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Abstract

Background: Glomerular diseases are a group of rare immune-mediated kidney diseases that affect
the glomeruli, or filtering units, of the kidney. Major knowledge gaps remain in our understanding of
glomerular disease epidemiology. Efforts to describe glomerular disease distributions based on
geographic, demographic, and temporal factors (descriptive epidemiology) are limited by the
absence of population-level disease registries in most jurisdictions. The extent to which glomerular
disease subtype independently associates with clinical outcomes (analytic epidemiology), especially
once kidney disease has progressed to end-stage kidney failure, remains largely unknown. Further,
much of what is known regarding glomerular disease epidemiology is derived from the experiences
of highly-selected patient populations enrolled in clinical trials or attending academic medical
centres. Larger-scale, population-level, studies of glomerular disease epidemiology would help to
close knowledge gaps regarding the distribution and determinants of glomerular disease and, in

doing so, would inform clinical care, public health policy, and clinical trial design.

Hypotheses: Two major hypotheses are explored in this thesis: 1. Significant geographic and
temporal variation in glomerular disease frequencies exist, that are not solely explained by racial-
ethnic variation, thus supporting a role for socioeconomic and environmental factors in the
development of clinically manifest glomerular disease; 2. Glomerular disease subtype independently
associates with clinical outcomes even after glomerular disease has advanced to end-stage kidney
failure, challenging the prevailing paradigm to group all glomerular disease subtypes together in

research and public health reporting of clinical outcomes in patients with end-stage kidney failure.

Aims: The overall aim of this research was to close knowledge gaps in glomerular disease
epidemiology by identifying geographic and temporal variation in glomerular disease frequency
distributions and by determining associations between glomerular disease subtype and clinical

outcomes (mortality, cardiovascular events) in patients with end-stage kidney failure.

Methods: For the first two manuscripts (Chapters 3 and 4), | analysed two large-scale pathology
datasets created by my collaborator, Dr. Charles Jeannette: a) the International Kidney Biopsy Survey
(IKBS) that includes kidney biopsy diagnoses and associated patient demographics from 29
international kidney pathology laboratories, which | used to study geographic variation in glomerular
disease frequencies within and across racial-ethnic groups; b) the Glomerular Disease Collaborative
Network (GDCN), a registry of all kidney biopsies referred to the University of North Carolina since

1986, which | used to study temporal trends in glomerular disease frequencies within and across

viii



demographic groups over the last three decades. For the next two manuscripts (Chapters 5 and 6), |
analysed data — including physician-reported cause of kidney failure — from virtually all U.S. patients
with treated end-stage kidney failure who are enrolled, by federal mandate, in the United States
Renal Data System (USRDS). In the first of these two manuscripts, | determined associations
between glomerular disease subtype and mortality; in the second, | determined associations
between glomerular disease subtype and cardiovascular events. Advanced statistical methods
included multivariable regression to handle confounding, proportional sub-distribution hazard

models to handle competing events, and multiple imputation to handle missing data.

Results: Major findings from these manuscripts include: a) significant differences in glomerular
disease frequencies across continents, even among patients with similar racial-ethnic backgrounds;
b) significant temporal trends in the relative frequencies of many biopsy-proven glomerular diseases,
including stabilization in the 215 century of the rapid increase in focal segmental glomerulosclerosis
observed at the end of the 20% century, and a dramatic increase in diabetic glomerulosclerosis over
time, to become the second most frequent biopsy-proven glomerular disease diagnosis in the
modern era; c) significant differences in the hazards of mortality and cardiovascular events across

glomerular disease subtypes, even after accounting for between-group differences in case-mix.

Conclusions: In addition to answering specific research questions regarding glomerular disease
epidemiology, this research exemplifies the strengths and feasibility of population-level,
internationally collaborative, approaches to studying glomerular diseases. Findings from these
studies can shape public health policy (e.g. promotion of healthy lifestyle approaches to curb the
high frequency of diabetic glomerulosclerosis in contemporary U.S. populations), future research
design (e.g. recognising the importance of glomerular disease subtype as a prognostic indicator in
studies involving patients with end-stage kidney failure), and clinical care (e.g. formulating
differential diagnoses based on patient demographics, or counselling U.S. patients regarding their

absolute and relative risks of mortality and cardiovascular events following dialysis initiation).



