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Abstract
Background: Cirrhosis refers to end stage liver disease and it is the final common pathway for all
chronic liver diseases (CLDs). Recent data show that the burden of cirrhosis is increasing fastest
among young adults in the United States, primarily in those under the age of 40. Liver
transplantation (LT) is an established treatment option for patients with decompensated cirrhosis.
However, whether this changing epidemiology is also influencing LT wait-listing is unknown.
This study aimed to describe the epidemiology LT wait-listing specifically in young adults.
Methods: We conducted a retrospective population-based cohort study from 2002 – 2018,
examining all LT waitlisted patients in the United States. Patients ³ 20 years with cirrhosis at the
time of wait-listing were identified from the Scientific Registry of Transplant Recipients (SRTR)
database. Age adjusted standardized incidence proportions of LT wait-listing stratified by age
(+/- 40 years), sex, and cirrhosis etiology were calculated per 100,000 person-years (PY).
Poisson regression was used to assess differences in annual LT wait-listing using incidence rate
ratios (IRR).
Results: The study cohort included 216,936 unique individuals, the median age was 57 (years
IQR: 51 - 62), with 68% being male. The age - standardized incidence proportion increased over
the study period (<40 years: 0.16/100,000 in 2002 to 0.28/100,000 in 2018; ³40 years: 2.2/
100,000 in 2002 to 4.34/100,000 in 2018). Using poisson regression, annual IRR was highest for
alcohol-related disease (ALD) (<40 years: IRR 1.11, 95% CI 1.10 – 1.12, p<0.0001; ³40 years:
IRR 1.06, 95% CI 1.06 – 1.07, p<0.0001) and non-alcoholic fatty liver disease (NAFLD) (<40
years: (IRR 1.13, 95% CI 1.10 – 1.15, p<0.0001; ³40 years IRR 1.16, 95% CI 1.15 – 1.16,
p<0.0001). Rates of wait-listing for young females with alcohol-related disease were higher
compared to young males. Conversely, rates of wait-listing in young men were higher for
NAFLD when compared to young females.
Conclusion: The incidence of LT wait-listing has increased in young adults, especially for ALD
and NAFLD. The ability to identify and treat ALD and NAFLD in young adults in the United
States is essential in order to reverse these trends for this future.
Keywords: cirrhosis, liver transplantation, SRTR, administrative data, population-based study,
incidence, incidence rate ratio, poisson regression.
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Chapter 1
Introduction
1.1 Background
Chronic liver disease (CLD) is the 12th leading cause of death globally, with cirrhosis
primarily being the final common pathway for all CLDs (1). Less recognized is the burden of
cirrhosis among young adults, as it is the 6th leading cause of death in Americans between the
ages of 35-44 (2). Over the last 20 years, the incidence of cirrhosis has progressively increased,
with rates of increase being highest in those born after 1980 (3). Cirrhosis trends observed in
millennial birth cohorts are parallel to the incidence of diabetes and obesity, both being
associated with non-alcoholic fatty liver disease (NAFLD) and alcohol related liver disease
(ALD), the most common etiologic causes of cirrhosis in North America (4 - 5).
Cirrhosis refers to end stage liver disease (ESLD), described histologically by circular bands
of fibrotic tissue within the liver parenchyma (6). The natural history of cirrhosis is characterized
by an asymptomatic ‘compensated’ phase followed by a symptomatic ‘decompensated’ phase.
Most causes of cirrhosis have their own epidemiology and natural history with specific treatment
recommendations being based on the underlying CLD, which can lead to the improvement of
liver dysfunction and clinical outcomes.
Generally, the prognosis of cirrhosis is poor (7). Fortunately, liver transplantation (LT) is an
effective and established treatment option for patients diagnosed with decompensated cirrhosis
as well as hepatocellular carcinoma (HCC) (1). In the United States, an individual is placed on
the transplant waitlist based on multiple factors. The first being if they have an indication for a
transplant (either decompensated cirrhosis or HCC), successful completion of their transplant
assessment includes medical and social work, as well as ensuring they have no contraindications
(8). A general consensus is then made by the center’s transplant team (consisting generally of
transplant hepatology, transplant surgery, anesthesiology, and social work) as to whether the
patient meets a listing criterion to be waitlisted. However, each transplant decision is center
dependent (8).
Historically, hepatitis C (HCV) and hepatitis B (HBV) have been the primary indications for
LT in the United States (2). However, recent data suggests that NAFLD and ALD are now the
most common indications for an LT in North America (2).
1

1.2 Rationale
The public health implications of the recently observed cirrhosis trends in young adults are
immense and understanding the epidemiology of the burden of cirrhosis among young adults is
essential, given that this population is most at risk for years of life lost and decreased
productivity. Accurately defining the etiology of cirrhosis within large administrative datasets
has been a challenge and defining which CLDs are responsible for these increased trends has
been difficult.
The use of population level administrative data has evolved as a powerful tool for health
services and outcomes research (9). There is limited existing literature outlining the etiologies of
cirrhosis in a contemporary cohort of young adults from the general population in the United
States. Furthermore, understanding the underlying causes driving the observed increase in
cirrhosis among young adults is an important area of ongoing research. This knowledge is
essential in order to develop a chronic disease prevention and management framework for CLD
and cirrhosis in North America.
Therefore, one strategy to further describe the epidemiology of cirrhosis is to evaluate trends
in LT waitlisting, as this reflects the underlying burden of CLD and cirrhosis at the population
level. To accomplish this, the Scientific Registry of Transplant Recipient’s (SRTR), a trusted
population-level administrative database of all individuals waitlisted and transplanted in the
United States was utilized. Within SRTR, information regarding the etiology of cirrhosis is
recorded, and can be leveraged to better define with CLDs are responsible for these trends in
young adults.

1.3 Objectives
The overall objective of this study was to further understand how the changing
epidemiology of cirrhosis is influencing LT waitlist registration in the United States and
specifically, how it is influencing listing trends among young adults. This was achieved by
performing the following specific aims:
Aim 1: To describe secular trends in the incidence of LT waitlist registration among
adults with cirrhosis in the United States from 2002 – 2018, stratified by age (+/- 40 years) and
cirrhosis etiology.
2

