the thesis. Specifically, a
modified version of the CHB segment of the vaccination model was utilized in the prevalence
model (Figure 4). This modified state-transition model describes the movement of CHB patients
based on the same transition probabilities utilized in the vaccination model (Table 2). Broadly, the
model can be categorized into three groups: AHB, CHB, and end-stage liver disease (ESLD). The

model assumes that patients may be diagnosed in either acute or chronic stages of the disease.
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Newly infected patients are assumed to have an opportunity to clear the infection and
develop natural immunity in the acute phase of the disease. If the virus is not cleared, the disease
is assumed to progress to the chronic phase. Individuals who have CHB but are undiagnosed were
grouped into Xy (IT), X; (HBeAg+ CHB), X> (inactive CHB), X3 (HBeAg- CHB), and X4 (CC).
Those who have diagnosed CHB but not receiving treatment were grouped into Dy (IT), D;
(HBeAg+ CHB), D> (inactive CHB), D3 (HBeAg- CHB), and D4 (CC). Those in HBeAg+ CHB,
HBeAg- CHB, and CC states receiving treatment were categorized into 77, T3, and Ty, respectively.
From any stage of the disease, patients could advance to ESLD: HCC, DCC, LT, PLT, and LD. A
detailed illustration of the model is shown in the appendix Figure Al and a more simplified,
illustrative version of the same model is shown in Figure 4.

Figure 4: Modified state-transition model of hepatitis B disease progression for prevalence
estimation
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iv. Outcomes of Measure

The study measured four main outcomes. First, model-estimated values for the number of
HCC and CHB diagnoses were plotted. The model-generated plots were overlayed with the time-
series data obtained from PHAC and Statistics Canada to assess whether the model estimates fall
within the real-world data points. Then, model-estimated values of CHB prevalence and the
percentage of undiagnosed CHB were plotted in time-series for the three birth cohorts as well as

the combined overall population group.

V. Sensitivity Analysis

A deterministic sensitivity analysis (DSA) was performed in order to identify the variables
that have the greatest impact on the outcomes. DSA was performed for both the prevalence and

undiagnosed proportion outcomes in the combined cohort.

RESULTS

i Birth years <1937

For the oldest age cohort of birth years < 1937, Figures 5A and 5B show the numbers of
HCC and hepatitis B diagnoses, respectively, from 2011 to 2017. The figures show the publicly
reported data from PHAC and Statistics Canada in blue and model generated estimates are shown
in red. The model generated estimates fit the reported HCC diagnosis data with R? = 0.60 and
hepatitis B diagnosis data with R’ = 0.73. Figure 5C shows the model generated estimate of CHB
prevalence rate in 2017 as 2.13% (95% CI: 1.26% — 3.67%) and Figure 6D shows the estimated

proportion of undiagnosed CHB cases in 2017 as 8.92% (95% CI: 4.29% — 14.67%)).
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Figure 5: Model estimates for patients born < 1937

Vears Vears

In

vvvvvvvvvv

A) Model generated estimates for HCC diagnoses (red line) and Statistics Canada reported HCC
diagnoses (blue dots); B) Model generates estimated for hepatitis B diagnoses (red line) and PHAC
reported hepatitis B diagnoses (blue dots); C) Model generated estimates for CHB prevalence; D)
Model generated estimates for the proportion of undiagnosed CHB cases

ii. Birth years between 1938 and 1967

For the cohort with birth years between 1938 and 1967, Figures 6A and 6B show the
numbers of HCC and hepatitis B diagnoses, respectively, from 2011 to 2017. The model generated
estimates fit the reported HCC diagnosis data with R* = 0.92 and hepatitis B diagnosis data with
R?=0.83. Figure 7C shows the model generated estimate of CHB prevalence rate in 2017 as 0.75%
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(95% CI: 0.71% — 0.83%) and Figure 7D shows the estimated proportion of undiagnosed CHB

cases in 2017 as 32.32% (95% CI: 29.32% — 35.83%)).