Preface

The research reported in this thesis was conducted while | underwent fellowship training at Stanford
University from 2013 to 2016. My training in glomerular disease included a 6-week visit as an
academic scholar to the University of North Carolina, Chapel Hill, a world-renowned centre of
excellence for glomerular disease research and clinical care, where | devised the first two projects
presented in this thesis. My training in epidemiology and statistical methods included completion of
a Master of Science degree in Epidemiology and Clinical Research at Stanford University, from which
| graduated in January 2016 with a perfect Grade Point Average of 4.2. | was supervised during the
conduct of this work by my research mentors Drs. Wolfgang Winkelmayer, Susan Hogan, and Maria
Montez-Rath. | independently performed all statistical analyses, including generation of figures and
tables, for the first two manuscripts (Chapters 3 and 4); | received support from a biostatistician
when performing the advanced statistical techniques required for the third and fourth manuscripts
(Chapters 5 and 6). | was first author for all four manuscripts and, in this role, was primarily
responsible for study design, statistical analyses, interpretation of research output, and manuscript

writing. All four manuscripts have already been published in an academic peer-reviewed journal.

After completing my fellowship training, | next joined the Nephrology Faculty at Stanford University
as an Assistant Professor (2016-2019), before returning to Ireland to take up a position as a
Consultant Nephrologist at Cork University Hospital and Clinical Senior Lecturer at UCC, in January
2020. In addition to maintaining my role as an investigator with two North American glomerular
disease clinical research networks (NEPTUNE,? CureGN?), | am establishing a Glomerular Disease
Centre at Cork University Hospital, which | aim to have approved as a Reference Centre for

glomerular disease care within the European Reference Network for Rare Kidney Diseases (ERKNet)3.

My research mentors and collaborators since returning to Ireland include Prof. Joe Eustace,
Consultant Nephrologist and Director of the Health Research Board’s Clinical Research Facility (HRB-
CRF) at UCC, and Dr. Frances Shiely, Director of Education for the HRB-CRF and Programme Director
for the MSc degree in Clinical Trials (UCC), who together supervised my preparation of this thesis. |
particularly wish to acknowledge their assistance with selecting manuscripts to include in the thesis

as well as their careful review and editing of the introduction and discussion sections of this thesis.



Chapter 1. Introduction

1.1. Chapter overview

This chapter will provide context for the four manuscripts presented in this thesis, by: explaining the
terms glomerular disease and epidemiology; reviewing relevant background literature relating to

glomerular disease epidemiology; and presenting the overarching and specific aims for this research.

1.2. What are glomerular diseases?

Glomerular diseases are a group of immune-mediated kidney diseases that affect the glomeruli, or
filtering units, of the kidney. They can be kidney-limited (primary glomerular diseases) or affect the
kidney as part of a systemic disease process (secondary glomerular diseases).* Glomerular diseases
typically damage the kidney filters, resulting in leakage of blood and/or protein in to the urine and, in
many cases, a slowly progressive or more rapid decline in kidney function leading to end-stage kidney
failure. In the acute phase, glomerular diseases can also result in the nephrotic syndrome, defined by
heavy protein leakage in the urine, low albumin levels in the blood, and oedema (fluid retention),* with

a propensity to develop hypercholesterolemia,® thrombotic events,®® and infection®.

Many different subtypes of glomerular disease exist. These are primarily distinguished from one another
based on histologic findings by kidney biopsy, although diagnoses are further refined based on clinical
features (e.g. pathologic triggers, markers of disease severity).2%!! The treatment of glomerular diseases
typically includes immunosuppressive therapies,* although some patients can enter remission

spontaneously, or forego immunosuppressive treatments if risks are expected to outweigh benefits.

1.3. What s epidemiology?

Epidemiology refers to the study of the distribution and determinants of disease in specified
populations, and the application of this study to the control of health problems.? Studying disease
distributions is termed “descriptive epidemiology”, and involves determining the incidence and
prevalence of disease in certain populations i.e. asking “who?”, “what?”, “where?”, “when?”, and “how
often?”. Studying disease determinants is termed “analytic epidemiology”, and involves elucidating the

causes and consequences of disease i.e. answering “why?”.



As outlined in a recent editorial by this author, an epidemiologic approach is particularly well suited to
the study of diseases lacking a single root cause, in which a constellation of genetic, epigenetic,
demographic, and environmental factors converge to enable disease expression.'? In this context,
epidemiologic studies can help to tease apart the relative contributions of each of these factors to

disease incidence and outcomes. The resulting new knowledge can then be applied to:

e Public health: e.g. quantifying the overall burden of disease; identifying high risk patient groups

to be targeted in screening strategies, healthcare initiatives, and research funding.

e Patient care: e.g. refining differential diagnoses based on patient demographics; counselling

patients regarding their predicted prognosis; personalising treatments to patient profiles.