Aim 2: To describe the association between age at LT wait-listing and incidence rates of
LT wait-listing stratified by CLD etiology.
1.4 Thesis Organization
The following Master’s thesis has been organized into 6 main chapters with subdivisions.
Chapter 2 contains a literature review on the causes, complications, and epidemiology of
cirrhosis. Moreover, Chapter 2 provides a literature review on LT and its epidemiology. Chapter
3 describes the methodology that was used to conduct this thesis, including a description of the
study objectives and hypothesis, as well as a comprehensive list of the data sources and variables
used within the study. Additionally, Chapter 3 describes the statistical analysis and calculation of
incidence proportions, standardized incidence proportions, and incidence rate ratios (IRR) using
poisson regression. Chapter 4 outlines a manuscript that will be used for journal submission. The
manuscript is divided into several sections including an abstract, introduction, methods, results
for each objective, a discussion, and conclusion in addition to figures and tables. Chapter 5 will
explain the translational relevance of this thesis highlighting the importance of administrative
healthcare data and its impact on the general population. Lastly, a detailed discussion is
presented in chapter 6 on key study findings, a comparison with the literature, methodological
considerations, and strengths and limitations of the study. Chapter 6 will end with the study
conclusion and potential future direction of the research.
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Chapter 2
Literature Review
The liver is an essential organ and the largest solid organ in the body, primarily
responsible for the detoxification of various metabolites, synthesis of proteins, and storage of
glycogen (1). It is located in the upper right quadrant of the abdominal cavity, and accounts for
nearly 2% – 3% of the average body mass (2). Specifically, the liver is found beneath the right
hemidiaphragm and is protected by the rib cage and maintains its position through ligamentous
attachments (2). The liver is unique in nature due to its regenerative capabilities, as it is able to
regulate its own growth and mass. Moreover, when the liver undergoes surgical resection or
experiences a viral or chemical injury, hepatocyte regulation is activated (3). However, when
continuously and repeatedly damaged in the context of chronic liver disease (CLD), the liver can
fail in its attempt to restore the impairment, ultimately leading to progressive fibrosis (4). The
most common CLDs in North America that can progress to cirrhosis include non-alcoholic fatty
liver disease (NAFLD), alcohol-related liver disease (ALD), chronic hepatitis C (HCV), chronic
hepatitis B (HBV), in addition to more rare genetic autoimmune conditions. CLDs are a major
cause of morbidity and mortality worldwide (5), however, when promptly identified at early
stages, CLDs can often times be treated, and liver damage can reverse. Conversely, if CLDs are
left untreated, fibrosis can become widespread and permanent, eventually leading to the
progression of cirrhosis, hepatocellular carcinoma (HCC), and hepatic decompensation (4).
The following literature review will define cirrhosis, outline its diagnostic tests, causes,
and complications. Furthermore, this review will highlight the importance of liver transplantation
(LT) and the epidemiology of cirrhosis.
2.1 Cirrhosis
Cirrhosis refers to end stage liver disease, and it is the final common pathway for all
CLDs (6). Cirrhosis is characterized histologically by circular bands of fibrotic tissue within the
liver parenchyma, which can lead to architectural distortion and synthetic dysfunction of the liver
(6). The natural history of cirrhosis is characterized by an asymptomatic ‘compensated’ phase
followed by a symptomatic ‘decompensated’ phase. Recently, four distinct phases of cirrhosis
are described with stage 1 and 2 representing compensated cirrhosis with preserved hepatic
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function, minimal symptoms and a median survival of 12 years; versus stages 3 and 4 describing
decompensated cirrhosis associated with liver synthetic dysfunction and complications of hepatic
failure including ascites, encephalopathy, and variceal bleeding with a median survival of less
than 3 years (7). When acute deterioration of liver function occurs, clinical manifestations are
presented, which can include jaundice, ascites, variceal haemorrhage, and hepatic
encephalopathy (8, 9). Additionally, the progression of cirrhosis eventually leads to detrimental
complications such as hepatocellular carcinoma (HCC), cholangiocarcinoma, and death (9).
2.2 Diagnosis of Cirrhosis
2.2.1 Definition of Cirrhosis
The gold standard for the diagnosis of cirrhosis is histologic assessment of the liver
parenchyma, in order to evaluate the degree of underlying hepatic fibrosis. Fibrosis can be staged
using several histologic scoring systems including the Ishak and the METAVIR (10). However,
in clinical practice, it is not practical to perform a histologic fibrosis assessment on all patients
presenting with CLD and therefore, clinicians frequently diagnose the presence of cirrhosis using
either non-invasive testing or when there is hepatic decompensation in the presence of a known
underlying CLD. There are several common approaches to non-invasive hepatic fibrosis
assessment in patients with CLD and those used most commonly include biochemical scoring
systems (FIB-4, APRI, and NAFLD), and elastography (transient, shearwave, and magnetic
resonance imaging).
2.2.1.1 Histologic Assessment of Hepatic Fibrosis
GOLD STANDARD: Traditionally, the evaluation and follow up of hepatic fibrosis and
cirrhosis have been performed by a liver biopsy, as it has been the gold standard for the past two
decades (11). In the absence of decompensated cirrhosis, a biopsy is considered to be the most
reliable method in determining prognosis based on the severity of fibrosis (11-12).
Unfortunately, a liver biopsy is expensive, invasive, prone to several complications and sampling
errors (12). The procedure involves a physician obtaining a tissue sample from the liver and is
later examined by a pathologist in order to accurately identify stages of hepatic fibrosis.
Moreover, there are various types of liver biopsies, which include a percutaneous biopsy,
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transjugular biopsy, and surgical biopsy (13). A METAVIR scoring system is primarily used to
assess the extent of inflammation and fibrosis in a liver biopsy for patients with viral hepatitis,
but it is used to score fibrosis in most CLDs. Scores are then classified into grades, which
indicate the activity and degree of inflammation, or stages, which represent the amount of
fibrosis (14). Activity grades are categorized as A0: no activity, A1: mild activity, A2: moderate
activity, and A3: severe activity (15). Of importance, there are five fibrosis stages, which are
characterized as, F0: no fibrosis, F1: portal fibrosis without septa, F2: portal fibrosis with few
septa, F3: portal fibrosis with many septa but no cirrhosis, and lastly F4: cirrhosis (15)
2.2.2 Non-Invasive Tests for Hepatic Fibrosis Assessment
BIOCHEMICAL BASED TESTS: Simple biochemical markers that are able to estimate
liver fibrosis are appealing, due to their non-invasiveness, cost-effectiveness, and feasibility to
use in the primary care setting. Multiple biochemical based tests have been developed and
validated to estimate hepatic fibrosis in routine clinical practice in multiple different CLDs. The
aspartate aminotransferases (AST) to platelet ratio index (APRI) score serves as a non-invasive
marker to assess liver fibrosis (16). There have been efforts to evaluate the diagnostic ability of
the APRI score for the prediction of fibrosis. In particular for patients with chronic hepatitis B
and C, and non-alcoholic fatty liver disease (NAFLD). The lower the APRI score (<0.5) the
greater the NPV and ability to rule out cirrhosis, and if a higher score is present (>1.5) the higher
the PPV and ability to rule in cirrhosis (16). Multiple studies have validated the efficacy of APRI
as a non-invasive marker of liver fibrosis in patients with CLD (17-21). Furthermore, Loaezadel-Castillo et al., outlined the potential usefulness of the APRI in predicting fibrosis in patients
with NAFLD (19). In a retrospective study by Yilmaz et al., 207 patients with chronic hepatitis
B, 108 patients with chronic hepatitis C, and 140 patients with NAFLD were observed (17). For
patients with NAFLD the Kleiner grading system was employed, whereas the METAVIR scale
was used for chronic viral hepatitis patients. Results indicated that the APRI was significantly
associated with fibrosis scores in patients with chronic hepatitis C (p=0.2634, p=0.0059) and
NAFLD (p=0.2273, p=0.0069) (17). However, patients with chronic hepatitis B did not present a
strong correlation (p=0.1005, p=0.1495). Additionally, in patients with chronic hepatitis C, the
APRI revealed a sensitivity of 72.7% and a specificity of 62.4% for the detection of fibrosis
(p<0.01) (21). In the NAFLD group, the APRI showed a sensitivity of 60% and a specificity of
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73.3% for the detection of fibrosis (p<0.01) (17). Conversely, in patients with chronic hepatitis
B, the APRI resulted in a sensitivity of 55% and a specificity of 75.4% for the detection of
advanced fibrosis (p=NS) (17). Therefore, the APRI indicates an acceptable diagnostic accuracy
for the assessment of hepatic fibrosis in patients with chronic hepatitis C and NAFLD.
Similar to the APRI score, the NAFLD fibrosis score has proven to be an effective non-invasive
method in identifying liver fibrosis in patients with NAFLD. Individuals presenting with
NAFLD and advanced liver fibrosis are at highest risk for progressing to end-stage liver disease
(22). The NAFLD fibrosis score is a scoring system based on various clinical and laboratory
tests, that aid in estimating the amount of scarring in the liver. In addition, this score has only
been employed in patients with NAFLD (22). A NAFLD score of < -1.455 indicates an F0 – F2
stage on a METAVIR system, a NAFLD score between -1.455 and 0.675 denote an intermediate
score, and a NAFLD score > 0.675 represents an F3 – F4 stage on a METAVIR system (22).
Angulo et al. constructed and validated the following scoring system, which consisted of
routinely measured and readily available data to separate NAFLD patients with and without
advanced fibrosis (22). In the following retrospective study, a total of 733 patients were enrolled,
and routine demographic, clinical, and laboratory variables were analyzed using multivariate
modeling (22). Age, body mass index, hyperglycemia, platelet count, albumin, and AST/ALT
ratio were independent indicators of advanced liver fibrosis, and a scoring system with the
following 6 variables were used to describe an area under the receiver operating characteristic
curve (22). Through the application of a low cut-off score (-1.455), the exclusion of advanced
fibrosis was concluded with high accuracy, and the application of a high cut-off score (0.676),
indicated the presence of advanced fibrosis was diagnosed with high accuracy (27). Therefore, a
NAFLD fibrosis score constructed from routine clinical and laboratory practice can accurately
predict the presence of advanced fibrosis in NAFLD patients, avoiding the requirement for a
liver biopsy.
Transient elastography (FibroScan â) has risen as a novel and reproducible point-of-care
test that rapidly evaluates liver fibrosis (14). Transient elastography utilizes both ultrasound and
low frequency elastic waves to estimate liver fibrosis with the results expressed in kilopascals
(kPa). Multiple validation studies have evaluated the performance of FibroScan to estimate
hepatic fibrosis in the context of multiple different CLDs with liver biopsy used as the gold
standard. Based on these studies, it is generally accepted that a liver stiffness value ³12.5 kPa is
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consistent with underlying cirrhosis (14). To further evaluate FibroScan, Foucher and colleagues
conducted a prospective study, with an aim to evaluate the accuracy of liver stiffness
measurement in those diagnosed with cirrhosis based on a biopsy and METAVIR score (14). A
total of 711 patients with CLD were enrolled, all presenting with various underlying cirrhosis
etiologies (14) and found that stiffness was significantly correlated with fibrosis stage (r=0.73,
p<0.0001) (14). When a cut-off value of 17.6 kPa was applied, patients with cirrhosis were
detected with a positive predictive value (PPV) and negative predictive value (NPV) of 90%
each (14). In Canada however, access to FibroScan is limited to either use in subspecialty
hepatology clinics, or as an out-of-pocket expense to patients as FibroScan is currently not
covered under universal health insurance.
There are a number of magnetic resonance imaging (MRI) based techniques that have
been evaluated for assessing liver fibrosis, such as diffusion weighted imaging (DWI), perfusion
MRI, MR spectroscopy (MRS), and MR elastography (MRE) (23-27). However, multiple studies
have shown MRE to be highly reproducible in patients with fibrosis and is a promising tool for
detecting and staging liver fibrosis (23, 28-30). MRE is an MRI based procedure that
quantitatively images the direct cause of hepatic fibrosis (23). The technique provides a
quantitative map of tissue stiffness over large regions of the liver, whereas transient elastography
provides a localized measurement at limited depths (14, 23). Furthermore, MREs are much less
operator dependant and can be readily included in standard abdominal MRI protocols. MREs are
performed by disseminating mechanical shear waves (ranging from 20 Hz to 200 Hz) that probe
the mechanical properties of tissues (23, 26). These waves propagate quicker in stiffer tissue than
softer tissue, and when the waves are applied continuously, the speed of transmission is reflected
in its wavelength. Therefore, a longer wavelength indicates stiffer tissue (23). Moreover, MRE is
useful for differentiating patients with clinically important liver fibrosis (METAVIR stage F2 F4) from those with lesser degrees of fibrosis (23). MRE is emerging as a non-invasive
alternative to biopsy in patients with suspected hepatic fibrosis. It is a reliable, safe, and costeffective procedure. However, again its utility in routine clinical practice is limited by its
availability as not all MRI machines will have the software capable of performing MRE.
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2.3 Causes of Cirrhosis
Historically, cirrhosis was considered to have been caused by the excessive consumption
of alcohol in the majority of individuals (31). However, with the improved efficacy of diagnostic
testing, the emergence of viral hepatitis, along with the changing epidemiology of CLD over the
past century, the most common causes of cirrhosis in a contemporary era are secondary to
alcohol-related disease (ALD), non-alcoholic fatty liver disease (NAFLD), and chronic viral
infections, which include hepatitis C virus (HCV) and hepatitis B virus (HBV) which all
together, compromise over 90% of all causes of cirrhosis (32- 33). More rare causes of cirrhosis
include autoimmune liver diseases, such as autoimmune hepatitis (AIH), primary biliary
cholangitis (PBC), and primary sclerosing cholangitis (PSC) (32-33). Lastly, genetic conditions
such as hereditary hemochromatosis (HH), Wilson’s disease (WD), and alpha-1 antitrypsin
deficiency (A1AT) are also recognized causes of cirrhosis (32).
2.3.1 Alcohol-Related Liver Disease
Alcoholic liver disease (ALD) refers to the chronic consumption and excessive use of
alcohol which can lead to a fatty liver and eventually cirrhosis (34). ALD encompasses a wide
spectrum of injury, ranging from simple steatosis to cirrhosis (34). ALD represents the earliest
form of liver injury, as evidence suggests fermented beverages were present during the Neolithic
period (10,000 BCE) with liver disease being related to it almost as long (35). Alcohol continues
to remain a major cause of global liver disease, and it is common for individuals with ALD to
share secondary etiologies such as coexisting viral hepatitis and NAFLD (35). The spectrum of
alcohol related liver injury does not indicate the evolutionary stages of disease, rather it indicates
the multiple stages that may simultaneously be present in a patient (35). A fatty liver begins to
develop in 90% of persons who consume more than 60 grams of alcohol per day (35-36). An
uncomplicated fatty liver is often self-limited and asymptomatic and can be completely
reversible with a 4-6-week abstinence period (34, 37). However, several studies suggest that
fibrosis progression and cirrhosis can occur in 5% to 15% of patients despite alcohol abstinence
(38 - 39). Liver fibrosis is believed to begin in the perivenular region influenced by the amount
of alcohol ingested (34, 38- 39). Perivenular fibrosis and fibronectin deposition occurs in 40% to
60% of patients who consume more than 40 to 80 grams of alcohol per day for a 25-year period
(34). Unlike many hepatotoxins, developing progressive ALD cirrhosis is not completely dose
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dependent as it occurs only in a subset of patients (34). The amount of alcohol ingested is the
most important risk factor for the development of ALD. The relationship between the amount of
ingested alcohol and the development of liver disease is not clearly linear (40-41). However, a
significant correlation exists between per capita alcoholic consumption and cirrhosis prevalence
(42).
Environmental factors and genetic factors predispose to alcohol use disorder (AUD) and
ALD (34). Moreover, gender and ethnic differences account for the variation of ALD rates (43).
In the United States (US), 20% to 25% of all cirrhosis cases is attributed to ALD, as alcohol
remains the second most common cause of cirrhosis in the US (44). Alcohol consumption rates
have decreased in Southern Europe, whereas they have increased in Eastern and parts of
Northern Europe (43). Furthermore, women are more prone to hepatotoxic effect of alcohol than
men as they are prone to develop cirrhosis with a lower amount of alcohol ingestion (45).
The diagnosis of ALD includes a through history of alcohol intake, clinical evidence of
liver disease, and supporting laboratory abnormalities (34). Unfortunately, the ability to detect
these is restricted by patient and physician factors, denial of AUD and underreporting are
common events (34). ALD treatment is based on the stage of disease and specific goals of the
treatment. Abstinence remains as the cornerstone for treating patients with ALD (34, 44-45).
Abstinence has shown to improve the outcome of hepatic injury, reduce portal pressure, and
lower the progression to cirrhosis (34).
2.3.2 Non-Alcoholic Fatty Liver Disease
Non-alcoholic fatty liver disease (NAFLD) is an umbrella term used to describe disorders
of excess fat accumulation in the liver, primarily in those who consume little to no alcohol (46).
NAFLD is the most common cause of CLD among pre-adolescent and adolescent age groups in
the Western hemisphere (46). NAFLD includes a large spectrum of liver disease, ranging from
simple, uncomplicated steatosis, to steatohepatitis, advanced fibrosis, and cirrhosis (46). NAFLD
can be histologically categorized into non-alcoholic fatty liver (NAFL) and non-alcoholic
steatohepatitis (NASH). NAFL denotes a subgroup of patients who are characterized by steatosis
alone without significant inflammation or fibrosis (47). The subjective threshold for considering
steatosis as a pathological feature is by the presence of liquid droplets in at least 5% of
hepatocytes (47). A simple 4 scale grade scale (0 to 3) is employed to determine steatosis, the
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normal liver (0) contains fat in less than 5% of hepatocytes, grade 1 refers to less than 33% of
steatotic hepatocytes, grades 2 and 3 refer to fat being present in at least 33% or 66% of
hepatocytes respectively (47). The pathology and natural history of NAFLD and NASH are not
fully understood. However, it evident that patients who present a histological pattern of
steatohepatitis and advanced fibrosis are at a greater risk of developing cirrhosis (47 -48).
An autopsy study determined that 9.6% of the American population aged 2 to 19 have
NAFLD, with its prevalence increasing to 38% in those who were obese (49). Similar figures
have been reported among young cohorts in Asia and Europe (50 – 52). NAFLD is becoming the
most common cause of liver disease globally. The prevalence of NAFLD in the general
population of Western countries is 20 – 30%, with 2- 3% of the population presenting NASH
(53). NAFLD is more common among males and it increases significantly with age, moreover,
rates are influenced by the diagnostic method, the characteristics of the population, and lifestyle
habits (53). The highest prevalence rate of NAFLD is reported from the Middle East and South
America, at 32% and 30% of the general population respectively (54 - 55). In contrast, the lowest
prevalence rate is reported from Africa, at 13% (54 – 55).
In order to diagnose and define NAFLD, there must be evidence of hepatic steatosis,
either through imaging or histology, as well as the lack of secondary causes such as alcohol
consumption, monogenic hereditary disorders, and the utilization of steatogenic medication (53).
There is currently no approved pharmaceutical treatment for NAFLD, however, a weight loss of
at least 10% body weight has proven to be associated with fibrosis regression (53) and is
currently a disease where multiple different therapeutic targets are under investigation.
2.3.3 Chronic Viral Hepatitis C
HCV refers to the inflammation of the liver (31) in the setting of chronic HCV infection,
and results from an intermediate immune response large enough to induce hepatic cell
destruction and fibrosis (56). The mode of HCV entry remains unknown and its lifecycle is only
partly understood (57). An HCV infection primarily occurs due to the presence of weakened Tcell responses in an acute setting, in particular CD4+ and CD8+ T-cells fail to control viral
replication (57). Moreover, when a chronic infection has been established, HCV appears to be
non-cytopathic. Liver lesions appear as a result of locally driven non-specific immune responses
(57). Local inflammation activates fibrogenesis, leading to the scarring of liver tissue.
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Chronic HCV is a significant cause CLD, cirrhosis, hepatocellular carcinoma (HCC) and
mortality (58). Globally, over 180 million individuals are chronically infected with HCV (31,
58), in 2001, more that 280,000 deaths were attributed to HCV (58). In comparison to other
hepatitis viruses, HCV is mainly transmitted through blood, which include contact with blood
transfusions, blood products, and the sharing of non-sterilized syringes (58).
The screening test for HCV is the anti-HCV antibody which indicates that an individual
has been exposed to HCV, however, since 20%-25% of individuals clear HCV spontaneously,
the diagnostic test for HCV is the presence of HCV RNA (31, 58). When left untreated, it leads
to cirrhosis in ~20% of individuals, HCC in up to 5% of individuals per year and had been the
leading cause for LT (58). However, over the past two decades, HCV has evolved from being a
virus which was only able to be cured in < 20% of infected individuals with very difficult to
tolerate interferon-based therapy, to now a virus that can be cured in over 95% of all individuals
with all oral well tolerated direct acting antiviral (DAA) therapy. This had led to multiple studies
showing that DAA therapy is associated with decreases in HCC and LT wait listing (59).
Further, the 2020 Nobel Prize in Medicine was awarded to the three investigators who
discovered HCV making it one of the most important stories in medicine in recent times.
2.3.4 Chronic Viral Hepatitis B
HBV refers to an infection of the liver either transmitted parentally through apparent or
inapparent percutaneous or permucosal exposure to bodily fluids (60). Though the pathogenesis
of HBV is not well understood, there is a general consensus that liver damage is primarily
immune mediated (61). Like HCV, HBV is non-cytopathic and is preferentially hepatotropic.
The detection of infected hepatocytes by HBV-specific CD8+ cells has been assumed to be the
central mechanism causing both liver damage and virus control (60-61). In an acute infection
hepatitis B becomes evident after an incubation period of 45 to 180 days (60). Chronic infection
by HBV is often associated with CLD, potentially leading to the development of cirrhosis and
HCC (62). Additionally, HBV is characterized by a weakened adaptive immune response, due to
the inefficient CD4+ T cell priming early during viral infection (62). Subsequently, this inhibits
the quality and quantity of an effective CD8+ T cell mediated response (60, 62). Other factors
that contribute to HBV infection are immunological tolerance, infection of immunologically
privileged tissues, incomplete downregulation of viral replication, and T-cell receptor
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antagonism (62). A chronic HBV infection is often denoted by chronic liver cell injury,
regeneration, inflammation, and widespread DNA damage, collectively leading one towards end
stage liver disease (62).
Chronic HBV is the leading cause of CLD, cirrhosis, and HCC around the world.
Globally, over 400 million are infected by HBV, with 75% of cases being present to those of
Asian descent (60, 32, 63). Moreover, approximately 300,000 HBV infections are linked to HCC
(62- 64). Since the introduction of several preventative measures and a hepatis B vaccine, the
global prevalence of hepatitis B infection has decreased (60). However, chronic infection
continues to remain a challenge. HBV has affected more than 2 billion individuals worldwide,
having a global mortality rate of 0.5 to 1.2 million deaths per year (60, 65).
The spectrum of acute HBV infection ranges from asymptomatic infection, to self-limited
hepatitis, and to fulminant hepatitis, which chronic HBV potentially leading to cirrhosis (60).
The diagnosis of chronic HBV is made by the presence of the HBV surface antigen (60).
The management chronic hepatitis B includes patient assessment and counselling, though
patients are asymptomatic, many present a wide range of anxiousness, negative psychological,
social, and physical symptoms (60). HBV replication is essential to liver injury and fibrosis
progression; thus, the primary aims of treatment are to supress the virus, reduce hepatic
necroinflammation, and prevent hepatic decompensation (60). Ultimately, HBV treatment with
oral antiviral therapy has been associated with decrease in the risk of cirrhosis and HCC with the
decision to start anti-viral therapy related to both patient and disease related factors (66).
2.3.5 Autoimmune Liver Diseases
Autoimmune causes of cirrhosis such as Primary Biliary Cholangitis (PBC) and Primary
Sclerosing Cholangitis (PSC) can lead to the development cirrhosis. Both PBC and PSC share
many clinical and pathologic features, central to both conditions is the substantial loss of
intrahepatic bile ducts, eventually hindering bile flow (67). This change potentially results in
biliary type cirrhosis. PBC refers to a chronic autoimmune disease that affects the small bile
ducts (68), whereas PSC is an idiopathic chronic disease with a slow progressive inflammation
of the large and extrahepatic bile ducts (69).
Disorders of the biliary tree may either be primary or secondary, involving the
extrahepatic and intrahepatic system (70). PBC is an autoimmune mediated process, involving
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small intrahepatic bile ducts. A florid duct lesion, defined as granulomatous destruction of the
bile ducts is the histological benchmark of PBC (70 – 71). PSC is a fibroinflammatory process
that affects the large intrahepatic and extrahepatic biliary tree (70). A fibro-obliterative lesion is
the histological benchmark of PSC, additionally, there is mild lymphocytic infiltrate that
accompanies the scarring, whereas the inflammation is less prominent in PBC (70).
The estimated incidence and prevalence of PBC have an uneven global distribution, nonetheless,
they do seem to be increasing (70). Globally, the incidence rates of PBC range from 0.33 to 5.8
per 100,000 person-years (PY), with its prevalence rate ranging from 2 to 40 per 100,000 PY
(70). In contrast, global incidence rates of PSC range from 0 to 1.3 per 100,000 PY, with its
prevalence rate ranging from 0 to 16 per 100,000 PY (71). In addition, sex plays a role in the
epidemiological trends of both PSC and PBC, with PBC being more common among women
with a female to male ratio of 9:1 (70,71). PSC, however, is more common among men, in
particular younger males with a male to female ratio of 2:1 and is commonly associated with comorbid inflammatory bowel disease.
The antimitochondrial antibody (AMA) is the diagnostic test for PBC, which is present in
nearly 95% of the patients, while the diagnosis of PSC is made though radiographic criteria. (73).
In addition, a magnetic resonance cholangiopancreatography (MRCP) is preferred over
endoscopic retrograde cholangiopancreatography (ERCP) (73). Treatment for PBC is simpler
when compared to PSC, as PSC has no approved treatment (72, 73). PBC is treated with
ursodeoxycholic acid, which helps delay the progression of disease, and new therapies have
recently been shown to improve biochemistry in those who have an inadequate response to urso
(73). Lastly, depending on the severity of liver injury a liver transplant may present as the only
curative option.
2.3.6 Genetic Causes, Wilson’s Disease, Alpha – 1 Antitrypsin, Hereditary Hemochromatosis
Wilson’s Disease (WD), Alpha-1 Antitrypsin (A1AT) and Hereditary Hemochromatosis
(HH) are all considered to be rare genetic disorders. WD refers to the accumulation of copper in
the liver, inherited as an autosomal recessive trait (74). The genetic frequency of WD has been
estimated at 1 in 200 with a global prevalence as high as 1 in 30,000 (75-76). Since 1981, it has
been reported to have an incidence of 33 per 1 million live births (75). The clinical hallmark of
WD is the Kayser-Fleischer ring, present in 95% of patients with neurologic symptoms (76).