Figure 6: Model estimates for patients born between 1938 and 1967

A)
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A) Model generated estimates for HCC diagnoses (red line) and Statistics Canada reported HCC
diagnoses (blue dots); B) Model generates estimated for hepatitis B diagnoses (red line) and PHAC
reported hepatitis B diagnoses (blue dots); C) Model generated estimates for CHB prevalence; D)
Model generated estimates for the proportion of undiagnosed CHB cases

38



iii. Birth years 2 1968

For the youngest cohort of birth years 2 1968, Figure 7A shows the number of hepatitis B
diagnoses from 2011 to 2017. The model generated estimates fit the reported hepatitis B diagnosis
data with R’ = 0.51. Figure 8C shows the model generated estimate of CHB prevalence rate in
2017 as 0.82% (95% CI: 0.78% — 0.85%) and Figure 8D shows the estimated proportion of
undiagnosed CHB cases in 2017 as 34.65% (95% CI: 31.85% — 37.52%). For the youngest cohort,
HCC diagnoses were not generated by the model due to near-zero observed cases in this age cohort
because HCC is often diagnosed in the latter stages of life. As such, model calibration for this age

cohort was primarily done against the CHB data only.
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Figure 7: Model estimates for patients born after 1968

A)

vvvvv

A) Model generated estimated for hepatitis B diagnoses (red line) and PHAC reported hepatitis B
diagnoses (blue dots); B) Model generated estimates for CHB prevalence; C) Model generated
estimates for the proportion of undiagnosed CHB cases

iv. Combined cohort

Overall, when all age cohorts were combined, Figure 8A shows the model generated estimates
of CHB prevalence rate in 2017 as 0.85% (95% CI: 0.79% — 0.94%) and Figure 8B shows the

estimated proportion of undiagnosed CHB cases in 2017 as 32.77% (95% CI: 30.37% — 35.47%).
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Figure 8: Model estimates for all age cohorts combined

Vears Vears

A) Model generated estimates for CHB prevalence; B) Model generates estimated for the
proportion of undiagnosed CHB cases

V. Sensitivity analysis

DSA identified the ten most sensitive parameters for both the prevalence and undiagnosed
proportion outcomes in the combined cohort. For the prevalence outcome, q 01 (annual
probability that an undiagnosed individual in X _0/D 1 (IT) will progress to X 0/D 1 (CHB+))
was the most sensitive parameter. For the undiagnosed proportion outcome, q 12 (annual
probability that an undiagnosed individual in X _1/D_1 (CHB+) will progress to X 2/D 2 (inactive
CHB)) was the most sensitive parameter. The results are summarized as tornado diagrams in

Figure 9.
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Figure 9: Deterministic sensitivity analysis
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Abbreviations: q 01, annual probability that an undiagnosed individual in X 0/D_0 (IT) will
progress to X 1/D 1 (+CHB); q 34, annual probability that an undiagnosed individual in
X 3/D_3 (+CHB) will progress to X 4/D_4 (Inactive CHB); t_1, annual probability of treatment
for individuals in D 1 (+CHB); d_cc2, annual probability of progression to X 4/D 4 (CC) from
stages X 2/D 2 (Inactive CHB); d It, annual probability of LT for individuals with HCC;
dt hccl, annual probability of progression to HCC from T 1 (+CHB); dt hce3, annual
probability of progression to HCC from T 3 (-CHB); t 3, annual probability of treatment for
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individuals in D_3 (-CHB); d_hcc0, annual probability of progression to HCC from x 0/D 0
(IT); d_dcc4, annual probability of progression to DCC from x 4/D 4 (CC); q 12, annual
probability that an undiagnosed individual in X _1/D_1 (+CHB) will progress to X 2/D 2 (Inactive
CHB); qt 34, annual probability that a treated individual in T _3 (-CHB) will transit to D 4 (CC);
q_23, annual probability that an undiagnosed individual in X 2/D 2 (Inactive CHB) will progress
to X 3/D 3 (-CHB); dt hcc4, annual probability of progression to HCC from T 4 (CC);
dt dcc4, annual probability of progression to DCC from T 4 (CC); d _1d3, annual probability of
LD for individuals in LT; d hcc3, annual probability of progression to HCC from x 3/D 3 (-
CHB)