e Clinical trial design: e.g. generating hypotheses to test in interventional studies; identifying
target populations to be studied (e.g., those with the highest disease incidence or greatest risk

for adverse outcomes); determining trial feasibility (i.e., realistic recruitment targets).
1.4. Challenges to studying glomerular disease epidemiology

Studying glomerular disease epidemiology poses many challenges, which | aimed to overcome in the

body of work presented in this thesis.
1.4.1. Disease rarity

Although the true incidences of individual glomerular diseases remain to be defined, best estimates
support their designation as rare diseases, with an incidence of less than 5 per 10,000 person years.'
Reflecting this, “immune-mediated glomerulopathies” was included as one of 28 working groups for the

recently formed European Reference Network for Rare Kidney Diseases (ERKNet).3

When studying the distribution and determinants of rare disease, single-centre studies typically include
too few patients to facilitate population-level inferences. Reports emanating from large academic
centres also have limited generalisability, as patient characteristics, treatment patterns, and outcomes,
are unlikely to reflect real world patient experiences.’> Opportunities to study larger, more

representative, patient cohorts are urgently required, to produce internally and externally valid findings.



Approaches taken to overcome this challenge: This thesis includes analyses of some of the largest
cohorts of patients with glomerular disease ever described, including: 42,603 glomerular disease
diagnoses from 18 countries as part of the International Kidney Biopsy Survey; 22,516 patients with a
kidney biopsy specimen showing glomerular disease referred to the University of North Carolina, Chapel
Hill; 84,301 patients with end-stage kidney failure attributed to glomerular disease who initiated dialysis
or received a kidney transplant in the U.S. between 1996 and 2011; and 63,656 patients with end-stage
kidney failure attributed to glomerular disease who initiated dialysis in the U.S between 1997 and 2014.
The sheer magnitude of these patient populations enabled findings identified in the full patient cohort
to be studied within demographic sub-groups (with sufficient statistical power), for geographic variation
and temporal trends in even the rarest of glomerular disease subtypes to be studied, and for the

application of advanced statistical methods to enhance the internal validity of study findings.

1.4.2. Difficulty identifying cases using traditional structured clinical research datasets

Administrative diagnostic codes are frequently used to identify patients with diseases of interest from
electronic healthcare records or insurance claims data, to support clinical outcomes research. However,
as is the case for many rare diseases,?° diagnostic codes for glomerular disease insufficiently map to
clinically used glomerular disease terminologies. Further, diagnostic biomarkers (such as haemoglobin
A1C in the case of diabetes) are lacking for most glomerular diseases, and instead a kidney biopsy is
required to make a definitive diagnosis. However, kidney biopsy reports are either absent from clinical
research datasets or are only available as manually-searchable free text documents, precluding their use

as a means to rapidly identify cases of interest.

Determining ways to readily and reliably identify patients with glomerular disease from electronic
healthcare records or health insurance claims datasets (e.g. by developing and validating algorithms to
identify cases using administrative codes, or by using natural language processing to extract diagnoses
from free-text biopsy reports) would advance the ability to study glomerular disease epidemiology at
the population level. At the same time, opportunities to study existing diverse datasets that reliably

identify patients with glomerular disease by other means should also be harnessed.

Approaches to overcome this challenge: To overcome this challenge, | identified two pathology
datasets, described in Chapters 3 and 4, in which cases of glomerular disease were confirmed by kidney
biopsy, obviating the need to rely on clinical data alone. For Chapters 5 and 6, | relied upon glomerular

disease diagnoses submitted to the USRDS by patients’ treating physicians; while confirmatory biopsy



data are not provided, a prior validation study examined the precision and reliability of glomerular

disease designations in the USRDS and determined them to be poorly sensitive but highly specific.?

Beyond the scope of this thesis, | also developed reliable algorithms to identify patients with glomerular
disease from electronic healthcare records, using combinations of administrative diagnostic codes.?>%3 |
am also developing an approach to reliably identify patients with membranous nephropathy using

natural language processing methods applied to free text kidney biopsy reports (work in progress).

1.4.3. Characteristically slow clinical course

The most definitive outcomes in kidney disease are death and kidney failure. However, it can often take
years or even decades for these outcomes to occur.?* Among patients recruited to prospective
glomerular disease registries or clinical trials, very few might develop these outcomes over the first few
years of follow-up. Surrogate outcomes (e.g. change in kidney filtering function or protein excretion in
the urine) have more recently been validated and accepted for use in kidney disease clinical trials.? It is
reasonable to apply these surrogate outcomes to observational studies also. However, the absolute risk
for, and time to, kidney failure or death cannot readily be extrapolated from surrogate outcome data,

nor can these findings be easily communicated to patients, limiting their clinically applicability.

