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ABSTRACT

Data collected routinely during healthcare visits and additional biospecimens collected as part
of cohort study activities are invaluable to better understand kidney disease epidemiology.
This thesis explores the detection and characterization of acute kidney injury (AKl), chronic
kidney disease (CKD), acute-on-chronic kidney disease (A-on-CKD) and kidney disease
progression using rule-based laboratory- and database-embedded algorithms and proteomic
analysis.

The research includes three components. Firstly, an internal validation of the National Health
Services England (NHSE) AKI detection algorithm-generated alerts received by the United
Kingdom Renal Registry. Secondly, a description of the clinical epidemiology of AKI, CKD and
A-on-CKD in Cape Town, South Africa, within the Provincial Health Data Centre, a health
information exchange that houses administrative and clinical data about clients accessing
public healthcare in the province. Lastly, proteins and biological pathways in association with
CKD progression in older European adults were investigated (European Quality Study).

The implementation of the NHSE AKI detection algorithm in English laboratories was largely
successful, though further investigation is required for alerts in people with CKD and alerts
from a few outlying laboratories. Overall, the epidemiological findings in Cape Town shed light
on the burden and characteristics of AKI, CKD and A-on-CKD in the region and challenges to
research with routinely collected data in complex health systems like South Africa. In the
EQUAL study, three proteins were associated with eGFR decline, potentially serving as markers
of CKD progression and targets for treatment.

In conclusion, the digitome (administrative data) and proteome provided unique
opportunities for detecting and understanding kidney disease, but limitations such as
misclassification, missing data and inability to establish causal relationships were identified,
requiring future refinements.
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THESIS STRUCTURE

| begin with a description of the function of the kidneys, how kidney function is measured
and the currently accepted consensus definitions of acute kidney injury (AKI), acute kidney
disease (AKD), chronic kidney disease (CKD) and kidney failure (KF). The limitations of the
criteria used to define AKI will be explained, as well as the definition of kidney function
recovery. Literature of previous AKI epidemiology, AKl-alert recognition and validation work,
CKD epidemiology, and the biological underpinnings of CKD progression are explored. A
description of various secondary data sources used in this thesis is given. Chapter one closes

with an overview of the research aims and objectives.

Subsequently, Chapter two presents the methods that were used to investigate the
implementation and consistency of electronic AKl alerts in English laboratories. The results

and discussion of said analysis are presented in chapter three.

Chapter four gives the methods, results and discussion of the clinical epidemiology of AKl in
the City of Cape Town, South Africa. This is followed by the methods, results and discussion
of the clinical epidemiology of CKD in chapter five and acute-on-chronic kidney disease in

the City of Cape Town, South Africa (chapter six).

Chapter seven presents the methods used to investigate the association of individual
cardiometabolic proteins and biological pathway effects on CKD progression in older
European people with advanced kidney disease referred to nephrology services. This is

followed by the results of these analyses and discussion in chapter eight.

In the final Chapter nine, a summary of all findings is offered and discussed with an

emphasis on challenges and future opportunities.
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1 INTRODUCTION AND BACKGROUND

1.1 THE KIDNEYS

A kidney consists of nephrons, blood vessels, and interstitium. Each kidney — most people are
born with two — contains ~1 million nephrons which are tubular in structure. Blood plasma is
ultra-filtrated at the glomerular part of the nephron and concentrated in the tubular part of
the nephron to form urine. The cells lining the glomerular and tubular parts are specialised in
order to fulfil these functions. A ball of tightly connected blood vessels makes up the
glomerulus and blood vessels interface with the nephron along its length of tubules which not
only supply the kidney with the blood to be filtered, but also supply the delicate kidney
environment with nutrients and oxygen, and return recovered solutes and fluid back to the
systemic circulation. The interstitium comprises the cells between the nephrons and blood
vessels providing structural and functional support.(1) The primary function of the kidney is
to control volume, electrolyte, and acid-base homeostasis, and to excrete endogenous and
exogenous toxins. Hormonal functions include secretion of erythropoietin and renin, and
activation of 25-hydroxyvitamin D to 1,25 hydroxyvitamin D. (2) Figure 1. 1 shows a basic

diagram of the kidney and nephron.
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Figure 1. 1 Gross anatomy of the kidney and nephron

Reproduced under an open Creative Common licence from Visceral Organs — Advanced
Anatomy 2nd. Ed. (bccampus.ca).
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1.1.1 Measurement of kidney function
The filtration function of the kidney (glomerular filtration rate, GFR) cannot be measured

directly and is proxied by urinary (or plasma) clearance of a filtration marker, which must be
freely filtered by the glomerulus, and not reabsorbed or secreted by the tubules. It is reported
in millilitres per minute, standardised to 1.73 m? body surface area.(2) Most of these tests are

either expensive and/or difficult to perform in routine clinical practice.