DISCUSSION

The results of this study show that although the prevalence of CHB and the proportion of
undiagnosed patients appear to be trending downwards, a large proportion of CHB patients remain
undiagnosed. In the oldest cohort of patients born < 1937, although the number of HCC and
hepatitis B diagnoses appear to be decreasing, the prevalence and the undiagnosed proportion
remain relatively unchanged from 2011 to 2017. The decreasing absolute number of cases in this
age cohort is likely related to the overall decreasing population from both liver-related and all-
cause mortality. In both the birth cohorts between 1938 and 1967 and > 1968, the proportion of
undiagnosed CHB appears to also be trending downwards consistently. Overall, when combining
all age groups, both the CHB prevalence and undiagnosed proportions appear to be decreasing,
with an estimated CHB prevalence of 0.85% and undiagnosed proportion of 32.77% in 2017.
Notably, there were significant differences in the proportion of undiagnosed cases in the older
cohort versus the younger cohorts. In the oldest cohort, it was estimated that only 8.92% of cases
remain undiagnosed whereas in the two younger cohorts, 32.32% (birth years between 1938 and
1967) and 34.65% (birth years 2 1968) of cases were estimated to be undiagnosed. This suggests
that a lot more of the younger CHB patients are not being identified which aligns with the known
characteristics of CHB where it is largely a silent disease until the disease progresses to more

severe and overt stages later on in life. Considering that disease progression and severity of disease
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can be well-controlled with earlier treatment, this finding of significantly higher proportion of
undiagnosed cases in the younger cohorts suggests that with a broader screening strategy in the
younger population, it may be feasible to identify a large number of patients earlier on in their

disease and initiate drug therapy to better control their disease progression.

In Canada, the most recent and relevant study looking at the prevalence of CHB is the
seroprevalence study performed by Statistics Canada and PHAC.?® As noted in Chapter 1, the
authors of the study gathered data from 14 — 79 years old population from 2007 to 2011 through
household questionnaires and blood sample collection.?’ The authors concluded that the
seroprevalence of present HBV infection in this population was 0.4%.2° Although the timeframe
differed between the seroprevalence study and our model-based approach, when comparing similar
age groups of <49 years old and 50 — 79 years old populations, our approach estimated the
prevalence to be 0.82% and 0.75%, respectively. Meaning, our study estimates the CHB
prevalence to be approximately twice as high compared to the seroprevalence study indicating that
the issue of CHB on a population level may be far greater than previously estimated. Additionally,
considering the fact that our model estimated that 32.77% of CHB cases remained undiagnosed in

2017, the true extent of the impact of CHB on Canadians is likely severely underestimated.

As noted in Chapter 1, CASL recommends a list of patient groups that should be screened
for hepatitis B including, but not limited to, pregnant women, inmates, patients with chronic renal
failure needing dialysis, those with signs of liver disease or other infectious diseases like hepatitis
C, among others.*® The current recommendations indicate screening of high-risk groups to reduce
the risk of transmission of disease.’® However, given that our study suggests a much higher CHB

prevalence than previously estimated, almost a third of CHB cases may remain undiagnosed, and

44



Canada has endorsed WHO'’s strategy to eliminate viral hepatitis by 2030, a possible revision to
the screening recommendations may be warranted to allow it to be more broad. Early screening is
also recognized by PHAC in their report “pan-Canadian Framework for Action: Reducing the
Health Impact of Sexually Transmitted and Blood-Borne Infections in Canada by 2030 to be a

critical tool in reducing the risk of long-term effects of disease and prevent further transmission.'*!

Several limitations exist with the study. The current model is heavily dependent on publicly
available databases from PHAC and Statistics Canada. While these databases provide a good
source of country-level data, public databases are often subject to under-reporting, reporting bias,
inconsistency in reporting practices between provinces and years, changes in disease definition
and classification, among others. Thus, this creates an inherent limitation to the accuracy of the
model generated data. Specifically, the HCC diagnosis numbers from Statistics Canada does not
specify the cause of the cancer and so manual manipulation of the data was required to estimate
hepatitis B-related HCC cases. Using a more accurate data on hepatitis B-related HCC as a
calibration factor will allow for a more accurate estimation. Additionally, hepatitis B cases
reported from PHAC does not differentiate between acute and chronic cases and there were some

discrepancies in reporting practices between provinces.