15

Kayser-Fleischer rings are caused by copper deposition in Descemet’s membrane of the cornea
(76). The clinical presentation of WD may be indistinguishable to that of viral hepatitis,
however, once a diagnosis is made lifelong treatment is necessary (77). WD is often diagnosed
though serum and urine tests in order to monitor liver function and copper levels (77).
Additionally, liver histology and genetic testing may also be performed (77). Commonly,
patients with WD present signs of CLD and evidence of cirrhosis (77). WD treatment focuses on
the prevention of copper accumulation through the lifelong use of D-penicillamine or trientine
hydrocholoride, however, untreated WD is universally fatal (77). In general, prognosis depends
on the severity of liver and neurological disease and compliance with drug treatment (77). Liver
function has been seen to become normal after 1 to 2 years of treatment in patients with or
without compensated cirrhosis (77). If liver damage is severe an LT may be required.
A1AT is an inherited genetic disorder referring to the inability to generate AAT protein
in the liver (78). It is an autosomal codominant disease that can lead to the development of CLD
and cirrhosis. The most common form of A1AT deficiency occurs in those who carry a
homozygous variant of the A1AT gene, SERPINA1 (78). In children, A1AT deficiency is
associated with a single variant, where the clinical presentation of liver disease can vary greatly
(78). Some children develop cholestatic jaundice and hepatitis after birth, and it is
indistinguishable from early phases of extrahepatic biliary atresia, cystic fibrosis or any other
congenital infection (78). Due to A1AT being relatively common, serum testing for A1AT is
performed early during the evaluation of children with cholestatic jaundice. Moreover, children
with A1AT deficiency are at higher risk of developing asthma (78). In adults, patients presenting
with A1AT receive fairly normal liver tests with minimal symptoms of liver disease (78). After
lung disease, liver disease appears to be the next most common manifestation of A1AT
deficiency, and therefore is a risk factor for the development of cirrhosis (78). In North America
AAT deficiency affects nearly 1 in every 5000 to 7000 individuals and is estimated to be present
in 100,000 individuals in the United States (78,79). In addition to rare prevalence rates, A1AT is
less common among Asian and African populations (79). Clinically, the diagnosis of A1AT is
detected through electrophoresis, observing low levels of AAT in the blood. Currently, there is
no effective treatment for A1AT (78). The most promising strategy of treating liver disease in
patients with A1AT is by educating newly diagnosed patients to decrease other risk factors for
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fibrosis progression such as ALD and NAFLD (78). Furthermore, for patients who develop
decompensated cirrhosis or early stage HCC, LT is an effective treatment option (78).
For much of the 20th century, HH was considered as clinically and genetically unique
entity (80). In 1935, HH was identified as hereditary condition caused by excess deposits of iron
in the tissue (81). In the 1970s and 1980s HH was recognized as an autosomal recessive disorder
linked to the short arm region of chromosome 6 encoding HLA-A*3 (82-83), and in 1996, “the
hemochromatosis gene” (C282Y) was identified (84) with the other known gene mutation
associated with HH being H63D. Individuals who are homozygous for C282Y are at highest risk
of developing iron overload however those who are compound heterozygotes are at risk of iron
overload as well. Those who are homozygous for H63D are less likely to develop clinical iron
overload. HH is the most common autosomal recessive disorder among Caucasians, with a
prevalence of 1 in every 300 to 500 individuals (85). Globally, there are multiple types (type
1,2,3,4) of HH, however, type 1 is the most common and it is seen in those of Northern European
descent (85). The prevalence of HH is the same across Europe, Australia and Western countries
(86). Additionally, it is less prevalent in those of African descent, as white populations are at 6
times higher risk of developing HH than blacks (86). Males are 2 – 3 times likely to be more
affected from HH than females (86). Women, with HH are likely to become symptomatic later in
life than men, due to blood loss and consequent iron excretion associated with menstruation (86).
Diagnosing HH involves genetic testing for C282Y and H63D when there is clinical suspicion
for HH with evidence of iron overload in the serum based on the percent iron saturation (>50%)
or iron overload on liver biopsy (86). In addition, increasing serum ferritin levels increase the
suspicion for iron accumulation in the tissues and values above 1000 ng per milliliter have been
associated with liver fibrosis (86). The mainstay of treatment for HH is phlebotomy to achieve
ferritin values <50 (86).
2.4 Complications of Cirrhosis
Patients diagnosed with cirrhosis are at increased risk of developing numerous
complications and are likely to experience a decreased life expectancy (87, 88). In 2010,
cirrhosis was the eighth leading cause of mortality in the United States, with its complications
accounting for nearly 49,500 deaths (89). Major complications of cirrhosis include ascites,
gastroesophageal varices, hepatic encephalopathy (HE), and HCC (88).
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The two major pathophysiologic mechanisms leading to complications are secondary to
either portal hypertension – where high pressures develop in the portal vascular system – or liver
synthetic dysfunction - due to destruction of the hepatocytes. Portal hypertension is a result of
increased hepatic resistance to portal blood flow as a result of the architectural distortion caused
by hepatic fibrosis. During the early stages of cirrhosis and portal hypertension, splanchnic
arterial vasodilation also occurs (90) however, systemic blood flow is maintained within normal
limits through increases in plasma volume and cardiac output (90). Subsequently, during the
advanced stages of cirrhosis, splanchnic arterial vasodilation is profound, decreasing the
effective arterial blood volume and arterial pressure (90).
Specific therapy directed against the underlying CLD etiology is usually associated with
improved survival and can also lead to the regression of fibrosis, reduction in portal
hypertension, and improved synthetic dysfunction (91 - 93)
Ascites refers to accumulation of fluid in the abdominal cavity as a consequence of portal
hypertension. This results from the homeostatic activation of vasoconstrictor and antinatriuretic
factors to maintain arterial pressure in the presence of portal hypertension, resulting in sodium
and fluid retention with subsequent leakage of ascites into the abdominal cavity (92). Ascites is
the most common complication of cirrhosis and it is the most frequent complication leading to a
hospital admission (94 - 95). Every year, nearly 15% of patients with ascites experience
mortality, and approximately 44% die within five years (94). Therefore, ascites has been
associated with a poor quality of life and a poor long-term outcome and patients with ascites
should be considered for LT evaluation.
The management of ascites includes both lifestyle and medical therapy. Patients are
counselled to reduce their sodium intake to 1-2 grams per day. Those with moderate volume
ascites are often treated as outpatients unless they exhibit other complications of cirrhosis. In
most situations, a negative sodium balance and loss of ascitic fluid are rapidly achieved with low
doses of diuretics (96-97). Patients may also present with large-volume tense ascites, which can
cause abdominal discomfort, eventually restricting daily lifestyle activities. These patients
commonly display severe sodium retention, causing quicker ascitic fluid accumulation (96).
There are two treatment strategies for large-volume ascites, either administrating diuretics at a
higher dosage or by performing a large volume paracentesis (96, 98). A large-volume
paracentesis is quicker, more effective, and has been associated with fewer adverse reactions
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than diuretic therapy (96, 98). Lastly, patients can present refractory ascites, which refers to the
lack of response to high dose diuretics, and it occurs in 5% to 10% of patients with ascites (9698). Its predominant clinical features include the frequent recurrence of ascites following a
paracentesis, an increased risk of type 1 hepatorenal syndrome, and a poor outcome with median
survival being ~ 6 months (96). Current therapeutic options include repeated large-volume
paracentesis with the use of plasma expanders and transjugular intrahepatic portosystemic shunts
(96). Moreover, patients with refractory ascites often require a paracentesis every two to four
weeks, however, a paracentesis procedure does not affect the mechanisms responsible for the
accumulation of fluid, resulting in the recurrence of ascites.
Gastroesophageal varices refer to the enlargement of portosystemic collateral blood
vessels which commonly occur in the esophagus and upper stomach as a consequence of portal
hypertension (99). Varices are present in approximately 50% of the patients with cirrhosis (100101) and are correlated with the severity of liver disease. Variceal hemorrhage is considered to
be the most lethal complication of cirrhosis, yielding a mortality rate of up to 20% within 6
weeks (101). The risk of variceal bleeding can be decreased with the use of either non-selective
beta-blockade or variceal band ligation and therefore it is recommended that all individuals with
cirrhosis be screened for varices with upper endoscopy.
Hepatic encephalopathy (HE) refers to the disturbance in central nervous system function
due to hepatic insufficiency as a consequence of impairments in hepatic synthetic dysfunction
(102). HE reflects the existence of a wide range of neuropsychiatric manifestations, that is
related to a spectrum of pathophysiological mechanisms (102). HE is present in both acute and
chronic liver failure (102).
Nitrogenous and other substances originating from the gut adversely affect brain function
(102). Subsequently, these compounds gain access to the systemic circulation, resulting in
decreased brain function (102). Once entering the brain tissue, they produce alterations to
neurotransmission, affecting consciousness and behaviour (102). can be covert (difficult to
diagnose) or overt (diagnosed based on the presence of asterixis on physical examination (102).
Management of HE includes identifying and treating any precipitating cause, and the use of
lactulose and rifaximin.
HCC is the most common type of primary liver cancer, occurring ~90% of the time in
those with cirrhosis and therefore cirrhosis is the strongest known risk factor associated with
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HCC (103). The distribution pattern of HCC illustrates geographic variation with its
pathogenesis being multifactorial (104). HCC presents high global mortality rates, 600,000
deaths per year as it is the 6th most common malignancy worldwide (103). Furthermore, HCC is
the 5th most common malignancy in men compared to the 8th most in women (103). China alone
contributes ~50% to the annual global morality rate, likely attributed to the high prevalence of
HBV in the population, (103). HCC is a distinct pathological and clinical entity, increasing
numbers of small equivocal nodular lesions such as macro regenerative nodules (RN), dysplastic
nodule (DN), and small HCCs are detected in a liver with cirrhosis (104). Other risk factors of
HCC include chronic HCV or HBV, more advanced liver failure, and diabetes (104). The
diagnosis of HCC is based on cross-sectional imaging features of the lesion on CT or MRI as
defined by the LiRads scoring system with only equivocal cases requiring liver biopsy. Curative
treatment options exist for HCC when diagnosed at early stages including liver resection and
radiofrequency ablation. LT offers the best chance for cure in those who meet transplant criteria
(~80% 5-year survival) especially in those who also have decompensated cirrhosis. For these
reasons, HCC screening is recommended for all individuals with cirrhosis
2.5 Epidemiology of Cirrhosis in North America
Cirrhosis has become a significant cause of morbidity and mortality both globally and in
North America (105). In both the US and Canada, the prevalence of cirrhosis has been increasing
over the past two decades (106 -107) and influenced by the changing epidemiology of CLDs in
North America (105). Importantly, there has been a growing concern regarding the burden of
cirrhosis among young adults (AYAs), as cirrhosis is the 6th leading cause of death in Canadians
between the ages of 35-44 years (107). In Ontario, it has been shown that between the years of
1997-2016, the incidence of cirrhosis increased by ~25%, and was highest among those born
after the year 1980 (108). In this retrospective population-based cohort study, a total of 165,979
adults with cirrhosis were identified with the annual standardized incidence rates of cirrhosis
increasing from 70.6/100,000 person-years (PY) in 1997 to 89.6/100,000 PY in 2016. Similarly,
annual standardized prevalence rates doubled from 0.42% in 1997 to 0.84% in 2016.
Importantly, it was shown that the incidence of cirrhosis was increasing fastest in young adults
and in particular, women. Using age-period-cohort analysis, the rise in cirrhosis incidence was
55% higher for individuals born in 1980 and was 116% higher for those born in 1990 compared
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to a same aged individual born in 1951 (108). Further in the US, mortality secondary to cirrhosis
from 1999-2016 increased overall but was highest in those aged 25-34 years old and again higher
in females compared to males and appeared to be driven by cirrhosis from ALD (109).
Additionally, the prevalence of cirrhosis in the US has been shown to be increasing. Using the
National Health and Nutrition Examination Survey between 1999 and 2010, Scaglione et al.
(110) estimated the prevalence of cirrhosis yielded a cirrhosis prevalence of 0.3%, corresponding
to approximately 633,323 adults. Recently, data has suggested that these trends in cirrhosis
epidemiology are related to an overall increase in the incidence of NAFLD cirrhosis in the
general population, declines in HCV and HBV related cirrhosis, and a worrisome increase in
ALD in young adults, and in particular, young women (111).
2.6 Liver Transplantation
2.6.1 History of Liver Transplantation
The primary goal of LT is to prolong patient survival and enhance overall quality of life.
Liver transplantation (LT) is an option for patients experiencing decompensated cirrhosis, acute
liver failure, and hepatocellular carcinoma (HCC). The liver is the second most commonly
transplanted major organ, following the kidney (112), with its first transplant being scientifically
described by Welch in 1955 (113). Nearly a decade later, in 1963, Starzl et al. performed the first
human liver transplant in the world, however, the procedure was unsuccessful as the patient
experienced uncontrolled bleeding and died (114 - 115). This led to significant and discouraging
challenges within the field of LT, which influenced Starzl to progressively develop transplant
guidelines, many of which guide LT to date (114- 115). Fortunately, over the last two decades,
the field of transplantation has evolved drastically, with greatest advances being witnessed in LT
(116). Presently, LT is universally accepted as the only treatment alternative for end-stage liver
disease and is available in most countries across the world (116). Contemporary 5-year survival
rates post-LT are ~80%.
2.6.2 Liver Transplantation Procedure
LT denotes the surgical removal and replacement of a diseased liver and can occur with
either a cadaveric or live (partial) organ (113, 115-116). In particular, the complete transplant
procedure is composed of four primary stages: donor hepatectomy, recipient hepatectomy,

21

implantation of four vascular anastomoses, followed by hemostasis and bile duct reconstruction
(117). Additionally, the success of a liver transplant largely depends on the degree of organ
availability (116, 118). Though there has been significant improvement in the field of LT, it
continues to exhibit a great deal of challenges, such as organ shortage and the improvement of
long-term outcomes (119).
2.6.3 Evaluation and Listing for Liver Transplantation
Guidelines on the evaluation for LT eligibility were published in 2005, by the American
Association for the Study of Liver Diseases (AASLD). In patients with acute and chronic liver
failure or HCC, LT indication is assessed independent of etiology (118 – 119) and is indicated
when the threshold of medical therapy has been reached (119). In general, individuals must have
an indication for LT (either acute liver failure, decompensated cirrhosis or HCC), or must be
medically able to survive a transplant procedure (i.e., absence of significant co-morbid heart
disease, lung disease, cancer etc.), and have the social support and mental health to engage in
both the transplant process and follow-up required post-transplantation. There is no specified age
limit for LT, however, an age of 70 years is generally discussed as the upper limit for listing
given the shortage of available organs and the priority to maximize the number of years gained
from the LT (121). Decisions regarding eligibility for LT waitlisting is determined by a
multidisciplinary transplant team which include transplant hepatologists, transplant surgeons,
social workers, and other allied health professionals.
2.6.4 Prioritization for Liver Transplantation on Waitlist
Once accepted on the LT waitlist, prioritization to receive a cadaveric organ is
determined by the MELD score (120, 122). The MELD score ranges from 6-40 and is
mathematically calculated using serum values of bilirubin, creatinine, INR and sodium to
estimate 3-month overall mortality with higher scores representing a higher likelihood of death.
Since 2002, the MELD score has been used to prioritize for LT in the US (122-124) with the
principle that those with the highest MELD score (i.e., the sickest patients) are transplanted first
regardless of how long they have been on the LT waitlist or their indication for LT. Furthermore,
since 2007, most Canadian and European centers have adapted the model into their clinical
practice (120-124). Of note, in those individuals listed for LT for the indication of HCC, they are
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awarded MELD “exception” points. In this scenario, patients are initially listed for LT with a
MELD score of 22, and every three months this score is increased by 3 points to reflect their
overall mortality from the cancer as many patients with cirrhosis and HCC have normal liver
function and therefore would never reach the point where they would receive a donor organ. In
those on the LT waitlist fortunate enough to have a friend/family member willing and medically
eligible to donate part of their liver to them, they bypass the MELD priority system and are
transplanted at the discretion of the transplant team.
2.7 Epidemiology of Liver Transplantation
Historically, HBV and HCV have been the leading indications for LT in the US and
Canada. However, given the changing epidemiology of CLD and cirrhosis, recent data suggests
that there have been declines in waitlisting and LT for those with HBV and HCV with increases
in LT for NAFLD and ALD (59, 125).
According to the Scientific Registry of Transplant Recipients (SRTR), NAFLD related
cirrhosis is currently the third most common indication for LT, surpassed only by alcohol related
cirrhosis and HCV (126). Additionally, the United Network for Organ Sharing (UNOS) database
reported approximately 7.7% of all adult LT recipients had a diagnosis of NAFLD-cirrhosis
between the years of 2007 and 2010 and observed a gradual increase in LT due to
NAFLD/NASH, from 5.1% in 2007 and 7.5% in 2010 (127-128). In tandem, the Organ
Procurement and Transplantation Network (OPTN) database had a total of 16629 LT waitlist
registrants in the United States as of November 1, 2013. NAFLD related cirrhosis was the
primary indication for 1427 (8.5%) of these patients with cryptogenic cirrhosis being accounted
for another 954 (5.7%) (128). NAFLD related end-stage liver disease is likely the indication for
LT in more than 10% of the patients currently waitlisted in the United States (128).