An ability to study definitive longer-term clinical end-points, including death and cardiovascular events,

would greatly contribute to the existing literature regarding glomerular disease epidemiology.

Approaches to overcome this challenge: By using the USRDS, a national registry of all patients with
treated end-stage kidney failure in the U.S., | could study long-term clinical outcomes for patients who
initiated dialysis or received a kidney transplant in the U.S. since 1996. Data linkage to transplant, death,

and Medicare claims records allowed complete capture of major clinical endpoints of interest.

1.5. Literature review of relevant studies

A detailed systematic review of all prior studies examining glomerular disease epidemiology in the U.S.
and internationally is beyond the scope of this thesis. Instead, findings of relevance to the manuscripts

presented in this thesis are summarised in the sections below as well as in Chapters 3 to 6.

1.5.1. General overview of studies examining glomerular disease frequency distributions

among patients undergoing kidney biopsy



In the past decade, major breakthroughs in our understanding of the biological mechanisms underlying
glomerular disease have occurred, including the discovery of genetic risk alleles predisposing to the
development of focal segmental glomerulosclerosis (FSGS) in patients of African ancestry,?® and
pathogenic auto-antibodies that serve as diagnostic and prognostic biomarkers in membranous
nephropathy.?” However, the roles that demographic, socioeconomic, and environmental factors play in

conferring disease risk, and modifying disease expression, remain poorly understood.

Examining demographic, geographic, and temporal differences in glomerular disease frequency
distributions in patients undergoing a kidney biopsy is one potential approach to untangle the

contributions from these factors to disease risk. However, prior such studies have had limitations:

Non-representative referral populations: Many published reports of glomerular disease frequencies,
particularly in the U.S., are restricted to patients attending academic medical centres.?*° These cohorts
are likely to be enriched for rarer, more severe, or more complex cases. Other studies describe
glomerular disease frequencies among socioeconomically or geographically non-representative

populations: for example, patients with private insurance living in Southern California.3!

Inconsistent study inclusion criteria: While some studies report diagnoses from all kidney biopsies
performed at or referred to their centre, >33 others are restricted to cases with confirmed glomerular
disease,** or to those with heavy proteinuria.?®% Further, some reports include all forms of glomerular
31,37

disease,>% whereas others are restricted to primary, kidney-limited, forms of glomerular disease.

This methodological variation largely precludes direct comparisons of findings across studies.

Inconsistent disease nomenclature: Many, particularly older, studies used outdated or non-specific
disease nomenclature when categorising glomerular diseases. For example, one study examining
temporal trends in glomerular disease incidence in Finland assigned patients to disease categories such
as focal proliferative glomerulonephritis (GN), extracapillary GN, endocapillary GN, mesangial non-
specific GN, or non-specific GN, none of which map well to clinically used glomerular disease
terminologies. Studies that include large numbers of patients assigned to such non-specific diagnoses

will under-represent true pathologic entities, and distort inter-study comparisons.

Small sample size: The majority of reports describing glomerular disease frequency distributions among

patients undergoing kidney biopsy emanate from single centres and include only a few hundred



patients.** Particularly for the rarest of glomerular disease subtypes, small sample sizes preclude

meaningful analyses of geographic variation or temporal trends in disease frequencies.

Older era: Most prior studies reporting glomerular disease frequency distributions were more than a
decade old when the manuscripts presented in Chapters 3 and 4 were published. 1**° Glomerular
disease frequency distributions in the contemporary era, and the extent to which trends observed at the

end of the 20™ century continued in to the 21° century, remained largely unknown.

1.5.2. Demographic, environmental, and socioeconomic factors associated with glomerular

disease frequency distributions

Prior reports describe significant associations between demographic (age, sex, and race), environmental,

and socioeconomic factors, and risk for glomerular disease development.

Age: One of the largest (n=1147) kidney biopsy studies to date, that included both adults and children,
reported that glomerular disease frequency distributions differed significantly by patient age: FSGS was
most frequent in children under 5 years of age, lupus nephritis in children aged 5 to 14 years, and IgA
nephropathy in children and adults 15 years and older.*® However, most other studies did not report

disease distributions within age-defined sub-groups, or excluded children entirely.

Sex: Multiple studies have demonstrated a male preponderance for most of the more common primary
and secondary glomerular disease subtypes, with the exception of lupus nephritis.**%> However,
glomerular disease frequency distributions stratified by patient sex are seldom reported, and sex

associations for particularly rare glomerular disease subtypes remain to be defined.