CONCLUSION

The study provides a model-based approach to estimating the prevalence of CHB and the
proportion of undiagnosed CHB cases in Canada by birth cohorts. The study concluded that in the
overall population, both the prevalence of CHB and the undiagnosed proportion of CHB cases

have decreased between 2011 and 2017, but the undiagnosed proportion remain high at an
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estimated 32.77% in 2017. Considering the limitations of the model-based approach, the results

should be interpreted in conjunction with other data when making policy decisions.
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CHAPTER 4

SUMMARY OF RESULTS

In Chapter 2, we showed that hepatitis B vaccination at birth is a cost-saving alternative to
the current practice of adolescent vaccination in Ontario — meaning, the new strategy provides
more clinical benefits while costing less. The model was successfully validated against literature
values for HCC risk and mortality risk. In the base case analysis, the PSA of 10,000 iterations
resulted in a mean cost of $317,261 and 43.36 QALY's for newborn vaccination versus $317,735
and 43.18 QALY s for adolescent vaccination. A microsimulation showed that the birth vaccination
program leads to decreases in liver-related cases by 15.96% in AHB, 44.27% in CHB, 47.45% in

CC, 47.54% in HCC, 56.44% in DC, 50.00% in LT, and 51.16% in LD.

In Chapter 3, we showed that both the prevalence of CHB and the proportion of
undiagnosed cases have trended downwards in the total population from 2011 to 2017. In the oldest
age cohort of birth years < 1937, CHB prevalence in 2017 was estimated to be 2.13% while
prevalence was estimated to be 0.75% and 0.82% in birth years between 1938 and 1967 and birth
years > 1968, respectively. Proportion of undiagnosed cases was estimated to be much lower in
the oldest cohort at only 8.92% while the proportions were 32.32% and 34.65% in the two younger
cohorts. Overall, when all age cohorts were combined, CHB prevalence was estimated to be 0.85%

and the undiagnosed proportion was estimated to be 32.77%.
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THESIS CONTRIBUTION

The cost-effectiveness analysis assessing two hepatitis B vaccination scenarios has the
potential to significantly impact policymaking on vaccination schedules in Ontario, Canada. As
discussed in Chapter 1, the current hepatitis B vaccination schedule in Ontario is based on outdated
evidence and does not align with national and global recommendations. Our data suggest that
switching the vaccination timing from adolescence to birth will not only improve health outcomes,
but also decrease costs for the government. In fact, CASL provides a strong recommendation that
all provinces and territories should harmonize hepatitis B vaccination policy with universal,
preferably neonatal or infant, vaccination and the results of our analysis supports the
implementation of this recommendation.>* Such cost-saving policy alternatives are rare and will
provide decision-makers with a possibly attractive choice that will be beneficial for the general
population. Additionally, considering the current global spotlight on vaccines in general, a cost-
saving vaccination policy may be better received now than ever by many internal and external

stakeholders.

The prevalence model is anticipated to make an important contribution to the hepatology
field and policy making capacity in Canada. The lack of an established prevalence data in Canada
makes it incredibly difficult to implement or modify any public health intervention with confidence
as the true burden of disease, and therefore the need for an intervention, cannot be accurately
assessed. Notably, better understanding the true prevalence of the disease can enable public health
officials to determine whether a broad or a targeted hepatitis B screening program would be more
appropriate in Canada. Our data indicating nearly doubled the previously estimated prevalence and

a high proportion of undiagnosed cases will provide public health officials with additional data to
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support their decision-making process, particularly when it comes to population-level

interventions like screening programs.

FUTURE WORK

Several variations of model analysis and model adjustment could be of interest in the future.
First, for both the cost-effectiveness and prevalence models, additional analyses with a more
defined population may be warranted in the future. For example, both models can easily be adapted
to provide province-specific data. This flexibility is particularly important in Canada where health
care is largely administered on a provincial level but also important because hepatitis B prevalence
varies by province, partly due to different patterns of immigration. As such, understanding the
epidemiology on a more granular level will allow for targeted interventions on a provincial level.
Second, analyses of special population would also be of great interest. For example, considering
that Canada is home to a significant Asian immigrant population and there is higher prevalence of
hepatitis B in Asian countries like China and South Korea, studies looking at the cost-effectiveness
of vaccinating all immigrants or estimating the prevalence of CHB in those born in Canada versus
foreign countries may provide additional insights to support decision makers in developing unique
vaccination strategies like requiring vaccination from those immigrating from high hepatitis B
prevalence countries. Third, conducting a cost-effectiveness analysis comparing the current
hepatitis B screening strategy to a broader strategy in the younger population would also be
beneficial. Such study would utilize data from the current prevalence study and would provide
additional practical data to decision makers. Lastly, utilizing health administrative data will likely
strengthen the estimates generated by the prevalence model. As mentioned previously, the
prevalence model is currently heavily dependent on the input data from Statistics Canada and