2.7.1 Epidemiology of Liver Transplantation in Young Adults
To date, little attention has been paid to issues related to LT in young adults. Recent data
has suggested that there has been an increase in the receipt of LT in young adults aged 18 – 40 in
the United States (107-108, 129- 132) and suggests NAFLD is the fastest growing indication for
LT in this age group (133). Doycheva et al. (133), performed a retrospective analysis of all LTs
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among young adults between 2002 and 2012, with an annual incidence rate ratio (IRR) being
calculated for each indication. A total of 5157 young adults underwent an LT over the duration
of the study period, with 54% being male and 23% being obese (133). The incidence of LT
performed due to NAFLD related cirrhosis had increased from 0.53% in 2002 to 4.46% in 2012
and was the most rapidly growing indication for LT among all other etiologies with a 14%
increment per year (IRR 1.14, 95% CI, 1.09-1.20, p<0.001) (133). However, approximately 30%
of those wait-listed for LT never receive a transplant either because their condition improves or
they die while waiting for a suitable organ, and to date, there has been no data on epidemiologic
trends in LT wait-listing in young adults in the US.
2.8 Summary
The preceding literature review demonstrates the overall burden of cirrhosis both globally
and in North America. Specifically, cirrhosis disease burden has significantly increased among
young adults, with NAFLD and ALD related cirrhosis being the fastest growing indications for
LT. The public health implications of current cirrhosis trends are immense, as they place a
financial encumbrance on healthcare institutions and on patients. Moreover, given that young
adults are the population at most risk, they are bound to experience decreased productivity and
years of life lost. We must begin to understand the changing epidemiology of cirrhosis, as this
can be accomplished by evaluating trends in LT waitlisting as this reflects the underlying burden
of CLD and cirrhosis at the population level. However, it is unclear how the changing
epidemiology of cirrhosis has impacted the LT waitlist in young adults. Therefore, the following
study aimed to further understand the CLDs responsible for the increasing burden of cirrhosis
among young adults by evaluating LT waitlist registration trends in the United States
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Chapter 3
Methods
3.1 Study Objectives and Hypothesis
The overall objective of this study was to further understand how the changing
epidemiology of cirrhosis is influencing LT waitlist registration in the United States and
specifically, how it is influencing listing trends among young adults. This was achieved by
performing the following specific aims:
Aim 1: To describe secular trends in the incidence of LT wait-list registration among
adults with cirrhosis in the United States from 2002 – 2018, stratified by age (+/- 40 years) at
wait-list registration and cirrhosis etiology.
Aim 2: To describe the association between age at LT wait-listing and incidence rates of
LT wait-listing stratified by CLD etiology.
3.2 List of Data Sources and Variables
3.2.1 Data Sources
This was a retrospective population-based cohort study of adult LT wait-list registrants in
the United States between 2002 and 2018. To develop the cohort, the Scientific Registry of
Transplant Recipients (SRTR) databases were utilized. Within the SRTR database, two datasets
were used and linked i) Candidates for Liver and Intestine (CAND_LIIN) and ii) Liver MELD
Exception Forms (MPEXCEPT). The data sources that were used for the study are further
described below:
3.2.1.1 Scientific Registry of Transplant Recipients
The Scientific Registry of Transplant Recipients (SRTR is a trusted resource for
epidemiologic studies when related to the status of solid organ transplantation in the United
States. The SRTR receives information on all LT wait-list candidates from all 146 LT centres in
the United States and these data are then supplied, summarized and made available to
investigators (1- 2). Data stored within SRTR is primarily collected by the Organ Procurement
and Transplantation Network (OPTN), a distinctive public-private partnership, linking all
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professionals involved in the United States organ donation and transplantation system (1-3). The
SRTR database includes data on all donors, waitlisted candidates, and transplant recipients in the
United States, all of which are submitted by OPTN (1-2). Data from OPTN is supplemented by
information from the Centers for Medicare and Medicaid Services (CMS) and the National
Technical Information Service’s (NTIS; (1-2)). The SRTR processes all received data and
provides information upon request to various committees, external investigators, and the public
(1-2). Publicly released data include standard analysis files (SAFs), program-specific reports
(PSRs), organ-procurement organization (OPO) specific reports (OSRs), annual data reports,
scientific literature, and scientific presentations (1-2).
The United States Department of Health and Human Services (HHS) ensure that all
publicly available SRTR data honour applicable statutes and patient privacy (1-2). Furthermore,
HHS requires SRTR to respond to public requests that seek data for research or analytic purposes
(1-2).
OPTN collects data from transplant programs, OPOs, and histocompatibility laboratories.
Once a month, the SRTR receives an update of the OPTN database, which provides current and
new data as well as historical revisions (1-2). SRTR electronically evaluates and compiles the
data into its database. Moreover, both SRTR and OPTN receive monthly updates from the NTIS
Death Master File in order to identify deaths that may have occurred among transplant
candidates, living donors, and transplant recipients (1-2).

3.2.1.2 SRTR Candidates for Liver Intestine, and MELD Exception Dataset
All 146 LT centers in the United States are represented within this study. Typically, when
evaluating LT waitlist data from SRTR, the Candidates in the Liver and Intestine Dataset
(CAND_LIIN) and the MP_EXCPET datasets are merged together (4). These datasets include all
persons registered for an LT in the United States, all person on the liver and intestine OPTN
waiting list, as well as additional candidates who received a living donor organ without being
placed on a waiting list. Moreover, candidate information is derived from the candidate
registration and waiting list data file collected by OPTN. The CAND_LIIN dataset includes
information on candidates during their organ waitlist tenure, while the MP_EXCEPT dataset
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provides information on the registration of MELD exception points with one record per
registrant identified with a unique identifier.
The variables used for this study were exclusively from the CAND_LIIN dataset. The
SRTR data dictionary provides an efficient way to navigate the CAND_LIIN dataset. The data
dictionary lists 169 variables, with an accompanying description of each variable, along with the
character type (numeric or character text), the overall character length, and its format. In tandem,
certain formats have additional information pertaining to the variable, further outlining subcategorical variables and its description. The variables used for the current project are outlined in
Table 1.
Table 1: SRTR Data Dictionary for CAND_LIIN Dataset
Variable

Type Length

Format

CAN_AGE_AT_LISTING

num

8

AGE9A

CAN_DGN

num

8

DGN

Primary Diagnosis

CAN_DGN2

num

8

DGN

Secondary Diagnosis

CAN_DGN_OSTXT

char

50

CAN_DIAB_TY

num

8

DIABTY

CAN_EDUCATION

num

8

EDLEVEL

CAN_GENDER (SEX)

char

1

CAN_LAST_SRTR_LAB_MELD

num

8

CANDSTAT Last SRTR
MELD/PELD given

CAN_LISTING_DT

num

8

MMDDYY Listing Date - date/time
candidate was physically
added to the waiting list this date/time does not
change for transfers

CAN_PREV_IN

num

8

Prev Intestine Tx

CAN_PREV_LI

num

8

Prev Liver Tx

CAN_RACE_SRTR

char

10

PX_ID

num

8

40

Label
Calculated Candidate
Age at Listing

Primary
Diagnosis/Specify
Diabetes
Patient/s Educational
Status
Patient/s Gender (Sex)

$RACEBSR SRTR Patient Race
Patient Identifier

3.3 SRTR Cirrhosis Etiology Classification
The CAND_LIIN dataset provides two variables when identifying the etiology (cause) of
cirrhosis for each patient, a primary listing diagnosis (CAN_DGN) and a secondary listing
diagnosis (CAN_DGN2). The majority are coded numerically (Table 2), however, there are also
free text fields which define the etiology of cirrhosis and these text fields were also evaluated.
Each individual was assigned one primary cirrhosis etiology for the purpose of this study.
Individuals were categorized as being listed for LT for one of the following reasons: 1) HCV; 2)
HBV; 3) ALD; 4) NAFLD; 5) Autoimmune (included AIH, PBC, PSC) and; 6) Genetic (Wilson
disease, A1AT, and HH). The primary listing diagnosis was favoured over the secondary listing
diagnosis for most patients as it represented their initial cause of liver disease. For the majority
of patients, cirrhosis etiology was defined based on the primary listing diagnosis with two
exceptions based on studies that have previously classified cirrhosis etiology in the SRTR (4).
For example, if there were dual listings present with an individual having ALD as their primary
listed diagnosis (CAN_DGN) and HCV as their secondary listed diagnosis (CAN_DGN2), the
etiology was considered to be HCV. Diagnosis is based on what is entered into the SRTR
database, and we assume there was accurate confirmation as to what the diagnosis was when
inputted. Secondly, given that NAFLD could have been classified as ‘cryptogenic’ during the
early study years, we categorized individuals listed for cryptogenic cirrhosis as NAFLD.
Table 2: Classification of Cirrhosis Etiology Group based on SRTR Diagnostic Codes
Etiology
Hepatitis C (HCV)

SRTR Code
4106
4204
4206
4593
4104
4216
4102
4107
4202

Hepatitis B (HBV)

4207
4215

Alcohol

41

Description
LI:AHN: TYPE B AND C
LI:CIRRHOSIS: TYPE C
LI:CIRRHOSIS: TYPE B AND C
LI:HEPATITIS C: CHRONIC OR
ACUTE
LI:AHN: TYPE C
LI:ALCOHOLIC CIRRHOSIS
WITH HEPATITIS C
LI:AHN: TYPE B- HBSAG+
LI:AHN: TYPE B AND D
LI:CIRRHOSIS: TYPE BHBSAG+
LI:CIRRHOSIS: TYPE B AND D
LI:ALCOHOLIC CIRRHOSIS

4217
4212
Autoimmune Hepatitis (AIH) – Primary
Biliary Cirrhosis (PBC), Primary
Sclerosing Cholangitis (PSC)

4220
4240
4241
4242
4245
4214

Non-Alcoholic Fatty Liver Disease
(NAFLD) – Cryptogenic, Non-Alcoholic
Steatohepatitis (NASH)

4108
4208
4209
4213

Genetic Causes – Wilson Disease (WD),
Hereditary Hemochromatosis (HH),
Alpha-1 Antitrypsin (A1AT)

4300
4301
4302

LI:ACUTE ALCOHOLIC
HEPATITIS
LI:CIRRHOSIS:
AUTOIMMUNE
LI:PRIMARY BILIARY
CIRRHOSIS (PBC)
LI:PSC: CROHN'S DISEASE
LI:PSC: ULCERATIVE
COLITIS
LI:PSC: NO BOWEL DISEASE
LI:PSC: OTHER SPECIFY
LI:CIRRHOSIS: FATTY LIVER
(NASH)
LI:AHN: ETIOLOGY
UNKNOWN
LI:CIRRHOSIS:
CRYPTOGENIC- IDIOPATHIC
LI:CIRRHOSIS: CHRONIC
ACTIVE HEPATITIS:
ETIOLOGY UNKNOWN
LI:CIRRHOSIS:
CRYPTOGENIC (IDIOPATHIC)
LI:METDIS: ALPHA-1ANTITRYPSIN DEFIC A-1-A
LI:METDIS: WILSON'S
DISEASE, OTHER COPPER
METABOLISM DISORDER
LI:METDIS:
HEMOCHROMATOSIS HEMOSIDEROSIS

3.3.1 Identification of Individuals Listed for Hepatocellular Carcinoma (HCC)
Given that wait-list priority for HCC differs from decompensated liver disease, we
identified individuals who were listed for the indication of HCC. For this, we flagged patients
who had a primary or secondary listing diagnosis which included HCC (SRTR codes 4440 or
4401) In these cases, the other diagnostic code was used to define cirrhosis etiology. For
instance, if the primary listing diagnosis was HCC, the secondary listing code was used to
determine the cirrhosis etiology.
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3.4 Cohort Development
All unique adult LT registrants ³ 20 years of age at the time of LT wait-listing between
March 1, 2002 – December 31, 2018 were included. This timeframe was chosen as it represents a
period when the MELD score was used to prioritize LT waitlisting. Patients were excluded for
the following reasons: 1) they lacked a unique patient identifier (px_id); 2) had a previous LT; 3)
were listed for intestinal transplant (IT); 4) listed for “Other” cirrhosis etiology.
The assembly of the study cohort is outlined in Figure 1. Within the
CAND_LIIN/MP_EXCPET datasets, a total of 460,273 patients were identified. To clean the
dataset, the first step began with the removal of duplicate patient records (n=60,678). Following
this, all patients under the age of 20 were removed (n=37,628). To ensure the timeline of the
study period, all patients who were listed for LT prior to March 1, 2002 and after December 31,
2018 were removed (n=93,537). Patients who had a previous LT or IT were excluded
(n=14,729). Lastly, all patients that were categorized as “Other” based on cirrhosis etiology were
removed (n=36,765). The final study cohort included a total of 216,936 unique individuals.
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CAND_LIIN
303,966 Patients

MP_EXCEPT
156,307 Patients

Merging both datasets

460,273 Patients
Removal of duplicate records
(n=60,678)

399,595 Patients
Removal of patients under 20
years of age
(n=37,628)

361,967 Patients
Removal if List Date before
(03/01/02) or after (12/31/18)
(n=93,537)

268,430 Patients
Drop if had previous LT or IT
(n=14,729)

253,701 Patients

216,936 Patients

Drop if classified as “Other”
cirrhosis etiology
(n=36,765)

Figure 1: Overview of Study Cohort Development
3.4.1 Socio-Demographic and Patient Characteristics (Covariates)
Socio-demographic variables and other patient characteristics were collected to better
describe the overall cohort population. Utilizing the CAND_LIIN dataset specific variables
including: i) Age at LT wait-listing dichotomized to 20-39 years vs. ³ 40 years obtained from the
age variable in SRTR; ii) Sex (male vs. female – as listed in SRTR); iii) patient race/ethnicity
(CAN_RACE_SRTR) categorized as 1) White; 2) Black; 3) Asian; 4) Native; 5) Multiethnic; 6)
Pacific; iv) Education Status (CAN_EDUCATION), categorized as: 1) None; 2) Grade School;
3) High School; 4) Attended College; 5) Associate/Bachelor’s; 6) Graduate Degree; 7)
Unknown; v) Cirrhosis etiology (as categorized above in section 3; and vi) listing for HCC (yes
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vs. no – as described in section 3.3.1). Diabetes type (CAN_DIAB_TY) and MELD score at
listing (CAN_LAST_SRTR_LAB_MELD) were abstracted. Type of diabetes was classified as:
1) None; 2) Type 1; 3) Type 2; 4) Type Other; 5) Type Unknown; 6) Diabetes Status Unknown.
Lastly, the MELD score at listing was categorized into 6 groups ranging from 6 to 40: 1) 6-14; 2)
15-20; 3) 21-25; 4) 26-30; 5) 26-30; 6) 31-35; 7) 36-40 (5). The frequency distribution of each
covariate was described according to age (<40 years old vs ³ 40 years old).
3.5 Age and Sex Stratification
Stratification based on age and sex are essential when describing the epidemiology and
secular trends of liver disease. Furthermore, stratification allows to control for confounding by
creating two or more subgroups in which the confounding variable does not vary. When
observing both age and sex stratification, risk factors for CLD etiologies, the natural history, and
overall outcomes are different between younger and older populations as well as in men and
women. Understanding these differences, we must consider they aren’t the same, therefore, we
must stratify.
3.5.1 Exposure and Outcome Variables
The main exposure variable of interest in this study was year of LT wait-listing from the
SRTR and the primary outcome of interest was the incidence of LT wait-listing which was
determined by the listing date for LT in the SRTR. Secular LT waitlist trends were further
explored according to 1) age at LT wait-listing dichotomized to 20-39 years vs. ³ 40 years
obtained from the age variable in SRTR; 2) cirrhosis etiology (as categorized above in section
4.3.1); 3) Sex (male vs. female – as listed in SRTR) and 4) listing for HCC (yes vs. no). The
contribution of HCC to LT wait-list trends was further evaluated given that it is more common
among those ³40 years of age. Patients presenting a listing diagnosis of HCC in addition to a
cirrhosis etiology (as categorized above in section 4.3.1) were flagged and distributed according
to their underlying cirrhosis etiology (Table 1).
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3.6 Data Management and Analysis Strategy
The statistical analyses for the following study was performed using the Statistical
Analysis Software (SAS), version 9.4 of the SAS System from Microsoft Windows. Copyright ©
August 2020, SAS Institute Inc., Cary, NC, USA.
3.7 Overview of Statistical Analyses for Objectives 1 and 2
For objective 1, descriptive statistics of patient demographics and cirrhosis etiology were
described as categorical variables. Measures of central tendency and dispersion were described
with medians and inter quartile ranges for continuous variables. Frequency distributions were
provided for categorical variables. The annual incidence proportions of LT wait-listing were
calculated for all years between 2002-2018 by tabulating individuals into age and sex categories
and using the entire US population census as the denominator of each year (9). The cohort was
stratified in two age groups as either 20-39 years (<40) and those aged 40 and above
(³40). The annual, age-specific, etiology-specific, and sex-specific incidence proportions were
then determined and standardized to the 2011 US population. All US population estimates were
obtained from the US Census Bureau.
For objective 2, to quantify the degree of change in LT wait-listing over the study period,
poisson regression was used to calculate annual incidence rate ratios (IRR). IRRs were calculated
by age group (<40 vs. ³40), etiology, and sex. All analyses were performed using Statistical
Analysis Software (SAS) version 9.4 (SAS Institute Inc., Cary, NC, USA).
3.7.1 Calculation of Incidence Proportions and Standardized Incidence Proportions
In epidemiology, disease incidence is one type of measure used to describe disease
frequency. Incidence is a measure of the occurrence of new cases of an event within a specified
population at risk, over a specific period of time (8). For the purpose of this study, evaluating LT
waitlist trends in the United States from 2002 to 2018 reflects the number of new cirrhosis cases
per unit of population at risk for being on an LT waitlist. Two types of description of disease
incidence are commonly used, incidence proportion (also known as cumulative incidence) and
incidence rate. The following study sought to calculate incidence proportion rather than
incidence rate. This is primarily due to the fact that incidence rates describe how often a disease
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occurs in a given population based on person- time. Whereas incidence proportion describes the
number of new cases of disease events in a specified time period given the total population size
and is often reported as per 100,000 persons. The numerators for both incidence rate and
incidence proportion are the same, however, the denominators are where they differ.
Incidence proportion is calculated as:
𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 =

!"#$%&'( *%+ ,-.%. '( /0.%-.%
102% '( 3'3"4-50'* -5 &0.6 /"&0*7 .3%,0(0%/ 3%&0'/ '( 50#%

Incidence rate is calculated as:
!"#$%&'( *%+ ,-.%. '( /0.%-.%

𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒 𝑅𝑎𝑡𝑒 = 80#% %-,9 3%&.'* +-. '$.%&:%/,

5'5-44%/ ('& -44 3%&.'*.