Serum creatinine (SCr), a by-product of creatine from muscle catabolism, is an imperfect
endogenous marker but a cheap and simple surrogate to estimate the GFR (eGFR). SCr values
vary widely with extremes of body composition and age, and are affected by diet (especially

red meat), exercise, supplements and drugs.(3)

Several equations to estimate GFR based on creatinine, age in years, race and sex have been
developed (Modification of Diet in Renal Disease, MDRD; Chronic Kidney Disease
Epidemiology Collaboration 2009 and 2021, CKD-EPI; Berlin Initiative Study, BIS).(4,5) Because
the inclusion of race may promote inequalities, reduce access to kidney care and
overestimate eGFR, equations without the race coefficient are now preferred in America
(CKD-EPI 2021).(6) Including measurement of cystatin-C (CKD EPl¢r.cys 2012, BIS-2) is reported
to be more accurate at estimating GFR and also improves prediction of people developing
kidney failure (KF) or dying because it is less influenced by factors unrelated to true GFR.(7—
9) These equations are only valid in steady-state conditions due to the kinetics of creatinine

production and excretion.



SCr

eGFR=175* (@)‘1-154 * age0-293 * 0,742 [if female] * 1.212 [if black race] (1)
eGFR = 141 * min(%)a * max(%)'“o" * 0.993%2*1 018 [if female]*1.159 [if black race] (2)
eGFR =142 * min(%)a * max(%)‘“o0 * 0.9938%¢¢ * 1.012 [if female] (3)

Equation 1. 1 The 4-variable MDRD (1), CKD-EPI 2009 (2), and CKD-EPI 2021 (3) equations used to estimate the glomerular
filtration rate

The MDRD (1) and CKD-EPI equations (2 and 3) are the most used in clinical practice.
Coefficients in the 2009 CKD-EPI equation (2): k = 0.8 and a = -0.411 for males and k =0.62
and a = -0.329 for females. Coefficients in the 2021 CKD-EPI equation (3): k =0.7 and a = -
0.241 for females, and k = 0.9 and a = -0.302 for males. The race coefficients are retained for
completeness but are ignored in clinical practice. Abbreviations: MDRD, Modification of Diet
in Renal Disease; CKD-EPI, Chronic Kidney Disease Epidemiology study; eGFR, estimated
Glomerular Filtration Rate; (min)imum; (max)imum; SCr, serum creatinine.



1.2 SPECTRUM OF KIDNEY DISEASE
Kidney dysfunction, caused by many primary and/or secondary processes, may occur

suddenly (acute kidney injury, AKl), over a moderate period (acute kidney disease, AKD) or
over a long period of time leading to irreversible kidney disease (chronic kidney disease, CKD).
Additionally, AKI or AKD may technically be superimposed on CKD (acute-on-chronic kidney

disease). The spectrum of kidney disease may thus be seen as a continuum (Figure 1. 2).

Injury

AKD : CKD >
|

|
90 180

] —

L

Days post injury

Figure 1. 2 Acute kidney injury and acute and chronic kidney disease continuum

Abbreviations: AKI, acute kidney injury; AKD, acute kidney disease; CKD, chronic kidney
disease. Re-printed from Chawla et al under a Creative Commons license.(10)

1.2.1 Definition of acute kidney injury
AKI is defined as a sudden decrease in kidney function characterised by an increase in SCr

and/or decrease in urine output with implications for health.(11) The Kidney Disease:
Improving Global Outcomes (KDIGO) working group define AKI as a rise in SCr by 2 26.5
umol/L (0.3mg/dL) within 48 hours or > 50% within 7 days relative to baseline (see section
1.2.3) or an absolute drop in urine output <0.5ml/kg/h for a 6 hour duration. Table 1. 1 outlines
the KDIGO AKI severity staging criteria which are divided into stages 1 — 3 based on SCr and
urine output criteria. This consensus harmonizes the original AKI Network (AKIN) and Risk,