PHAC. However, both databases have several limitations and are likely not as accurate and
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granular as health administrative databases like the ICES Data Repository. As such, incorporating
data from health administrative database could improve the accuracy of the model-generated

estimates.
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APPENDIX

Figure Al: State-transition model of hepatitis B natural history
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Mathematical Formulation of the Natural History Model

The estimated number of patients in disease states X;, D;, T;(i =0, 1, 2, 3, 4), DCC, HCC,
LT, PLT, and LD for the three age cohorts at year ¢ are denoted by Xi(z), Di(t), Ti(t) (i =0, 1, 2, 3,
4), DCC(t), HCC(t), LT(t), PLT(t), and LD(t), respectively. X, D, and T represent undiagnosed,
diagnosed, and treatment-receiving patients, respectively. The estimated number of patients at

each state can then be shown by the following state vector x(?):
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x(t) =[X@), D), T(t), DCC(t), HCC(t), LT(t), PLT(t), LD(t)]; where X(t) = [Xo, X1,

X2, X3, X4], D(t) = [Do, D1, D2, D3, D4, and T(t) = [Ty, T3, T4].
The changes in the estimated number of patients (x(z)) over time is modelled using the
state-transition model shown in the appendix Figure A1. Assuming u(?) notates the number of new
infections in year ¢, the vector x(7 + 1) can then be written as x(z + 1) = Ax(?) + Bu(t), where 4 and

B are defined below:

Ax (t) 055 (I 0 0 0 0 0]
Bp(t) Ap(t) Ch(t) 0 0 0 0 0
035 Br(t) Ar(t) 0 0 0 0 0
A= |BRC(1t) BBEOC(1) BRC(1) APC(1) 0 0 0 0
BHCC(t) BEO(t) BECC(t) BEES(H) AMCC() 0 0 0
O1x5 O1x5 013 0 BEL (1) 0 0 0
0155 015 013 0 0 BEET (1) APET(¢) 0
01x5 01x5 O1x3 BE2.(t) BERPo() BER(t) BED-(2) 0
and
B(t) = [ar(1—da)(1 —d.(8)), qrda(1 — d,(1)),0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]
where
[aX(t) 0 0 0 0
BN af@®) 0 0 0
Ax(t) = 0 BN ap(t) 0 0
0 0 BYH aft) 0
L0 A1) e (t) BRE) af(t)
[ad (2) 0 0 0 0 7
BR() oP(®) 0 0 0
Ap(t) = 0 BP() aft) 0 0
0 0 BP(t) of(t) 0
L0 AP ) Bt af(t)
[T (t) 0 0
A= | 0 af(t) 0
| 0 0 al (t)
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0 0 0
eP (1) 0 0
Co(t) = 0 0 0
0 0 0
' (t) T3(t) 0
P& 0 0 0 0
0 &P@) o0 0 0
Bp(t) = 0 0 &) 0 0
0 0 0 &Pt o0
0 0 0 0 &P(t)
[0 of(t) 0 0 0
Br)= |0 0 &5@) 0 0
0 0 0 o1 (t) 0

B}}CC(t)z [0 0 0 0 b_.?fj"c]
BRCC(y=[0 0 0 0 bp7c]
BRC(t)y=[0 0 bp{“]

HCCrp\ _ [RHCC pHCC pHCC pHCC RHCC
By“"(t) = [‘53{0 bx{ bx5 bx3 bx1 ]

HCC _ HCC HCC HCC HCC HCC
BHCC(t) = [bRGC bPTC RS bpEC bPREC]

BESC(r) = W PS4

The components of the matrices listed above are state-transition probabilities shown in the

appendix Figure A1 and their descriptions are listed in Table Al.