Race: Racial predispositions to glomerular disease development are consistently observed. The
increased risk for FSGS in people of African ancestry is at least in part due to a higher prevalence of
Apol1 risk alleles % Genome wide association studies have also helped to explain some of the increased
risk for IgA nephropathy observed in Asian populations.*® However, genetic factors do not entirely
explain associations between race-ethnicity and glomerular disease frequency distributions:

socioeconomic, environmental, and lifestyle factors are also likely to play an important role.*

Environmental and socioeconomic factors: At least two reports have described associations between
lower socioeconomic status and increased risk for the development of certain glomerular diseases.*#®

However, neither report delved deeply in to specific factors that might explain this finding. Potential



explanations might include: a direct contribution from lifestyle factors to the development of diabetic
nephropathy, obesity related FSGS, or smoking related nodular glomerulosclerosis;* a recently reported
association between air pollution and increased risk for membranous nephropathy;* or purported
associations between poor sanitation and higher risk for infection-related glomerular disease but lower

risk for autoimmune glomerular diseases®.

Examining international variation, and temporal trends, in glomerular disease frequency distributions —
overall, and within racial-ethnic sub-groups — might help to disentangle the influences of fixed genetic

factors from modifiable environmental and socioeconomic factors on disease risk.

1.5.3. International variation in glomerular disease frequencies

Incidence estimates for individual glomerular disease subtypes vary internationally. For example, the
incidence of IgA nephropathy was reported to be higher in Victoria, Australia, in both males and females
(5.7 and 2.9 per 100,000 person years, respectively)*® than the overall incidence in Olmsted County,
Minnesota (2.1 per 100,000 person years)®. In general, IgA nephropathy is the dominant glomerular
disease subtype in Europe,®®>* Australia/New Zealand,*® and South East Asia,>® while FSGS
predominates in some,?29:335759 byt not all,3*%° biopsy cohorts in the Americas. Whether international
variation in the frequency of biopsy-proven glomerular disease relates to true differences in disease
incidence (due to differences in race-ethnicity, socioeconomic, or environmental factors) vs. differences

in disease detection (i.e. threshold to perform, or access to, kidney biopsy), remains to be determined.

To our knowledge, only two studies have attempted to systematically compare glomerular disease
frequencies across countries and continents. The first examined 40 studies published between 1980 and
2010 reporting the incidence of primary GN in Europe, North and South America, Canada, Australasia
and the Middle East.!® This study was restricted to primary glomerular disease subtypes and did not
attempt to compare geographic variation within specific demographic sub-groups. The authors
commented on variability in disease nomenclature, which forced them to exclude some reports from
their analysis. They also conceded that “most studies were from the USA and France; therefore, it is

difficult to draw conclusions regarding variability of rates with geographical location or ethnicity.”

The second study compared temporal trends in primary glomerular disease frequencies in Singapore to
international trends.® The findings from Singapore were difficult to interpret, as non-specific histologic

patterns (e.g. mesangial proliferative GN and crescentic GN) were included as diagnoses. However,



when reporting on renal biopsy data from 28 countries worldwide, the investigators focused only on
primary glomerular diseases, and commented on considerable heterogeneity with respect to disease
nomenclature. Although definitive conclusions regarding international variation could not be made, the
authors concluded that “the prevalence of primary GN in various countries throughout the world varies

depending on the genetic profile of the population as well as their environmental exposure”.

Finally, two smaller studies summarised a less comprehensive selection of international studies. These
compared the most frequent glomerular disease diagnoses,® and the frequency of IgA nephropathy

specifically, 38 in different parts of the world.

To our knowledge, no prior study has collected primary data regarding kidney biopsy frequencies from

multiple countries, using a systematic approach to disease nomenclature and study design.

1.5.4. Temporal trends in glomerular disease frequencies in the U.S.

An increasing incidence of FSGS was consistently identified in numerous studies examining glomerular
disease frequency distributions in the United States at the end of the 20t century.?®3%3337 |n some,
however, this finding was restricted to Black or Hispanic patients,?33 suggesting that that the increasing
incidence of FSGS among racial-ethnic minority groups might be explained by a disproportionately
higher exposure to adverse socioeconomic or environmental factors predisposing to FSGS development
in the modern era. At the time the manuscript presented in Chapter 4 of this thesis was published, only
two prior studies, to our knowledge, had followed this trend in to the 21° century, with conflicting
findings: one study of 2,501 privately insured patients in Southern California showed a sustained
increase in the incidence of FSGS among all racial groups between 2000 and 2011;3! another of 204
patients in Chicago found that the rising tide of FSGS evident at the end of the 20" century had ceased,

).62

and that membranous nephropathy now predominated in all racial groups (2001-2011).°* However, both

of these studies were relatively small and had limited generalisability to the larger U.S. population.