This allows us to describe how often new individuals with cirrhosis are listed for LT from
the American population each year.
3.7.2 Calculation of Incidence Rate Ratio Using Poisson Regression Analysis
Poisson regression is a generalized linear model, estimating the relationships between a
dependant (rate) variable and one or more independent variables (9). Additionally, poisson
regression models count data, which are observations of positive integer values. It is best used to
determine the number of times an event occurs during a specified timeframe.
The relationship between list year and change in LT waitlisting was estimated with
Poisson regression, which generated incidence rate ratios and accompanying 95% confidence
intervals. IRRs were calculated by age group (<40 vs. ³40), cirrhosis etiology and sex.
3.7.2.1 Sensitivity Analyses for HCV and HCC
To further validate HCV- related listing trends, an era of waitlisting variable was created
due to the introduction of DAA therapies in 2014. Two eras were created, one ranging from
2002-2013, and the other from 2014-2018. Overall HCV- related listing decreased based on the
overall calculated IRR, however, the decline was more dramatic when stratified into two periods
pre-DAA (2002-2013) and post-DAA (2014-2018). In era 1 HCV listing was increasing annually
by 8% (IRR, 1.08 95% CI 1.07 – 1.08, p <0.0001) whereas in era 2 HCV listing decreased
annually by 12% (IRR, 0.88 95% CI 0.87 – 0.88, p<0.0001). Similarly, in order to understand
the impact HCC has on LT wait-listing, primarily in older adults, an age of waitlisting variable
was created (20-39 years and ³ 40 years). Overall HCC related listing trends increased
marginally in those aged 20-39, however a significant rise was noted in those over the age of 40.
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3.8 Ethical Consideration
This study received ethical clearance from the Queen’s Health Sciences Research Ethics
Board (HSREB - DMED-1688-14) and a waiver of informed consent was obtained. This project
was also approved by the SRTR. Dr. Jennifer Flemming was the Principal Investigator providing
the data for this student project. Due to the study being retrospective in nature, there was no
direct contact with the patients in the study. The identities of patients were not known as each
individual had a unique patient identifier (px_id). Patient’s names were never abstracted, and
none of the electronic data used personal identifiers. All data were password protected, were
encrypted and were stored on a secure system at the Queen’s Cancer Research Institute (QCRI)
in the Division of Cancer Care Epidemiology (CCE). Access was restricted to authorized
personnel through a password sign on system.
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Chapter 4
Composition of Research
4.1 Abstract
Background: Cirrhosis refers to end stage liver disease and it is the final common pathway for all
chronic liver diseases (CLDs). Recent data illustrates that mortality secondary to cirrhosis is
increasing in the United States (US) and is highest among young adults. Whether these trends are
also occurring in Liver Transplant (LT) wait-list candidates however has not been well
established. This study aimed to describe the epidemiology of LT wait-listing trends in the US
over the past two decades stratified by age at listing, cirrhosis etiology, and sex.
Methods: We conducted a retrospective population-based study from 2002 – 2018, examining all
adult LT wait-listed patients in the US. Patients ³ 20 years at the time of LT listing were
identified from the Scientific Registry of Transplant Recipients (SRTR) database. Annual
standardized incidence proportions were calculated from US census data. Poisson regression was
used to assess changes in the annual incidence of LT wait-listing stratified by age, sex, and
cirrhosis etiology and described by incidence rate ratios (IRR).
Results: A total of 216,936 unique individuals were included. The median age at LT wait-listing
was 57 years (Range: 20-83; IQR: 51 - 62), with 68% being male, and 11,312 individuals (5.2%)
were < 40 years at listing. The most common etiologies of cirrhosis were HCV, alcohol-related
liver disease (ALD), and non-alcoholic fatty liver disease (NAFLD). The age and sex
standardized incidence proportion of LT wait-listing more than doubled in both young and older
adults over the study period (<40: 0.16/100,000 in 2002 to 0.28/ 100,000 in 2018; ³40:
2.2/100,000 in 2002 to 4.34/100,000 in 2018). Using poisson regression, the etiologies with the
highest annual IRR were ALD (<40: IRR 1.11, 95% CI 1.10 – 1.12, p<.001; ³40 IRR 1.06, 95%
CI 1.06 – 1.07, p<.001) and NAFLD (<40: IRR 1.13, 95% CI 1.10 – 1.15, p<.001; ³40: IRR
1.16, 95% CI 1.15 – 1.16, p<.001). The rate of waitlisting for ALD in young females was higher
than males (IRR 1.11, 95% CI 1.10 – 1.12, p< .001) Conversely, the listing rate for NAFLD was
lower in young females compared to young males (IRR 0.97, 95% CI 0.97 – 0.98, p< .001).
Conclusion: The incidence of LT wait-listing is increasing in both young and older adults in the
US driven primarily by ALD and NAFLD. In young adults, rates of listing are increasing most in
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young women with ALD and men with NAFLD. These data support ongoing efforts to identify
young adults with ALD and NAFLD where public health interventions can prevent the
development of cirrhosis and liver-related complications.
4.2 Introduction
Chronic liver disease (CLD) is the 12th leading cause of death globally, with cirrhosis
primarily being the final common pathway for all CLDs (1). Less recognized is the burden of
cirrhosis among young adults, as it is the 6th leading cause of death in Americans between the
ages of 35-44 (2) with recent data showing that mortality from cirrhosis and CLD in the United
States (US) is increasing most in Americans aged 25-34 years old (3). Similarly, in Canada over
the last 20 years, the incidence of cirrhosis has progressively increased, most noticeably in those
under the age of 40 (4). These epidemiologic trends observed in the millennial birth cohort are
parallel to the incidence of diabetes and obesity, both being associated with non-alcoholic fatty
liver disease (NAFLD) and alcohol related liver disease (ARLD) (5 - 6).
Cirrhosis refers to end stage liver disease (ESLD), described histologically by circular
bands of fibrotic tissue within the liver parenchyma (7). The natural history of cirrhosis is
characterized by an asymptomatic ‘compensated’ phase followed by a symptomatic
‘decompensated’ phase. Most causes of cirrhosis have their own epidemiology and natural
history with specific treatment recommendations being based on the underlying CLD, possibly
leading to the improvement of liver dysfunction and clinical outcomes.
Generally, the prognosis of cirrhosis is poor (8), fortunately, liver transplantation (LT) is
an effective and established treatment option for patients diagnosed with decompensated
cirrhosis as well as hepatocellular carcinoma (HCC) (1). Historically, hepatitis C (HCV) and
hepatitis B (HBV) have been the primary indications for LT in the US (2). However, recent data
suggests that NAFLD and ALD are now the most common indications for an LT in North
America (2).
The public health implications of the recently observed cirrhosis trends in young adults
are immense and recognizing the burden of cirrhosis among this age group is essential, as they
are those at most risk for years of life lost and decreased productivity. One strategy to further
highlight the burden of cirrhosis at the population level is to examine trends in LT wait-list
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registration. Therefore, this study aimed to evaluate the epidemiology of LT wait-listing over the
past two decades stratified by age at listing, sex, and etiology of cirrhosis.

4.3 Methods
4.3.1 Study Design, Data Sources, and Cohort Identification
This was a retrospective cohort study of individuals waitlisted for LT in the US between
March 1, 2002 and December 31, 2018 using the Scientific Registry of Transplant Recipients
(SRTR) database. All unique adult LT registrants ³ 20 years of age at the time of LT wait-listing
were included. This timeframe was chosen as it represents a period when the MELD score was
universally used to prioritize LT wait-listing. Patients were excluded for the following reasons:
1) if they lacked a unique patient identifier; 2) had a previous LT; 3) were listed for intestinal
transplant (IT); 4) listed for a cirrhosis etiology other than chronic hepatitis C (HCV), hepatitis B
(HBV), alcohol-related disease (ALD), non-alcoholic fatty liver disease (NAFLD), autoimmune
disease (AIH, primary biliary cirrhosis (PBC), primary sclerosing cholangitis (PSC)), or genetic
conditions (Wilson disease (WD), hereditary hemochromatosis (HH), alpha-1 antitrypsin
deficiency (A1AT)). The study protocol was approved by the research ethics board at Queen’s
University DMED-1688-14.
4.3.2 Study Descriptors and Co-variates
To understand the overall cohort demographic several study descriptors and covariates
were obtained. Specific variables such as patient race/ethnicity, education status, diabetes type
and MELD score at listing were abstracted. Each descriptor and covariate were then stratified by
age group (20-39 years vs. ³40 years) and described with frequency distributions (Table 1).
Based on the SRTR patient race was classified as: 1) White; 2) Black; 3) Asian; 4) Native; 5)
Multiethnic; 6) Pacific. The education status of the patient was categorized as: 1) None; 2) Grade
School; 3) High School; 4) Attended College; 5) Associate/Bachelor’s; 6) Graduate Degree; 7)
Unknown. The diabetes type of the patient was classified as: 1) None; 2) Type 1; 3) Type 2; 4)
Type Other; 5) Type Unknown; 6) Diabetes Status Unknown. Lastly, the MELD score at listing
was categorized into 6 groups ranging from 6 to 40: 1) 6-14; 2) 15-20; 3) 21-25; 4) 26-30; 5) 2630; 6) 31-35; 7) 36-40.
52

4.3.3 Exposure and Outcome Variables
The main exposure variable of interest in this study was year of LT wait-listing from the
SRTR and the primary outcome of interest was the incidence of LT wait-listing which was
determined by the listing date for LT in the SRTR. Secular LT waitlist trends were further
explored according to 1) age at LT wait-listing dichotomized to 20-39 years vs. ³ 40 years
obtained from the age variable in SRTR; 2) cirrhosis etiology (as categorized above in section
4.3.1); 3) Sex (male vs. female – as listed in SRTR) and 4) listing for HCC (yes vs. no).
The contribution of HCC to LT wait-list trends was further evaluated given that it is more
common among those ³ 40 years of age. Patients presenting a listing diagnosis of HCC in
addition to a cirrhosis etiology (as categorized above in section 4.3.1) were flagged and
distributed according to their underlying cirrhosis etiology (Table 1).
4.3.4 Sensitivity Analyses for HCV and HCC
To further validate HCV- related listing trends, an era of waitlisting variable was created
due to the introduction of DAA therapies in 2014. Two eras were created, one ranging from
2002-2013, and the other from 2014-2018. Overall HCV - related listing decreased based on the
overall calculated IRR, however, the decline was more dramatic when stratified into two periods
pre-DAA (2002-2013) and post-DAA (2014-2018) (Table 7). Similarly, understanding the
impact HCC has on LT wait-listing, primarily in older adults, an age of waitlisting variable was
created (20-39 years and ³ 40 years). Overall HCC related listing trends increased marginally in
those aged 20-39, however, a significant rise was noted in those over the age of 40 (Table 8).
4.3.5 Statistical Analysis
Descriptive statistics of patient demographics and cirrhosis etiology were described as
categorical variables. Measures of central tendency and dispersion were described with medians
and inter quartile ranges for continuous variables. Frequency distributions were provided for
categorical variables.
The annual incidence proportions of LT wait-listing were calculated for all years between
2002-2018 by tabulating individuals into age and sex categories and using the entire US
population census as the denominator of each year (9). The cohort was stratified in two age
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groups as either 20-39 years (<40) and those aged 40 and above (³40). The annual, age-specific,
etiology-specific, and sex-specific incidence proportions were then determined and standardized
to the 2011 US population. All US population estimates were obtained from the US Census
Bureau. Finally, to quantify the degree of change in LT wait-listing over the study period,
poisson regression was used to calculate annual incidence rate ratios (IRR). IRRs were calculated
by age group (<40 vs. ³40) etiology, and sex. All analyses were performed using Statistical
Analysis Software (SAS) version 9.4 (SAS Institute Inc., Cary, NC, USA).

4.4 Results
4.4.1 Overall Demographic Characteristics
The development of the study cohort and baseline demographics are outlined in Figure 1
and Table 1 respectively. A total of 216,936 unique individuals wait-listed for LT from 2002 and
2018 were included in the final cohort (Figure 1). Of those, 11,312 (5.2%) were younger than 40
years of age at the time of listing. The median age for the overall cohort was 57 years (IQR: 5162), with the median age being 34 years (IQR: 29 – 37) in those < 40, and 58 years (IQR: 52 –
63), for those 40 and over. The majority were male (n=147,663, 68%) and were of Caucasian
race/ethnicity (85%). Nearly 40% of the overall cohort attended high school, with 26% and 20%
of those under 40 attending college or earning a bachelor’s degree, respectively. Both were
higher percentages when compared to those 40 and over.
Overall, the most common cirrhosis etiologies were HCV (n= 102,309, 47%), followed
by ALD (n=41,023, 19%) and NAFLD (n=39,322, 18%). However, this differed by age at listing
where HCV was most common among those aged 40 and above (49%), while AI causes (38%)
and ALD (23%), were most common in those <40 years. 32 % of the overall cohort were waitlisted for HCC and was most common in those ³40 years (99%) vs. < 40 (1%).