Table A1: State-transition probabilities

Parameter formula Description

q;(1—=dy)o(t) Probability that an individual in state acute
Hepatitis B in year t will go to Immune tolerant
state and remain undiagnosed in year t 4+ 1.
q;dqo(t) Probability that an individual in state Acute
Hepatitis B in year t will go to Immune tolerant
state and will be diagnosed in year ¢t + 1.
alt)= (1= qus1)(1 — dpeei — dy) a(t) Probability that an individual in state X; (i = 0, 3)
in year t will remain in state X; in year t + 1.
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afi(® =1 — qi+1) (1 — dpeei — deei — dy) 0(t)

Probability that an individual in state X; (i = 1, 2)
in year t will remain in state X; in year t + 1.

af(t)= (1 — dpeea — dpcca — da) 0(8)

Probability that an individual in state X, in year t
will remain in state X, in year t + 1.

Bai() = qiir1 (1 — dpeei — di) o(t)

Probability that an individual in state X; (i = 0, 3)
in year t will transit to state X;,; inyeart + 1.

Bi(®) = Giiy1 (1 — dpeei — deei — di) 0(2)

Probability that an individual in state X; (i = 1, 2)
in year t will transit to state X; 4 in year t + 1.

Y (®) = (1 = qizy1)deci o (t)

Probability that an individual in state X; (i =
1,2) in year t will transit to state X, in year t + 1.

8P () = (1 — qii41)d; 0(2)

Probability that an individual in state X; (i =
0,1,2,3) in year t will be diagnosed,
transitioning to state D; in year t + 1.

67 (t) =dq o(t)

Probability that an individual in state X, in year t
will be diagnosed, transitioning to state D, in year
t+1.

ag (t)= (1 — qo1)(1 — dpeco) 0(t)

Probability that an individual in state D, ( in year
t will remain in state D in year t + 1.

af ()= (1 — q12)(1 = dpcer — deer — 1) o(t)

Probability that an individual in state D, in year t
will remain in state Dy in year t + 1.

aé)(t) = (1 = q23)(1 — dpecz — deez) 0(t)

Probability that an individual in state D, in year t
will remain in state D, in year t + 1.

ag ()= (1 — q34)(1 — dpeez — t3) 0(t)

Probability that an individual in state D5 in year t
will remain in state D3 in year t 4+ 1.

az (t) = (1 — dpeea — dpcca — ta) 0(t)

Probability that an individual in state D, in year t
will remain in state D4 in year t + 1.

B3 () = qo1(1 — dpeco) o(t)

Probability that an individual in state Dy in year t
will transit to state Dy in year t 4 1.

BL (1) =q12(1 — dpeer — deer — t1) 0 (t)

Probability that an individual in state D, in year t
will transit to state D, in year t + 1.

ﬁZD(t) = q23(1 — dpeea — decz) 0(t)

Probability that an individual in state D, in year t
will transit to state D3 in year ¢t + 1.

B3 (1) = q34(1 — dpees — t3) o(t)

Probability that an individual in state D5 in year t
will transit to state D4 in year t + 1.

YL (O =1 = g12)dec10(t)

Probability that an individual in state D; in year t
will transit to state D, in year t + 1.

Y2 () = (1 — qz23)dcc20(t)

Probability that an individual in state D, in year t
will transit to state D, in year ¢t + 1.

87 (1) = (1 — qiip1)t; 0(t)

Probability that an individual in state D; (i = 1, 3)
in year t will transit to state T; in year t + 1.

64 (&) =ty a(t)

Probability that an individual in state D, in year t
will transit to state Ty in year ¢ + 1.

a{(t) = (1 — qt12)(1 — dtpeer — dteeq)o(t)

Probability that an individual in state T; in year t
will remain in state T; in year t + 1.

aj(t)= (1 — qt3s)(1 — dtpeez)o(t)

Probability that an individual in state T5 in year t
will remain in state T in year t + 1.

az(t) = (1 — dtpees — dtpeea)o(t)

Probability that an individual in state T, in year t
will remain in state Ty in year t + 1.
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€1 (t) = qt12(1 — dtpeeq — dtoeq)o(t)

Probability that an individual in state T; in year t
will transit to state D, in year ¢t + 1.

(1) = (1 — qt12)dtec10(t)

Probability that an individual in state T; in year t
will transit to state D4 in year t + 1.