Temporal trends are less consistent across studies for other glomerular disease subtypes, explained by
differences in population demographics (e.g. Caucasian,® military,®® or urban-dwelling patients?) or
clinical inclusion criteria (e.g. nephrotic syndrome?®%° vs, any glomerular disease3*®*). Frequencies of

especially rare glomerular diseases are seldom reported.



Accordingly, knowledge gaps with respect to temporal trends in glomerular disease frequencies in the
United States include: conflicting findings regarding contemporary FSGS trends in the 21 century; poor
understanding of the influence of demographic factors on observed trends; and inadequate study of

temporal trends for the rarest of glomerular diseases subtypes, due to insufficient sample sizes.

1.5.5. Associations between glomerular disease subtype and clinical outcomes in patients

with end-stage kidney disease attributed to glomerular disease

Clinical outcomes in patients with glomerular diseases are notoriously heterogeneous and difficult to
predict. One prognostic factor that has been examined in a handful of studies is glomerular disease
subtype itself i.e. after accounting for differences in demographics, comorbidities, and disease severity,
does glomerular disease subtype have independent prognostic significance? To cite one example, the
risk for thromboembolism is reported to be significantly higher in membranous nephropathy than in
other forms of glomerular disease, even after accounting for between-group differences in age, sex,
serum albumin, and history of malignancy.® This finding has influenced clinical practice, by lowering the

threshold to provide prophylactic anticoagulation to patients with membranous nephropathy.*

However, the degree to which glomerular disease subtype is associated with mortality remains to be
determined. One single-centre, retrospective study of 580 Taiwanese patients with biopsy-proven GN,
not yet requiring dialysis (mean eGFR 70.4 £33.8 ml/min/1.73m2), reported a lower frequency of
comorbidities and less use of cytotoxic medications in patients with IgA nephropathy compared to those
with membranous nephropathy or FSGS. Unadjusted mortality, after a median follow-up of 5.9 years,
was also significantly lower in IgA nephropathy (4.6%) than in membranous nephropathy (17.2%) or
FSGS (14.4%). However, multivariable adjustment for between-group differences in demographics,
disease severity, and comorbidities, were not performed; accordingly, whether these differences
represent an independent association between glomerular disease subtype and patient mortality,
versus the confounding influence of differences in in demographics and renal or non-renal clinical
factors, could not be determined. Another similar study of 1,943 Korean patients with primary GN also
identified a survival advantage in IgA nephropathy as compared to membranous nephropathy, FSGS, or

membranoproliferative GN. Again, however, differences in case-mix were also not considered.

Another area in which there are major knowledge gaps is the degree to which glomerular disease

subtype retains prognostic importance once a patient’s kidney disease has progressed to end-stage



kidney failure. With respect to mortality differences, the Taiwanese study cited above did report
patient outcomes in the small (n=257) subset of patients from this cohort who developed end-stage
kidney failure. In this sub-group, 10-year survival risks of 85%, 80%, 61%, and 26% for IgA nephropathy,
membranous nephropathy, FSGS, and membranoproliferative GN, respectively, were reported.
However, multivariable adjustment for between-groups differences in demographics and comorbidities
were not performed and, thus, whether an independent association exists between glomerular disease

subtype and mortality following the onset of kidney failure remains unknown.

With the exception of this sub-group analysis, most other studies reporting mortality outcomes after
kidney failure development in glomerular disease were restricted to single glomerular disease
subtypes,®>% or combined subtypes together into a single disease category.®” Studies directly comparing

mortality outcomes across major glomerular disease subtypes were largely lacking.

With respect to cardiovascular outcomes, studies restricted to a single glomerular disease subtype have
described high rates of cardiovascular events in patients with glomerular disease.}”®¢7! However, either
prior to or following the onset of kidney failure, | am not aware of any study that directly compared

rates of cardiovascular outcomes across glomerular disease subtypes.

| hypothesised that glomerular disease subtype might independently associate with the clinical
outcomes of mortality and cardiovascular events even after patients’ kidney disease had progressed to
end-stage kidney failure. Any observed differences might in part be explained by confounding (e.g.
differences in demographics or comorbidity burden) but in part might relate to factors directly or
indirectly caused by the patient’s glomerular disease or its treatment, including chronic damage to the
vasculature prior to the onset of kidney failure as well as continued nephrotic syndrome, systemic

inflammation, or use of immunosuppressive therapies even after the onset of kidney failure.