4.4.2 Changes in Standardized Incidence Proportions of LT Wait-Listing
Standardized incidence proportions of LT wait-listing for the study years by age group
and sex are shown in Figures 2 and 3, and standardized incidence proportions by specific
cirrhosis etiology are shown in Figures 4-8. The overall age - standardized incidence proportion
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of LT wait-listing nearly doubled during the study period for both age groups: (20-39 years:
0.16/100,000 in 2002 to 0.28/100,000 in 2018; ³40 years 2.2/100,000 in 2002 to 4.34/100,000 in
2018) (Figure 2). When evaluated based on patient sex, the overall sex - standardized incidence
doubled in both males (2.15/100,000 in 2002 to 4.34/100,00 in 2018) and females (1.08/100,000
in 2002 to 2.13/100,000 in 2018) (Figure 3). When evaluating based on specific cirrhosis
etiology, the highest increases in LT wait-listing were noted for NAFLD (0.26/100,000 in 20021.24/100,000 in 2018) and ALD (0.38/100,000 in 2002 – 1.32/100,000 in 2018) (Figure 8).
Listing for HCV also increased over the study period (1.14/100,000 in 2002 – 1.38/100,000 in
2018) while for HBV, rates remained relatively stable (Figure 8). Listing for AIH remained
stable throughout the years (Figure 4-8). The incidence of LT wait-listing for genetic causes was
relatively stable throughout the study period (Figure 4-8).
4.4.3 Changes in Standardized Incidence Proportion of LT Wait-Listing Stratified by Age,
Sex, and Etiology
Trends in the incidence of wait-listing were further stratified by age, sex and etiology. In
young adults, the most significant increases were seen for ALD and NAFLD LT wait-listing
(ALD; 0.02/100,000 in 2002 to 0.13/100,000 in 2018; NAFLD; 0.02/100,000 in 2002 to
0.04/100,000 in 2018) (Figure 4). Similarly, increases in ALD and NAFLD related LT waitlisting were observed in those 40 and over (ALD; 0.37/100,000 in 2002 to 1.19/100,000 in 2018;
NAFLD; 0.25/100,000 in 2002 to 1.21/100,000 in 2018) (Figure 5). Broken down by sex, the
trends were similar with ALD and NAFLD increasing for both males and females. In males,
ALD listing rates tripled (0.42/100,000 in 2002 to 1.4/100,000 in 2018) while there was a more
than four-fold increase in NAFLD LT listing (0.2/100,000 in 2002 to 0.93/100,000 in 2018)
(Figure 6). In females, a greater increase in ALD listing was observed (0.1/100,000 in 2002 to
0.5/100,000 in 2018) whereas NAFLD increased from (0.17/100,000 in 2002 to 0.81/100,000 in
2018) (Figure 7).
Conversely, the rates of LT wait-listing for all other etiologies across both age groups and
sexes remained relatively stable with marginal increases (Figure 4-7)
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4.4.4 Changes in Incidence Rate Ratios for LT Wait-Listing Stratified by Age, Sex, and
Etiology
The results from Poisson regression models are shown in Tables 2- 5. Overall, ALD and
NAFLD had the highest annual increases in LT wait-listing compared to other etiologies among
both age groups and sexes. For ALD, the rate of LT wait-listing increased overall by 7% per year
(IRR 1.07, 95% CI 1.07-1.08, P<.001), while for NAFLD it increased by 15% per year (IRR
1.15, 95% CI 1.14-1.15, P<.001) (Table 6). However, these rates were differential based on the
age at LT wait-listing and by sex. In males aged 20 – 39, the annual rate of listing was highest
for NAFLD at 15%/year (IRR, 1.11 95% CI 1.11 – 1.18, p<.001) while listing for ALD
increased on average by 10% (IRR, 1.10 95% CI 1.08 – 1.11, p<.001). Conversely, in young
females, the rate of listing for ALD increased by 14%/year (IRR, 1.14 95% CI 1.13 - 1.16,
p<.001) and for NAFLD by 12%/year (IRR, 1.12 95% CI 1.09 – 1.14, p<.001). With respect to
other etiologies, rates decreased for both HCV (Table 2) and HBV (Table 2) and were stable for
AIH (Table 2) and genetic etiologies (Table 2).
For those listed ³40 years of age, similar trends were seen for both males and females. In
males ³40 years, listing for ALD increased on average by 6%/year (IRR, 1.06 95% CI 1.06 –
1.07, p<.001), while NAFLD increased by 17%/year (IRR, 1.17 95% CI 1.16 – 1.17, p<.001). In
females ³40 years, listing for ALD increased by 7%/year (IRR, 1.07 95% CI 1.07 – 1.08,
p<.001) while listing for NAFLD increased by 15%/year (IRR, 1.15 95% CI 1.15 – 1.16, p<.001)
(Table 4,5). Similar to younger adults, in those ³40 years of age listing for HCV (Table 4,5),
HBV (Table 4,5) and other etiologies remained stable (Table 4,5).

4.4.5 Trends in LT Wait-Listing for HCV and HCC
Given the non-linearity of trends for HCV, a sensitivity analysis was done evaluating
wait-listing trends from 2002-2014 and 2015-2018 reflecting the change in the availability of
anti-viral DAA therapy to treat HCV. Consistent with prior data (10), listing for HCV increased
by 8%/year from 2002 to 2013 among both age groups and sexes (IRR 1.08, 95% CI 1.07-1.08, P
<.001; Table 7), however, a decrease was noted from 2014-2018 where listing declined by
12%/year (IRR 0.88, 95% CI, 0.87-0.88, P <.001; Table 7). Further, given that HCC occurs
almost exclusively in those ³40 years of age, the contribution of HCC to wait-list trends were
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evaluated suggesting that although listing for HCC increased significantly, it did not account for
the overall increase in WL trends. LT wait-listing due to HCC increased by 1%/year (IRR 1.01,
95% CI 1.01-1.02, p<.001) in those aged 20-39, however an increase of 11%/year (IRR 1.11,
95% CI 1.10-1.11, p<.001) was observed in those aged 40 and above (Table 8).
4.5 Discussion
This is the first contemporary population-based study to describe the incidence of LT
waitlist registration stratified by age, sex, and cirrhosis etiology. Several important findings have
emerged. First, we show that the overall incidence of LT wait-listing has significantly increased
over the last two decades. Secondly, although historically LT wait-listing was most common for
viral hepatitis, we have shown that in a contemporary era, rates of listing are driven
predominantly by ALD and NAFLD. Thirdly, and of most concern, is the observation that LT
waitlisting rates are increasing at a higher rate for ALD among adults aged 20-39 years
compared to rates in those ³40 years of age. Further when stratified by sex, ALD listing rates are
higher in young women than in young men whereas listing for NAFLD is higher in young males
compared to young females.
A cohort effect occurs when various disease distributions arise from new environmental
exposures, affecting age groups differently. The etiologies of CLD leading to cirrhosis in North
America have changed over the past century. During the early 20th century, the most common
cause of cirrhosis was ALD (11). However, in the early to mid 2000’s, the leading cause of both
cirrhosis and LT in the US changed and was secondary to HCV (12). However, after the
introduction of DAA therapy for HCV over the past 5 years, liver related complications have
declined, in addition cure rates have also been observed in most patients (13-14). This
phenomenon has led to declines in LT wait-listing trends related to HCV after 2015. Recently,
attention has diverted towards the silent epidemic of NAFLD, present in ~25% of the general
population (15), with nearly 20% having the more severe form of disease, non-alcoholic
steatohepatitis (NASH) which can progress to cirrhosis (16). Our results are consistent with this
changing epidemiology seen in the general population of the US with rates of LT wait-listing
being greatest for ALD and NAFLD with ALD being the leading indication for LT in those < 40
years of age.
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Existing data has indicated that the prevalence of obesity and diabetes are parallel to the
cirrhosis trends seen among younger birth cohorts, both of which being underlying risk factors
for NAFLD (17-18). NAFLD is unique in nature as it is not limited to the adult population,
moreover, it is the most common CLD among children in well developed nations (19-21). In
pediatric patients with NAFLD, over 50% present some degree of hepatic fibrosis at baseline
liver biopsy (22-23). Therefore, the progression to cirrhosis by early adulthood is highly likely.
Results from our study correspond with recent data, where an increase of LT wait-listing are
secondary to NAFLD related cirrhosis in the general population (24).
Similar to NAFLD, ALD has emerged a condition influencing the increase of cirrhosis
incidence. Grant et al. (24) performed a population-based study observing the prevalence of
alcohol use among American adults. Their results indicated that excessive alcohol consumption
occurred in younger adults, particularly in women (25). Furthermore, studies from the US have
called for attention in regard to increasing the awareness of unhealthy alcohol use (26) with LT
listing rates related to ALD increasing by 63% from 2007 to 2017 in the US (26).
The major strengths of this study are that data are derived from a population-based data
source and the data was abstracted directly from a primary LT registry. Therefore, we were able
to describe trends in wait-listing across the whole country and calculate incidence of wait-listing
as opposed to absolute numbers. An additional advantage of this study is the large overall
population size, with a large number of individuals 20 – 39 years of age. Further, all cirrhosis
etiologies were defined by the LT center who submitted the data and are assumed to be an
accurate reflection of cirrhosis etiology compared to using administrative data. However, some
methodologic limitations should also be considered. First, the study population did not consist of
all adult waitlist registrants as the age cut-off of 20 years was used in this study and therefore,
those aged 18 and 19 were not included. This was due to how the United States Census Bureau
categorizes populations into a respective age group in order to calculate the incidence
proportions with age groups that commenced at 0 and increased by increments of 5, thus 18- and
19-year old’s fell within the 15-19 age range. Additionally, individuals between the ages of 15
and 19 are often listed for a liver transplant due to metabolic liver disease, representing causes of
cirrhosis that are likely found within the pediatric population than the adult population.
Therefore, we were unable to include those young adults aged 18 or 19 at the time of listing.
Secondly, given the nature of the retrospective databases, the study is subject to misclassification
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bias based on under reporting. Also, we are unable to account for differences in wait-listing by
LT center. Each center uses a LT multidisciplinary team who makes decisions on which
individuals are able to be accepted on the LT wait-list and again could result in differential
misclassification of the outcome. Finally, we did not account for multiple etiologies of cirrhosis
given that we assigned each individual only one cause of cirrhosis and therefore trends based on
combined etiologies (i.e. ALD + HCV and NAFLD + ALD) cannot be described.
4.6 Conclusion
In conclusion, we have shown that the incidence of LT wait-listing in the general US
population has greatly increased from 2002 to 2018, and is consistent with other trends in
cirrhosis incidence noted in North America. Of most concern, the highest increases in listing
were observed in younger adults with ALD. Moreover, LT wait-listing due to ALD in young
women was higher when compared to that of young men. Conversely, LT wait-listing due to
NAFLD was higher in young men when compared to young women. Given that the burden of
CLD and cirrhosis are projected to continue to increase within the US and Canada over the next
several decades, future studies must focus on raising awareness to the general population on the
burden of NAFLD and ALD in the population. Further, the development of chronic disease
prevention and management strategies for CLD and cirrhosis are urgently needed in attempt to
reverse these trends for future generations.
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4.8 Figures and Tables
CAND_LIIN
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Merging both datasets

MP_EXCEPT
156,307 Patients

460,273 Patients
Removal of duplicate records
(n=60,678)

399,595 Patients
Removal of patients under 20
years of age
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361,967 Patients
Removal if List Date before
(03/01/02) or after (12/31/18)
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268,430 Patients
Drop if had previous LT or IT
(n=14,729)

253,701 Patients

216,936 Patients

Figure 1: Overview of Study Cohort Development
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Figure 3: Sex - Standardized Incidence Proportion from 2002 to 2018
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Figure 4: Age - Standardized Incidence Proportion by Etiology in 20 – 39 Year Old’s from 2002
to 2018
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Figure 5: Age - Standardized Incidence Proportion by Etiology in those 40 and Above from 2002
to 2018
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Figure 6: Sex - Standardized Incidence Proportion by Etiology for Males from 2002 to 2018
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Figure 7: Sex - Standardized Incidence Proportion by Etiology for Females from 2002 to 2018
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Figure 8: Overall Annual Standardized Incidence Proportion by Etiology from 2002 to 2018
Table 1: Overall Demographics of Cohort
Age
- Minimum, Maximum
- Median (IQR)
Sex, (%)
- Male
- Female
Etiology, (%)
- HCV
- HBV
- Alcohol
- AIH
- NAFLD
- Genetic
Race/Ethnicity, (%)
- White
- Black
- Asian
- Native
- Multiethnic
- Pacific
Education, (%)

Overall
(n = 216,936)

≥ 20 ≤ 39
(n = 11,312)

≥ 40
(n = 205,624)

20 – 83
57 (51 – 62)

20 – 39
34 (29 – 37)

40 – 83
58 (52 – 63)

147,663 (68.1)
69,273 (31.9)

6720 (59.4)
4592 (40.6)

140,943 (68.5)
64,681 (31.5)

102,309 (47.2)
10,372 (4.8)
41,023 (18.9)
20,614 (9.5)
39,332 (18.1)
3286 (1.5)

1565 (13.8)
658 (5.8)
2613 (23.1)
4274 (37.8)
1750 (15.5)
452 (4.0)

100,744 (49.0)
9714 (4.7)
38,410 (18.7)
16,340 (8.0)
37,582 (18.28)
2834 (1.4)

184,018 (84.8)
17,461 (8.1)
12,544 (5.8)
1647 (0.8)
817 (0.4)
449 (0.2)

8972 (79.3)
1526 (13.5)
620 (5.5)
107 (1.0)
62 (0.6)
25 (0.2)

175,046 (85.1)
15,935 (7.8)
11,924 (5.8)
1540 (0.8)
755 (0.4)
424 (0.2)
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848 (0.4)
19 (0.2)
829 (0.4)
- None
12110 (5.6)
273 (2.4)
11,837 (5.8)
- Grade School
86, 302 (39.8)
3701 (32.8)
82,601 (40.2)
- High School
48,497 (22.4)
2954 (26.2)
45,543 (22.2)
- Attended College
32,598 (15.0)
2220 (19.7)
30,378 (14.8)
- Associate/Bachelor’s
13,710 (6.3)
767 (6.8)
12,943 (6.3)
- Graduate Degree
22871
(10.6)
1378
(12.2)
21,493(10.4)
- Unknown
Diabetes, (%)
153,175 (70.1)
10,222 (90.5)
142,953 (70.2)
- No
4099 (1.9)
174 (1.5)
3925 (1.9)
- Type 1
50,205 (23.2)
591 (5.2)
49,614 (24.1)
- Type 2
720 (0.3)
35 (0.3)
685 (0.3)
- Type Other
6882
(3.2)
153
(1.4)
6729
(3.3)
- Type Unknown
1855 (0.8)
137 (1.2)
1718 (0.8)
- Diabetes Status Unknown
MELD at Listing
Median, (IQR)
13 (10 – 18)
11 (7 - 16)
13 (10 – 18)
125,040
(57.6)
4210
(37.2)
120,830
(58.8)
- 6-14
49,600 (22.9)
2861 (25.3)
46,739 (22.7)
- 15-20
18,232 (8.4)
1398 (12.4)
16,834 (8.2)
- 21-25
9300 (4.3)
895 (7.9)
8405 (4.1)
- 26-30
6158 (2.8)
693 (6.1)
5465 (2.7)
- 31-35
8606
(4.0)
1255
(11.1)
7351 (3.6)
- 36-40
HCC by Etiology, (%)
n=69,644
n=584
n=69,060
46,002 (66.1)
172 (29.5)
45,830 (66.4)
- HCV
5900 (8.5)
190 (32.5)
5710 (8.3)
- HBV
7314
(10.5)
78
(13.4)
7236
(10.5)
- Alcohol
1420 (2.0)
76 (13.0)
1344 (2.0)
- AIH
8401 (12.1)
60 (10.3)
8341 (12.08)
- NAFLD
607 (0.9)
8 (1.4)
599 (0.9
- Genetic
IQR: Inter Quartile Range; HCV: Hepatitis C; HBV: Hepatitis B; AIH: Autoimmune Hepatitis;
NAFLD: Non-Alcoholic Fatty Liver Disease; MELD: Model for End Stage Liver Disease; HCC:
Hepatocellular Carcinoma

Table 2: Magnitude of Annual Change in LT Waitlisting Incidence between 2002 and 2018, by
Cirrhosis Etiology for Males Aged 20 – 39
Etiology
Rate Ratios
95% Confidence Interval
P-Value
Overall Listed
<0.001
1.02
1.02 – 1.03
HCV
<0.001
0.93
0.92 – 0.95
HBV
<0.001
0.95
0.94 – 0.97
Alcohol
<0.001
1.10
1.08 – 1.11
AIH
<0.001
1.02
1.01 – 1.03
NAFLD
<0.001
1.15
1.11 – 1.18
Genetic
<0.001
1.03
1.03 – 1.04
HCV: Hepatitis C; HBV: Hepatitis B; AIH: Autoimmune Hepatitis; NAFLD: Non-Alcoholic Fatty
Liver Disease
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Table 3: Magnitude of Annual Change in LT Waitlisting Incidence between 2002 and 2018, by
Cirrhosis Etiology for Females Ages 20 – 39
Etiology
Rate Ratios
95% Confidence Interval
P-Value
Overall Listed
<0.001
1.02
1.02 – 1.03
HCV
<0.001
0.93
0.91 – 0.95
HBV
<0.001
0.99
0.97 – 0.99
Alcohol
<0.001
1.14
1.13– 1.16
AIH
<0.001
1.03
1.02 – 1.04
NAFLD
<0.001
1.12
1.09 – 1.14
Genetic
<0.001
1.01
1.01 – 1.02
HCV: Hepatitis C; HBV: Hepatitis B; AIH: Autoimmune Hepatitis; NAFLD: Non-Alcoholic Fatty
Liver Disease

Table 4: Magnitude of Annual Change in LT Waitlisting Incidence between 2002 and 2018, by
Cirrhosis Etiology for Males Ages 40 and Above
Etiology
Rate Ratios
95% Confidence Interval
P-Value
Overall Listed
<0.001
1.04
1.04 – 1.04
HCV
<0.001
1.02
1.02– 1.03
HBV
<0.001
1.03
1.03 – 1.04
Alcohol
<0.001
1.06
1.06 – 1.07
AIH
<0.001
1.01
1.01 – 1.02
NAFLD
<0.001
1.17
1.16 – 1.17
Genetic
<0.001
1.02
1.02 – 1.02
HCV: Hepatitis C; HBV: Hepatitis B; AIH: Autoimmune Hepatitis; NAFLD: Non-Alcoholic Fatty
Liver Disease