73 (1) = qt34 (1 — dtpeez)o(t)

Probability that an individual in state T5 in year t
will transit to state D, in year ¢t + 1.

bEEC(®) = (1 = Gii41)dpeei 0(E)

Probability that an individual in state X; (i =
0,1,2,3) in year t will progress to state HCC in
year t + 1.

HCC(t) dhcc4 U(t)

Probability that an individual in state X, in year t
will progress to state HCC in year ¢ + 1.

bgfc(t) = dpcea 0(8)

Probability that an individual in state D, in year t
will progress to state HCC in year t + 1.

HCC(t) dthcc4 J(t)

Probability that an individual in state T, in year t
will progress to state HCC in year ¢ + 1.

bECC(®) = (1 = Gii41)dpeei 0(t)

Probability that an individual in state D; (i =
0,1,2,3) in year t will progress to state HCC in
year t + 1.

biFC(t) = (1 — qtizea)dtneei o(t)

Probability that an individual in state T; (i = 1, 3)
in year t will progress to state HCC in year t + 1.

b)?fc(t) =dpcca 0(t)

Probability that an individual in state X, in year t
will progress to state DCC in year t + 1.

bgf “(t)=dpcca o(t)

Probability that an individual in state D, in year t
will progress to state DCC in year ¢ + 1.

bﬂcc(t) =dtpccs 0(1)

Probability that an individual in state T, in year t
will progress to state DCC in year t + 1.

APCC(t) = (1 — dpeeac) (0(t) — digr)

Probability that an individual in state DCC in year ¢t
will remain in state DCC in year t + 1.

AHCC(t) = (1 — dy) (0(t) — digz)

Probability that an individual in state HCC in year ¢
will remain in state HCC in year t + 1.

APT(6) = (0 (t) — dyga)

Probability that an individual in state PLT in year ¢
will remain in state PLT in year t + 1.

BREE () = dpecac(a(t) — digq)

Probability that an individual in state DCC in year t
will transit to state HCC in year t + 1.

Biitc(t) = die(0(t) — dygz)

Probability that an individual in state HCC in year ¢
will transit to state LT in year t + 1.

BLFT(t) = (o(t) — djg3)

Probability that an individual in state LT in year t will
transit to state PLT in year ¢ + 1.

Bpec(t) = (1-dnecac)dian

Probability that an individual in state DCC in year t
will transit to state LD in year t + 1.

Biigc(t) = (1-dj)dyg;

Probability that an individual in state HCC in year t
will transit to state LD in year t + 1.

BLE (1) = djg3

Probability that an individual in state LT in year t will
transit
to state LD in year t + 1.

BpPr(t) = diga

Probability that an individual in state PLT in year t
will transit to state LD in year ¢ + 1.
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Here, we describe an example to show how the state transition probabilities are derived.
Considering d,(t) to be the annual background probability, the annual probability that an
individual will not die from CHB-related causes can be defined as o(t) = 1 — d,-(t). Moreover,
q; and d, are assumed to be the probability that a new acute hepatitis B infection become chronic
hepatitis B (immune tolerant), and the probability that an individual with an acute infection will
be diagnosed before developing into immune tolerant state, respectively. Therefore, q; (1 —
d, ) o(t) is the probability that an individual with acute infection in year ¢ will transition into the
IT state and remain undiagnosed in year t + 1. In addition, assuming g4 is the annual probability
that an undiagnosed individual in the IT state will progress to the HBeAg+ CHB state, d is the
annual probability that an undiagnosed individual in X, will be diagnosed with CHB, and dj,..q is
the annual probability that undiagnosed individual in X, will develop HCC, and as a result,
aX,(t)=(1— qo1) (1 — dpeco — do) o(t) is the probability that an individual in state X, will
remain in the same state at year t + 1. Therefore, the number of patients who, at the beginning of

the year 2011, were in stage X, can be estimated to be:

x0(2011) = q; (1 — dg )a(t)u(2010) + aX,(t)X,(2010).
q; (1 —d, )a(t)u(2010) represents those who contracted HBV in 2010, survived and did
not get diagnosed until 2011, and progressed to chronic disease through 2010. aX,(t)X,(2010)
represents those who are at stage X, in 2010, survived until 2011, did not get diagnosed nor

develop HCC through 2010, and progressed from IT stage to HBeAg+ CHB stage.