1.6. Thesis Aims

1.6.1. Overall Aim

The overarching aim of this thesis was to better understand geographic variation and temporal trends in
glomerular disease frequencies, as well as associations between glomerular disease subtype and clinical

outcomes in patients with end-stage kidney failure.

1.6.2. Specific objectives of the individual manuscripts
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To determine international variation in glomerular disease frequency distributions, overall and
within racial-ethnic subgroups, using data from an international kidney pathology survey that

adopted a standardised, contemporary, approach to disease nomenclature (Chapter 3)

To identify temporal trends in glomerular disease frequency distributions in the South Eastern
United States over the last 30 years, overall and within specific demographic sub-groups, using

data collected for a prospective glomerular disease registry (Chapter 4)

To quantify the nature, strength, independence, and significance of relationships between
glomerular disease subtype and mortality (Chapter 5) and cardiovascular outcomes (Chapter 6)

among U.S. patients with treated end-stage kidney failure.

11



Chapter 2. Methods Overview

2.1. Chapter overview

Detailed descriptions of individual study methods — including data sources, cohort creation, variable
definitions, and statistical approaches — are contained within each of the individual published
manuscripts (Chapters 3 to 6). In this chapter, | wish to highlight methodological themes that are

common to most or all of the included manuscripts, demonstrating the cohesive nature of this work.

2.2. Data sources

To overcome some of the limitations of prior studies examining glomerular disease epidemiology, |

employed data sources with the following attributes:

1. Asufficiently large number of cases to allow stratification by age, sex, and race, when examining

geographic variation and temporal trends in glomerular disease frequencies

2. Use of pathology datasets that adopted a systematic, consistent, approach to defining and

categorising glomerular disease diagnoses, using contemporary disease nomenclature

3. Regionally, nationally, and/or internationally representative patient cohorts, such that study

findings are broadly generalisable to real world glomerular disease patient populations
4. Inclusion of all major forms of glomerular disease, both primary and secondary

With these goals in mind, | created some of the largest cohorts of patients with glomerular disease ever
described, in whom | could study a series of specific research questions. An overview of the details,

strengths, and limitations of each of these data sources are now described.

2.2.1 The International Kidney Biopsy Survey (IKBS)

Description of the data source: The IKBS was designed by my two collaborators, Dr. Charles Jeannette
and Dr. Agnes Fogo, with support from the American Society of Nephrology Glomerular Diseases
Advisory Group (ASN GDAG), the Renal Pathology Society (RPS), and the European Renal Association—

European Dialysis and Transplantation Association (ERA-EDTA) Immunonephrology Working Group.
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Centers were invited to participate in the survey between 2012 and 2013 and were asked to provide all
consecutive native kidney biopsy diagnoses reported by their kidney pathology laboratory, either
retrospectively or prospectively, over a self-selected recent time period of at least one year. Centers
were also instructed to report demographic data, if available, as summary values for each diagnosis,
including: mean age, minimum age, maximum age, number of males, number of females, and number of

patients with each of 4 mutually exclusive race/ethnicity categories (white, black, Asian, or Latino).
Strengths of the data source:

e Inclusion of all consecutive biopsy cases, thus minimising selection bias
e Use of standardised case definitions when assigning diagnoses
e Global representation, with data from 29 centres across 18 countries and 4 continents

e Huge scale, with collection of over 40,000 glomerular disease diagnoses
Limitations of the data source:

e [f two or more diagnoses were identified from a single biopsy specimen, each diagnosis was
regarded as a separate observation i.e. the unit of measurement was diagnosis, not patient

e Demographic data were provided by the centres at the group and not individual level

e The size and demographic composition of the referral population was only available for two

centres, and thus proportional frequencies rather than absolute incidence rates are reported

2.2.1. The Glomerular Disease Collaborative Network (GDCN)

Description of the data source: The GDCN is a large prospective registry of patients with glomerular
disease, initiated in 1986 and hosted at the University of North Carolina, Chapel Hill. All biopsies referred
to the nephropathology department at UNC Chapel Hill, including those referred from a large catchment
area that extends beyond the state of North Carolina, are included in the pathology registry. Some of

these patients will also contribute clinical data, although these data were not the focus of this thesis.
Strengths of the data source:

e Complete case capture, minimising selection bias

e Inclusion of patients from the community in addition to those attending academic centres

e Processing of all specimens by light, immunofluorescence and electron microscopy

e Diagnoses made by one of three experienced nephropathologists, who were also involved in the

clinical care of patients and could refine histopathologic diagnoses in light of clinical data
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Limitations of the data source:

e Could not always distinguish primary from secondary glomerular disease diagnoses (e.g.
immune-mediated FSGS from obesity-related FSGS)
e The size and demographic composition of the referral population could not accurately be

defined, and thus proportional frequencies rather than absolute incidence rates are reported