Table 5: Magnitude of Annual Change in LT Waitlisting Incidence between 2002 and 2018, by
Cirrhosis Etiology for Females Ages 40 and Above
Etiology
Rate Ratios
95% Confidence Interval
P-Value
Overall Listed
<0.001
1.03
1.03 – 1.04
HCV
<0.001
1.01
1.01 – 1.02
HBV
<0.001
1.02
1.01– 1.03
Alcohol
<0.001
1.07
1.07 – 1.08
AIH
<0.001
1.01
1.01 – 1.02
NAFLD
<0.001
1.15
1.15 – 1.16
Genetic
<0.001
1.01
1.01– 1.02
HCV: Hepatitis C; HBV: Hepatitis B; AIH: Autoimmune Hepatitis; NAFLD: Non-Alcoholic Fatty
Liver Disease
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Table 6: Magnitude of Annual Change in LT Waitlisting Incidence between 2002 and 2018, by
Cirrhosis Etiology
Etiology
Rate Ratios
95% Confidence Interval
P-Value
Overall Listed
<0.001
1.04
1.03 – 1.04
HCV
<0.001
1.01
1.01 – 1.02
HBV
<0.001
1.02
1.01 – 1.03
Alcohol
<0.001
1.07
1.07 – 1.08
AIH
<0.001
1.01
1.01 – 1.02
NAFLD
<0.001
1.15
1.14 – 1.15
Other
<0.001
1.01
1.01 – 1.02
HCV: Hepatitis C; HBV: Hepatitis B; AIH: Autoimmune Hepatitis; NAFLD: Non-Alcoholic Fatty
Liver Disease

Table 7: Magnitude of Annual Change in LT Waitlisting Incidence by HCV Era
Etiology, (ERA)

Rate Ratios

95% Confidence Interval

HCV (2002 – 2013)
HCV (2014 – 2018)

1.08
0.88

1.07 – 1.08
0.86 – 0.88

P-Value
<0.001
<0.001

HCV: Hepatitis C

Table 8: Magnitude of Annual Change in LT Waitlisting Incidence by Age at HCC diagnosis
Etiology, (HCC Age)

Rate Ratios

95% Confidence Interval

HCC (20 – 39)
HCC (40)

1.01
1.11

1.01 – 1.02
1.10 – 1.11

HCC: Hepatocellular
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P-Value
<0.001
<0.001

Chapter 5
Translational Importance
5.1 Translating Research into Practice
The definition of translational research varies from individual to individual. For many,
the term refers to the “bench-to-bedside” phenomenon, harnessing knowledge from basic
sciences in order to produce novel therapeutics, and technologies for patients (1). For those
specializing in public health or health services, the term translational research suggests
translating research into practice. In tandem, ensuring that new treatments or research knowledge
are implemented correctly and reach the indented patients and overall population (1). These two
differences can be characterized by two phases, T1 and T2. T1 is described as the transfer of new
understandings of disease mechanisms learned in the laboratory into the development of new
methods for diagnosis, treatment, and prevention. Whereas T2 is described as the translation of
research knowledge and results into everyday clinical practice, policy making, and health
decision making (1).
The following thesis embarks on the latter phase, being T2, as the study aimed to
describe epidemiological trends at the population level to influence health policy. The use of
population level administrative data has evolved as a powerful tool for health services and
outcomes research. However, one of the key fundamentals in the use of administrative data is to
have the ability to accurately define disease conditions and outcomes within the data that is being
used. Given the limitations of administrative data in the US where healthcare coverage is
fragmented due to the nature of the private healthcare system, there is no existing literature
outlining the etiologies of cirrhosis in a contemporary cohort of young adults in the US.
Therefore, our ability to define the epidemiology of LT wait-listing for cirrhosis at the
population level will help target largescale chronic disease management strategies. Previous
work has shown that cirrhosis mortality is increasing significantly among young adults in the US
(2) while in Canada, cirrhosis incidence is also expected to continue to increase over the next 20
years. Therefore, given that the majority of causes of cirrhosis are reversible and related to public
health exposures and conditions, this study further helps define the impact of the changing
epidemiology of cirrhosis on the LT wait-list, and supports the need for the development of wide
scale public health interventions to deal with the burden of NAFLD and ALD in North America.
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Figure 2: Translational Medicine Model
To improve patient outcomes, effective programs must be implemented in order to
educate and raise awareness among young adolescents. It is necessary to identify the root cause
of alcohol use and obesity. The identification these causes involve a combination of theory and
research. The theory of triadic influence, which integrate several behavioural theories into a
comprehensive “mega theory” of health behaviour, indicate the root cause of action encompass
three domains, an individual’s personal characteristics, current social situation, and cultural
environment (3,4). Therefore, comprehensive strategies focusing on the aforementioned domains
must be developed in order to mitigate ALD and NAFLD prevalence. A key strategy may
include early education in a classroom setting, while accounting for cultural sensitivity, educator
training and support, prolonged student exposure to a healthy lifestyle, as well as personal,
social, and resistance skills. Extracurricular strategies involving youth leadership, skill building,
and intensive programs may contribute to the decrease of alcohol use and obesity in later years.
Family strategies of monitoring children’s activities during adolescence, provision of consistent
discipline, and positive parent-child communication and reinforcement can be essential. Lastly,
community and policy-based strategies that ensure legal drinking age, accessibility to healthy
foods in school cafeterias, overall citizen action to reduce commercial and social availability of
alcohol and processed/fast foods are essential.
Employing these strategies early may help in decreasing overall liver disease prevalence,
in particular, lowering the rates of cirrhosis due to alcohol and NAFLD. Understanding the
translational medicine model, results from large scale population datasets provide us with
necessary tools in improving the future health of patients and their outcomes.
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Chapter 6
General Discussion
The overall objective of this study was to evaluate trends in LT waitlist registration
among young adults in the US over the past two decades. Furthermore, the study aimed to
describe the epidemiological trends of cirrhosis through evaluation of LT wait-listing trends in a
contemporary cohort with a specific focus on adults aged 20-39 years of age. The study design
was a retrospective population-based cohort of all adult registrants with cirrhosis who were
waitlisted for an LT between 2002 and 2018 within the US. Patient data was abstracted from the
SRTR database, with two of its datasets (CAND_LIIN and MP_EXCEPT) being linked. Key
patient information such as age, sex, and cirrhosis etiology were categorized in order to develop
a final working cohort of 216,936 patients, which was then used for the statistical analysis of this
study. Incidence proportions (Appendix 2), standardized incidence proportions, and incidence
rate ratio using poisson regression analysis were calculated in order to describe secular trends in
LT wait-listing.
This chapter will highlight the main results of the study and compare its results with
existing literature. This section will also elaborate on the strengths and limitations, as well as
future directions of this project.
6.1 Key Findings
Several significant results were observed in this population level study. The primary
result was that the overall incidence of LT wait-listing had increased from 2002 to 2018 in the
US. Secondly, incidence trends have increased for ALD and NAFLD in all age groups and in
both males and females. When observing the incidence of certain etiologies, HCV- related
waitlisting is decreasing overall and most significantly after the availability of DAA therapy.
HBV, AIH, and genetic causes remained relatively stable among both age groups and sexes.
NAFLD and ALD were the most significant contributors to the increased incidence of LT waitlisting among both age groups and sexes. Lastly, females were found to have higher ALD listing
rates when compared to males. Conversely, males were found to have higher rate of listing for
NAFLD when compared to females.
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6.1.1 Poisson Analysis of Alcohol and NAFLD
To further describe the secular trends observed based on incidence proportions of specific
age groups, sexes, and cirrhosis etiologies, we calculated IRR to compare the differences in
annual LT wait-listing rates over the study period. Further, we also calculated IRR comparing
males to females. In younger adults (20-39 years), females had a higher increase in LT waitlisting for ALD by 11%/year when compared to males. In contrast, NAFLD related listing was
3%/year lower in women when compared to men. In adults ³40 years at listing, ALD listing was
73%/year lower in females when compared to males, and 21%/year lower in females when
compared to males for NAFLD related listing.
6.1.2 HCV Era Listing
To further validate HCV - related listing trends, an era of wait-listing variable was
created due to the introduction of DAA therapies in 2014. Two eras were created, one ranging
from 2002-2013 and the other from 2014 – 2018. Overall HCV - related listing decreased based
on the overall calculated IRR, however, this decline was even more dramatic when stratified into
two periods, pre-DAA and post-DAA, it is evident that DAA therapy is associated with a
reduction in wait-listing in for the indication of HCV. In era 1 (2002-2014) HCV listing
increasing annually by 8%/year (IRR, 1.08 95% CI 1.07 – 1.08, p <.001) whereas in era 2 (20142018) HCV listing decreased annually by 12%/year (IRR, 0.88 95% CI 0.87 – 0.88, p<.001).
6.2 Literature Review
The primary aim of the study was to evaluate trends in LT wait-listing in a contemporary
North American cohort stratified by age, sex, and etiology of cirrhosis. This was accomplished
by performing a retrospective population-based study, one that included 216,936 patients who
had been waitlisted for LT due to cirrhosis in the US between 2002 and 2018. Each patient had
detailed information regarding their age, sex, and specific cirrhosis etiology at the time of LT
listing. Employing incidence proportion calculations and by performing poisson regression
analyses on specific age groups, sexes, and etiologies, we observed that the incidence of waitlisting increased overall and was differential based on evaluated sub-populations. Previously,
Flemming et al. (1) performed a retrospective population-based cohort study in Ontario, Canada,
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utilizing administrative health data from the databases of ICES, formerly the Institute for Clinical
and Evaluative Sciences. Similarly, Flemming et al. sought to describe the epidemiology of
cirrhosis in Ontario, Canada by using an age-period-cohort (APC) approach to define birth
cohort effects. Patients aged 18 and above with cirrhosis were identified, and standardized
incidence and prevalence of the general population were calculated. APC analysis was conducted
to assess the independent association between birth cohort and incidence of cirrhosis in males
and females. Flemming et al. had identified a total of 165,979 patients with cirrhosis between
January 1, 1997 and December 31, 2016. Age-standardized incidence rate increased over the
duration of the study, from 70.6 per 100,000 person-years in 1997 to 89.6 per 100,000 personyears in 2016. Likewise, the prevalence increased two-fold, from 0.42% in 1997 to 0.84% in
2016. APC analysis revealed the incidence of cirrhosis was higher in individuals born in 1980
compared with an individual of the same age born in 1951, with an incidence rate ratio of 1.55
(95% CI, 1.50 – 1.59, p<0.0001) and in individuals born in 1990, with an incidence rate ratio of
2.16 (95% CI, 2.06 – 2.27, p<0.0001). Furthermore, Flemming et al. found the increase in
cirrhosis incidence was higher among females than males.
Our results show similar trends as Flemming et al., when observing age - standardized
incidence, LT listing rates due to cirrhosis had increased by 75% in those aged 20 -39 from 0.16
per 100,000 in 2002 to 0.28 per 100,000 in 2018. Age - standardized incidence doubled in those
aged 40 and above from 2.2 per 100,000 in 2002 to 4.3 per 100,000 in 2018. However, while
Flemming et al. was not able to define the cause of cirrhosis in their data, we were able to assign
a cause of cirrhosis to our cohort. When evaluating age - standardized incidence by etiology,
ALD and NAFLD were the most significant drivers in the increased incidence among both age
groups. This can be further supported by Bellentani and Marino who state that NAFLD is the
most common liver disease in the US. Moreover, studies show the number of patients with
NAFLD continue to grow rapidly, having 1 epidemic proportions (2). However, the true
prevalence and natural history of NAFLD and NASH remain unspecified (2).
6.3 Study Findings
In the following retrospective population-based study a total of 216, 936 patients were
listed for LT due to cirrhosis, and results indicate that overall LT wait-list trends are increasing.
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Additionally, listing trends are increasing substantially in young adults, primarily due to ALD
and NAFLD.
Observing the demographics of the overall cohort it is evident that majority of those
listed for transplant are individuals over the age of 40. Several factors may contribute to the
prevalence of older adults being waitlisted for an LT. A simple reason is due to aging, as the
longer a CLD progresses, the more likely they are to develop liver-related complications.
Moreover, genetic aging has shown to enhance vulnerability to acute liver failure and promote
fibrotic response (4). In addition to aging, complications such as variceal bleeding and ascites are
more common among older adults than younger adults (5). Patients over the age of 40 are likely
to have prolonged exposure to certain risks that contribute to the development of cirrhosis and
hepatic failure. For instance, ALD is a leading cause for the development of cirrhosis, and older
adults are likely to have increased exposure to alcohol consumption, gradually leading to hepatic
failure (6).
Males made up the majority of the overall study cohort, consistent with known literature,
as men often have a higher prevalence and mortality due to cirrhosis and CLD (7). Furthermore,
LT occurs less commonly among women than in men, and men are 2-fold more likely to die
from CLD and cirrhosis (7-8). Sex differences are also noticed well established for specific
etiologies, primarily in viral hepatitis as men are more suspectable to HCV than women (10).
Research indicates that estrogen plays a protective role against the progression of fibrosis in viral
hepatitis by inhibiting stellate cells (7, 9 - 10). HBV affects men and women similarly, though
male sex is a risk factor for HBV reactivation and for the development of cirrhosis and CLD
(10).
In the overall cohort, HCV was shown to have the highest prevalence of LT wait-listing,
though when observing younger adults, ALD, AIH and NAFLD were seen most commonly.
It is important to recognize the trends observed in this study are consistent with the
majority of recent data on cirrhosis epidemiology in North America. Beste et al. evaluated trends
in cirrhosis incidence, prevalence and mortality from 2001 – 2013 in the Veteran’s Health
System. Similar to our study, Beste et al. performed a large scare retrospective cohort study on
Veterans with cirrhosis (n=129,998). Cirrhosis prevalence nearly doubled from 664 per 100,000
in 2001 to 1,058 per 100,000 in 2013 and was driven by HCV (11). Additionally, mortality due
to cirrhosis had increased from 83 to 126 per 100,000 patient years, again largely driven by HCV
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(11). Although we noted a decline in wait-listing due to HCV overall, we observed an increase
up to 2014, which is consistent with their study time frame.
Historically, HCV was considered to be a leading cause of CLD, cirrhosis, and HCC, and
was a primary indication for LT in the United States (12). Chronic HCV is estimated to have a
global prevalence of 130 million to 150 million (13), whereas in the United States conservative
estimates suggest a nation-wide prevalence of 2.7 million to 5.2 million (14-15). The global
burden of HCV is immense, fortunately, HCV treatment has recently undergone a revolutionary
change. In the past 5 years the launch of DAAs against HCV have resulted in the ability to
achieve a sustained virological response (cure) in the majority of patients with well tolerated
therapy (16). Novel HCV therapeutics are effective enough to alter the previous regulations of
HCV treatment, and have moved the field towards an interferon free era, while raising the
possibility of HCV eradication (17 – 18). Lanini et al. evaluated the efficacy of DAAs,
confirming its ability in treating HCV as well as reversing liver fibrosis in patients without
cirrhosis. Consequently, from our study HCV trends illustrated a substantial increase in
incidence until 2014, and a downward trend post 2014. These results are further consistent as the
introduction of DAAs were approved for medical use in the US since 2013 (19).
In our work, listing for HBV, AIH, and genetic causes showed minimal change in
incidence over the study period among both age groups and sexes. These results, however, were
expected as it remains consistent with reported data. The epidemiology of HBV is geographically
diverse, with North America having a low prevalence rate of HBV (21), with trends having
declined as much as 80% between 1987 and 2004 in the American population (22). Low HBV
prevalence rates in the US can be attributed to effective vaccination programs as well as
universal precautions in needle use (22). Further, Kim et al. (23) indicated that mortality and LT
waitlist registration for HBV related liver disease have reached a plateau and a minor decline
since 2000. Results from Kim et al. align with ours as listing for HBV has remained stable with a
marginal decline.
AIH is known to have a low global prevalence, typically affecting younger adults,
specifically women (24). Type 1 AIH accounts for 80% of cases worldwide, with an incidence of
1 per 200,000 persons in the United States, whereas type 2 AIH is less common and often
misdiagnosed or underreported (24-25). A prospective Norwegian study by Boberg et al. (26)
aimed to describe the incidence and prevalence of AIH, PBC and PSC from 1986 to 1995. A
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total of 130,000 patients were enrolled in the study over the 10-year period, with 21 patients
presenting PBC, 17 presenting PSC, and 25 presenting with AIH (26). Mean annual incidence
per 100,000 for PBC, PSC, and AIH were 1.6, 1.3, and 1.9 respectively, whereas point
prevalences in 1995 per 100,000 were 14.6, 8.5, and 16.9 respectively (26). Boberg et al.
concluded the incidence and prevalence of PBC, PSC, and AIH were relatively low and stable
over time. This further supports our results as AIH remained stable in those 40 and over and
under 40, though incidence proportions were higher among younger adults and in women.
Genetic causes encompassed WD, HH, and A1AT, all of which are recognized as rare
etiologies of cirrhosis. WD has an estimated global prevalence of 1 case per 30,000 live births
(27), though in some isolated populations the prevalence is higher. Limited population-based
studies have examined the epidemiology of WD, however, Choe et al. (28) performed a
retrospective study from 2009 to 2016 utilizing the National Health Insurance database in South
Korea. A total of 1333 patients were identified, and the incidence and prevalence were calculated
(28). The average annual incidence rate was 3.8 per million person years, with a prevalence rate
of 38.7 per million persons (28). WD trends remained stable with a marginal annual increase.
Likewise, HH is an inherited genetic disorder affecting approximately 1 in every 200 to
300 individuals of Northern European descent (29). Similar to WD data, there is a lack of
population-based studies for HH. In 2008, Crooks et al. (30) sought to investigate the clinical
significance of HH. Their retrospective cohort study identified 501 individuals with HH between
1987 and 2002, the incidence of an HH diagnosis had increased nearly 2- fold over the study
period (30). Crooks et al. concluded a slight increase in the diagnosis of HH was present and
mortality associated with HH remains high, though there is a rarity and low prevalence of HH.
A1AT, has a current estimated prevalence of 100,000 in the United States (31). A1AT
remains an underdiagnosed condition, with very few data reinforcing its epidemiology and
natural history. Barrecheguren et al. (32) performed a retrospective population-based study with
data from the Information System for Development in Research in Primary Care in order to
describe the prevalence of A1AT in Catalonia, Spain. A total of 12,409 patients were found to
have A1AT, with a prevalence of 0.19 per 100 persons (32). Barrecheguren et al. concluded the
prevalence of A1AT is low, though it had increased slightly during the duration of the study.
Understanding the current literature on the genetic etiologies of cirrhosis, our results
align with existing data. Genetic causes had the lowest incidence among all other observed
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etiologies, pertaining to the low prevalence in relation to LT waitlisting. Nonetheless, a slight
increase was observed as annual IRRs revealed a 1% to 3 % increase during the study period
across both age groups and sexes.
ALD and NAFLD were the conditions we found that had a substantial impact on the
incidence of LT waitlisting. Several studies indicate the silent epidemic of ALD and NAFLD.
National estimates of alcohol consumption in the US have recently shown that it is increasing at
alarming rates (33). Grant et al. (34) performed a study to determine whether the prevalence of
alcohol use had increased from 2001- 2002 and 2012 – 2013 in the US. Results revealed that
alcohol consumption had increased, along with high risk drinking (34). Additionally, Grant et al.
found that alcohol use had increased more in women, ethnic minorities, and among low
socioeconomic communities (34). The prevalence of alcohol use in the US had increased from
65% in 2001 to 72% in 2012 (33-34). Death and disability from alcohol use have also increased,
and in 2016, the global alcohol-attributable mortality was 38.8 per 100,000 people and 1,759
disability-adjusted life years (DALYs) per 100,000 people (35). Unsurprisingly, given these
trends, it has also been shown that the burden due to ALD cirrhosis is increasing. Mellinger et al.
(36) showed that the prevalence rates of ALD cirrhosis had increased by 50% in women
compared to 30% in men from 2009 – 2015 in the US. Moreover, Tapper et al. (37) found that
ALD mortality had increased most in individuals aged 25 – 34 years, with annual rates rising by
15% between 1999 and 2016. Global alcohol trends, particularly in younger adults and in women
appear to be worsening. In the United States alone the culture around alcohol consumption seems
to be increasing rapidly, further promoting the development of ALD. Trends of ALD seem to be
parallel with alcohol consumption, especially in the US and efforts to decrease alcohol use are
urgently needed at the policy level.
NAFLD trends seen from our study are similar to that of ALD, as it accounts for a
growing proportion of cirrhosis related cases. A recent study by Kim et al. (38) revealed cirrhosis
related mortality was associated with the increased prevalence of NAFLD. A primary risk factor
for NAFLD is obesity, since 1975 global obesity rates have tripled with a prevalence of 650
million obese adults in 2016 (39). Moreover, in 2016 the US has the world’s highest adult
obesity prevalence estimated at 109,342,838 adults over the age of 18 (39). Obesity has been an
ongoing epidemic within the US and has been a well-known indication for NAFLD. In addition,
within developed countries, obesity rates are known to be higher among men than women (40).
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Likewise, type 2 diabetes is a recognized risk factor for NAFLD, with an estimated prevalence of
34 million in the US (41). NAFLD trends observed in a contemporary cohort in the US can be
associated with the increasing incidence of obesity and type 2 diabetes.
6.4 Methodological Strengths and Limitations
The major strengths of this study are the use of population-level data where data was
abstracted directly from a primary LT registry. Furthermore, this is the most recent study to
analyze the incidence of LT wait-listing in a contemporary cohort. An additional strength of this
study is the large overall population size, with a significantly large sample size in those aged 20
– 39 years. All major cirrhosis etiologies were evaluated and analyzed within the study, with
standardized incidence and IRRs calculated for each etiology, sex, and age group. When
compared to the crude incidence proportions (Figures 1-11 in Appendix 2), both age and sex
annual standardized incidence proportions were slightly attenuated, as expected, given the
significant change (aging) in the population structure between 2002 and 2018. Nevertheless, the
general patterns / curves did not change, even after age and sex standardization.
There are some study limitations that must be acknowledged. First, the study population
did not consist of all adult waitlist registrants as the age cut-off of 20 years was used in this study
and therefore, those aged 18 and 19 were not included. This was due to the United States Census
Bureau categorizing populations into a respective age group. In order to calculate incidence
proportions, the categorized age groups commenced from 0 and increased by increments of 5,
thus 18- and 19-year old’s fell within the 15-19 age range. Additionally, individuals between the
ages of 15 and 19 are often listed for a liver transplant due to metabolic liver disease,
representing causes of cirrhosis that are likely found within the pediatric population than the
adult population. Therefore, we were unable to include those young adults aged 18 or 19 at the
time of listing. Secondly, given the nature of the retrospective databases, the study is subject to
misclassification bias based on under reporting. Also, we are unable to account for differences in
wait-listing by LT center. Each center uses a LT multidisciplinary team who makes decisions on
which individuals are able to be accepted on the LT wait-list and again could result in differential
misclassification of the outcome. Finally, we did not account for multiple etiologies of cirrhosis
given that we assigned each individual only one cause of cirrhosis and therefore trends based on
combined etiologies (ie. ALD + HCV and NAFLD + ALD) cannot be described.
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6.4.1 Missing Data
A large sample size with all potential study variables is preferred for maintaining the
study power. However, this is not always possible in a retrospective cohort study. In this study,
missing data was observed for various categorical characteristics (Table 1 in Chapter 4) such as
diabetes and education level. These missing records were categorized as “unknown” for the
variables.
6.5 External Validity
Utilizing LT wait-list registration ensures external validity as it represents all patients
listed for an LT due to CLD over a 17-year period in the United States. Moreover, it employs an
indirect assessment of disease prevalence.
The study cohort is derived from the general US population of waitlisted LT patients.
Due to this being a population level retrospective study, one that utilizes an established
healthcare database to assemble a study cohort for a 17-year period, the results of the study could
be generalizable to the US population. However, since only waitlisted patients for LT were
considered, they account for a proportion for all cirrhosis related cases in the US during 2002 to
2018. Since similar studies also account for only a proportion of cirrhosis patients, the validity of
the methods and results from this study are comparable to previous literature published on this
topic. Finally, these trends may not be generalizable to other parts of the world where the
etiologies of cirrhosis and ability to access LT differ.
6.6 Generalizability – United States and Canada
The following trends are observed within an American population; however, it is
relatively generalizable to the Canadian population. The Canadian obesity epidemic and
American obesity epidemics share similar characteristics and secular trends. The Canadian
prevalence of obesity rose dramatically, increasing three-fold since 1985 (42). In 2016, obesity
(BMI ≥ 30 kg/m2) affected nearly 8.3 million Canadians, with severe obesity (BMI ≥ 35 kg/m2)
affecting an estimated 1.9 million individuals, and overweight (BMI 25 – 29.9 kg/m2) affecting
an additional 10.6 million individuals (42). Furthermore, an increase in childhood obesity
mirrors adult obesity trends in Canada, with the prevalence of obesity among boys (16.2%) being
significantly higher than girls (9.3%). In the United States, the prevalence of obesity significantly
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rose from 1985, and in 2016 nearly 40% of adults were affected with obesity (43). The obesity
epidemic in Canada is as prevalent as it is in the United States, however, location and population
size differences must be considered.
Observing the total consumption of alcohol per capita in 2016 between Canada and the
United States, alcohol consumption was higher in Canada (10.0L) when compared to the United
States (9.3L) (44). Recognizing these trends and understanding that both Canada and the United
States are situated within the same geographic location, liver disease trends, in particular that of
NAFLD and ALD found within this study can be generalized to that of the Canadian population.
6.7 Conclusions and Future Directions
The burden of cirrhosis continues to increase in the US and in Canada with etiologies of
cirrhosis such as ALD and NAFLD contributing most to these rising trends. Currently, LT
remains the best curative treatment for those with decompensated cirrhosis and HCC.
We have shown that the incidence of LT wait-listing has increased substantially from
2002 to 2018. Particularly, the highest increases were observed in younger adults with ALD.
Moreover, LT wait-listing due to ALD in young women weas higher when compared to that of
young men. Conversely, LT wait-listing due to NAFLD was higher in young men when
compared to young women. NAFLD and ALD are the etiologies driving the increased trends of
LT waitlisting.
Future studies on CLD and cirrhosis could focus on several important areas:
-