Model Calibration

As noted previously, a back calculation approach using Bayesian Markov Chain Monte

Carlo based on the Metropolis-Hastings algorithm was implemented to estimate the prevalence of
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CHB and proportion of undiagnosed cases. In the model, observed data on HBV-related events
(numbers of CHB and HCC cases reported from PHAC and Statistics Canada) were used as the
calibration targets to make inference about the number of CHB cases that would have had to have
occurred in order to lead to the currently observed data. Below, a detailed approach to the model

calibration is described.

In year k, patients with CHB in each age cohort can be in one of 18 disease states as
previously described in Figures 4 and 5. Assuming x;(k) shows the number of individuals within
each age cohort who are in state i (i € {1, 2, ..., N} at year k, we define the state vector x(k) as the
number of patients at each state i (x;(k)). In addition, as previously described, u(k) is defined as the
number of new HBV infections in year £. It was assumed that the estimated number of CHB cases
x in year k + 1 depends on the estimated CHB cases in year k as well as the number of new HBV

infections u in year k. This relationship can then be formulated as below:

x(k + 1) = Ax(m)x(k) + Bx(m)u(k); where m is a cohort specific vector of parameters, Ax(m)
is the state-transition matrix that includes the probabilities of transition from one state to
another, and Bi(m) is the probabilities that a newly infected individual will develop a

chronic infection.

Considering an initial estimated CHB population of x(0), parameter vector m, and newly
infected patients u(k) at years k=0, 1, ..., T— 1 (T >0), the estimated CHB population x(k + 1) at
years k =1, 2, ..., T can be assessed. Therefore, the estimated total CHB population r(k), and the
estimated undiagnosed CHB cases d(k) can be expressed as a function of x(k) as r(k) = Frx(k) and

d(k) = Fpx(k).
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Initial estimate of CHB population x(0), newly infected cases u(0), ..., u(T — 1), and cohort
specific vectors of parameters m were combined into a vector m. The elements of the vector m are
unknown a priori but any preliminary knowledge of their likely values can be expressed in the

form of a prior probability distribution p(m).

The knowledge of m can be refined using observed evidence related to HBV events (i.e.,
calibration data from PHAC and Statistics Canada) and the number of different types of evidence
is shown by M. For instance, M is equal to 2 if there is evidence about the number of HBV
diagnosis and the number of CHB treatments initiated. Assuming z;(k) is the number of
observations of type i (i = 1, ..., M) in year k, one can define z(k) = [z(k), ..., zu(k)]". Thus, zj0,7/
=[z(0), ..., z(T)] is the array of the observations for years k=0, ..., T and can be used to define
the posterior distribution p(m | z;0,77), which satisfies the Bayes rule p(m | z/0,17) < p(zj0.17 | m) * p(m).
Here, the likelihood function p(z,77 | m) measures the goodness of fit of the model (x(?) = [X(t), D(t), T(?),
DCC(), HCC(t), LT(t), PLT(t), LD(t)]) to the data z/,7; for a given value of m. This measure can
then be evaluated by comparing data z(k) with corresponding model estimate y(k) = [vi(k), ...,
ym(k)]", which is given by: y(k + 1) = Ci(m)x(k) + Di(m)u(k). Considering yyo,77 = [v(0), ..., ¥(T)]
to be the array of estimates of the observations z9,77 over the years k=0, ..., T, it is assumed that

the number of observations z;(k) follows a Poisson process with rate y;(k) and consequently, p(z/0, 177

| m) = [1iZ; [Tk=o Poisson(z; (k) [y; (k).

As noted earlier, the Metropolis-Hastings algorithm is used to sample the space of the
unknown model parameters m and return the posterior distribution p(m | z0,77). State vector x(k),
number of patients in the various health states, can be computed by repeatedly sampling from p(m

| z0,77) — five million times in this case. Then, the distributions of the populations in x,(2011) =
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q; (1 —dg)o(t)u(2010) + aX,(t)X,(2010) can be obtained, using the values of x(k) for the
samples from p(m | z;0,77). By normalizing the estimates of r(k) and d(k) with the appropriate

reference populations, the prevalence and undiagnosed CHB rates can then be assessed.
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