2.2.3. The United States Renal Data System (USRDS)

Description of the data source: The USRDS contains records for virtually all patients who receive a
kidney transplant or long-term dialysis in the United States. We obtained cause of kidney failure,
demographic characteristics, comorbidities, laboratory values, and body mass index (BMI) from patient
and medevid files: these data are derived from Centres for Medicare & Medicaid Services (CMS) Medical
Evidence Reports (Form CMS-2728) submitted by nephrologists, by federal mandate, within 45 days of a
patient commencing a new ESRD treatment. We obtained initial ESRD treatment modality from the
rxhist60 file. We used US Census Bureau data to obtain socioeconomic factors at the residential ZIP code
level, as a proxy for patient-level socioeconomic status. We used year 2000 Decennial Census data, and
American Community Survey (ACS) 5-year data (2007-2011), respectively, for patients starting dialysis
prior to or after 2006.7>7® We obtained outcome data for non-fatal cardiovascular events from linked
Medicare Institutional (Part A) and Physician/Supplier (Part B) files. We obtained mortality data (date
and cause of death) from the patient file: these data are derived from Death Notification forms (CMS-

2746) submitted by nephrologists when a patient receiving ESRD treatment dies.

Strengths of the data source:

o Near complete capture of all patients receiving renal replacement therapies (haemodialysis,
peritoneal dialysis, or kidney transplantation) at the U.S. population level

e Comprehensive data collection for all patients within 45 days of registry enrolment, including
demographics, comorbidities, dialysis modality and access, and key laboratory parameters.

e Linkage to transplant and death registries, as well as Medicare insurance claims data, enabling

the study of long-term, clinically relevant, endpoints
Limitations of the data source:

e Causes of kidney failure submitted to the USRDS are not necessarily confirmed by kidney biopsy,

so misclassification is inevitable. A previous study measured agreement between biopsy-based
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diagnoses and USRDS-derived diaghoses among 227 patients with biopsy-proven GN.% Poor
overall agreement was largely explained by a large number of “missing” (57%) and “GN not
histologically examined” (9%) diagnoses in the USRDS; however, positive predictive values
exceeded 90% once a specific GN subtype was selected.

e Comprehensive, time-updated, medication and laboratory data are lacking

2.3. Statistical methods

A number of statistical methods were applied to address the specific aims of this thesis. Additionally,

through performing these analyses, | expanded my repertoire of analytic approaches.

2.3.1. Geographic variation and temporal trends in glomerular disease frequency

distributions: considering contributions from race-ethnicity to observed findings

When analysing data from the IKBS, | learned how to analyse group- rather than individual- level data,
by weighting analyses according to case numbers at each centre. When comparing multiple glomerular
disease diagnoses across demographic groups, | also learned the importance of p-value correction for
multiple testing, to minimise the risk of a Type 1 error. Most importantly, | focused my analyses on
unravelling the influence of geographic region (representing societal, environmental, socioeconomic, or
health system factors) from race-ethnicity (representing genetic factors), by comparing differences in

frequency distributions across continents both overall and within individual racial-ethnic groups.

When analysing data from the GDCN, p-values were also corrected for multiple testing, while p-values
for trend were employed to assess temporal trends. Additional statistical approaches (ANOVA and
Kruskall-Wallis testing), were used to compare frequencies across demographic groups. As for the IKBS,
a major goal of this study was to determine whether significant associations between glomerular
disease subtype and era, identified in the full cohort, held true within demographic sub-groups.
Accordingly multiple sub-group analyses and plots were created, which will serve as useful resources to

clinicians who are considering differential diagnoses based on patient demographics.

2.3.2. Associations between glomerular disease subtype and clinical outcomes in patients

with end-stage kidney failure: considering the influence of confounding
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The manuscripts presented in Chapters 5 and 6 of this thesis, using data from the USRDS, employed
more advanced statistical techniques than in the prior two papers. These include the creation of
cumulative survival and cumulative incidence plots, use of sequential multivariable Cox regression
models to account for groups of confounders (demographics, socioeconomic factors, and clinical
characteristics), use of proportional hazard models with calculation of sub-distribution hazard ratios to
account for competing events, and use of multiple imputation to handle missing data. In both these
manuscripts, we present both unadjusted event rates as well as unadjusted and adjusted hazard ratios,
so that researchers, clinicians, and their patients can better understand the expected likelihood of the
events of interest once a patients starts dialysis, how these risks compare across glomerular disease

subtypes, as well as potential explanations (i.e. confounding influences) for these findings.
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