To design a Chronic Disease Prevention and Management (CDPM) framework for
chronic liver disease and cirrhosis.

-

Have an explicit understanding of the current epidemiology of cirrhosis, its natural
history and impact on the health care system.

-

To validate the etiology and natural history of cirrhosis among young adults

-

To determine whether geographic distribution of alcohol use, obesity, and diabetes have
an impact on overall cirrhosis incidence.
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Appendix 1. Tables 1 – 6: Total number wait-listed for an LT by cirrhosis etiology, stratified by
age group and sex.
Table 1: Total Number Listed for Hepatitis C- Stratified by Age Group and Sex for those with
HCC
List Year
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018

20 - 39
Male
88
106
78
84
76
60
87
50
62
66
46
74
63
42
42
33
29

≥40
Female
31
30
43
46
33
33
41
34
32
45
16
19
18
16
14
22
6

Male
2126
2973
3293
3253
3349
3644
3851
4294
5138
5676
5759
6000
6196
5762
5531
4574
3556

Female
897
1143
1156
1146
1234
1328
1422
1616
1852
1917
2044
2045
2000
1870
1639
1459
1001

Table 2: Total Number Listed for Hepatitis B- Stratified by Age Group and Sex
List Year
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018

20 - 39
Male
39
40
44
40
36
22
34
25
25
21
25
23
21
22
32
19
29

≥40
Female
7
11
6
8
8
9
16
9
17
8
4
8
16
8
5
9
12

88

Male
260
330
361
313
353
373
328
476
456
494
509
665
570
660
655
555
547

Female
84
72
84
77
72
110
85
85
134
101
124
146
125
111
115
140
144

Table 3: Total Number Listed for Alcohol- Stratified by Age Group and Sex
List Year
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018

20 - 39
Male
35
66
64
69
40
52
76
51
65
74
97
129
95
173
173
226
252

≥40
Female
19
28
29
17
25
24
18
22
32
24
52
40
57
93
105
125
166

Male
776
1049
1126
1222
1353
1158
1332
1334
1629
1678
1717
1900
2111
2479
2896
2923
2994

Female
219
298
306
298
372
346
393
404
480
484
552
559
571
696
844
918
993

Table 4: Total Number Listed for Autoimmune Hepatitis- Stratified by Age Group and Sex
List Year
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018

20 - 39
Male
82
111
99
141
107
99
97
128
144
197
115
134
132
141
171
164
166

≥40
Female
78
89
99
83
95
99
89
103
124
109
194
141
155
144
158
185
101

89

Male
270
283
259
299
322
350
331
287
399
368
364
412
340
419
394
405
400

Female
455
534
544
578
591
553
602
574
645
615
604
716
668
634
836
739
650

Table 5: Total Number Listed for Non-Alcoholic Fatty Liver Disease- Stratified by Age Group
and Sex
List Year
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018

20 - 39
Male
36
34
54
40
45
28
38
56
54
66
73
50
59
57
65
76
67

≥40
Female
32
42
43
52
56
39
45
58
53
43
38
44
57
84
54
59
53

Male
344
473
498
621
738
807
836
959
1153
1234
1174
1368
1576
1921
2152
2323
2153

Female
313
449
515
578
671
667
726
789
987
980
1064
1204
1372
1617
1738
1707
1875

Table 6: Total Number Listed for Genetic Causes- Stratified by Age Group and Sex
List Year
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018

20 - 39
Male
10
11
17
15
14
13
13
27
10
20
15
12
13
14
18
33
19

≥40
Female
8
6
6
11
4
8
17
9
16
13
13
5
11
16
13
12
10
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Male
72
92
123
94
92
98
130
140
144
125
147
121
131
168
204
131
142

Female
21
27
26
36
33
27
32
42
41
54
42
40
33
49
62
50
65

Appendix 2. Figures 1-11: Incidence proportions and standardized incidence proportions from
2002 – 2018. Figure 3,4,7,8,11 is further stratified by cirrhosis etiology.
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Figure 3: Age specific Incidence Proportion by Etiology in 20 -39 Year Old’s from 2002 to 2018
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Figure 4: Age Specific Incidence Proportion by Etiology in those 40 and Above from 2002 to
2018
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Figure 5: Sex Specific Incidence Proportion from 2002 to 2018
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Figure 7: Sex Specific Incidence Proportion by Etiology for Males from 2002 to 2018
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Figure 8: Sex Specific Incidence Proportion by Etiology for Females from 2002 to 2018
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Figure 9: Annual Specific Incidence Proportion from 2002 to 2018
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Figure 10: Annual Standardized Incidence Proportion from 2002 to 2018
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Figure 11: Annual Specific Incidence Proportion by Etiology from 2002 to 2018
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Appendix 3. Tables 1- 6: Incidence rate ratios by Etiology for those under 40 and 40 and over,
and males and females.
Table 1: Magnitude of Annual Change in LT Waitlisting Incidence between 2002 and 2018, by
Cirrhosis Etiology for Young Cohort (Ages 20 – 39)
Etiology
Overall Listed
HCV
HBV
Alcohol
AIH
NAFLD
Genetic

Rate Ratios

95% Confidence Interval

1.02
0.93
0.96
1.11
1.02
1.13
1.02

1.03 – 1.03
0.92 – 0.94
0.95 – 0.98
1.10 – 1.12
1.02 – 1.03
1.10 – 1.15
1.02 – 1.03

P-Value
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Table 2: Magnitude of Annual Change in LT Waitlisting Incidence between 2002 and 2018, by
Cirrhosis Etiology for Old Cohort (Ages 40 and above)
Etiology
Overall Listed
HCV
HBV
Alcohol
AIH
NAFLD
Other

Rate Ratios

95% Confidence Interval

1.04
1.02
1.03
1.06
1.01
1.16
1.01

1.04 – 1.05
1.02 – 1.024
1.03 – 1.038
1.06 – 1.07
1.008 – 1.011
1.157 – 1.164
1.017 – 1.021

P-Value
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Table 3: Magnitude of Annual Change in LT Waitlisting Incidence between 2002 and 2018, by
Cirrhosis Etiology for Overall Males
Etiology
Overall Listed
HCV
HBV
Alcohol
AIH
NAFLD
Other

Rate Ratios

95% Confidence Interval

1.04
1.02
1.03
1.06
1.01
1.16
1.02

1.042 – 1.044
1.02 – 1.03
1.027 – 1.036
1.06 – 1.07
1.01 – 1.02
1.16 – 1.17
1.02 – 1.03
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P-Value
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Table 4: Magnitude of Annual Change in LT Waitlisting Incidence between 2002 and 2018, by
Cirrhosis Etiology for Overall Females
Etiology
Overall Listed
HCV
HBV
Alcohol
AIH
NAFLD
Other

Rate Ratios

95% Confidence Interval

1.03
1.01
1.02
1.08
1.01
1.15
1.01

1.03 – 1.04
1.01 – 1.02
1.01 – 1.03
1.07 – 1.086
1.01 – 1.02
1.14 – 1.158
1.01 – 1.02

P-Value
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Table 5: Alcohol and NAFLD in 20-39 Aged Females compared to 20 -39 Aged Males
Etiology
Alcohol
NAFLD

Rate Ratios

95% Confidence Interval

1.11
0.97

1.10 – 1.12
0.97 – 0.98

P-Value
<0.001
<0.001

Table 6: Alcohol and NAFLD in 40 and Above Aged Females compared to 40 and Above Aged
Males
Etiology
P-Value
Rate Ratios
95% Confidence Interval
Alcohol
<0.001
0.27
0.26 – 0.27
NAFLD
<0.001
0.79
0.77 – 0.81
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