Injury, Failure, Loss of kidney function and End stage kidney disease (RIFLE)



classifications.(12,13) The early detection of AKl is imperative if injury to the kidney is to be
prevented and reversed. To this end, the International Society of Nephrology (ISN) has

launched a campaign to eliminate preventable deaths attributable to AKI by 2025.(14)

Stage | SCr Urine Output

1 1.5-1.9 times baseline within 7 days <0.5 ml/kg/hr for 6-12
OR hours
> 26.5 umol/L increase in 48 hours

2 2.0-2.9 times baseline <0.5 ml/kg/hr for > 12

hours

3 3.0 times baseline <0.3 ml/kg/hr for > 24
OR hours
Increase in serum SCr to > 353.6 umol/L | OR
OR Anuria? for > 12 hours
Initiation of KRT
OR
In patients <18 years, decrease in eGFR
to <35 ml/min per 1.73 m?

Table 1. 1 Consensus KDIGO staging classification of the severity of acute kidney injury

Redrawn from KDIGO Working Group [REF (11)]. Abbreviations: SCr, serum creatinine; eGFR,
estimated Glomerular Filtration Rate; KRT, kidney replacement therapy; KDIGO, Kidney
Diseases: Improving Global Outcomes.

1 Urine output <50 ml.



1.2.2 Limitations of the current definition of acute kidney injury
Changes in SCr may reflect appropriate physiological haemodynamic responses, such as after

the administration of renin angiotensin aldosterone system blockers and forced diuresis as a
treatment for cardio- and hepato-renal syndromes and may actually be associated with
improved outcomes.(15,16) Differences in creatinine assay or manufacturer may cause a wide
variation of values within the same person. Conversely, not all injury may be detected by a
rise in SCr (‘subclinical AKI’), and may only be identifiable using novel biomarkers of injury and
repair e.g., neutrophil gelatinase-associated lipocalin (NGAL), or kidney biopsy.(17,18) In
addition, SCr rises fairly late (> 24 hours) after an insult which may lead to a delay in diagnosis

of AKI.(19)

1.2.3 Baseline creatinine
The SCr level before an AKI episode is known as the baseline creatinine. Future changes in

the SCr from this reference are used to define and assess severity of AKI, as described
above.(11) There is no consensus on which result should be used as the reference (e.g., most
recent value or nadir), whether they should be averaged, and how close in time they should

be to the AKI episode.(20)

The preadmission SCr may be unavailable in as much as 50% of patients presenting with
AKI.(21) When unknown, the baseline SCr may be statistically imputed in one of a number of
ways: back-calculated by solving the 4-variable MDRD equation assuming an eGFR of
75ml/min/1.73m?; using the value at the time of hospital admission, or using subsequent

results after ‘recovery’ of the AKI episode.(20,22) These approaches are problematic,



however, as they assume baseline SCr was near-normal, there was no AKl at time of

admission, or that patients are not left with AKD or CKD after an AKI episode.

1.2.4 Kidney function recovery
The definition of kidney function recovery is just as contentious and complex, with several

definitions of recovery and no universal consensus.(23) KDIGO recommend a GFR 2
60ml/min/ 1.73m? be used to define complete recovery, partial recovery GFR < 60ml/min/
1.73m? or dependence on kidney replacement therapy (KRT) for <90 days, and non-recovery
as dependence on KRT for >90 days(11) It is argued, however, that return to normal kidney
function based on SCr should not be used to signify recovery as hyperfiltration and renal
reserve compensation may temporarily mask dysfunction until as much as 50% of nephrons

are lost. (24)

A relative threshold for improvement, defined as return of at least 50% of the SCr level from
baseline (full recovery) as suggested by the Acute Dialysis Quality Initiative (ADQI) working
group, may be preferred since individuals have different baselines and may even have pre-
existing CKD and therefore never reach the > 60ml/min/ 1.73m? threshold of recovery.(12)
The ADQI group also suggests that AKI that recovers within 48 hours be called transient, and
AKI that recovers within 2 — 7 days be called persistent. Between 7 — 90 days, non-recovery
is termed AKD. The duration of AKI before recovery occurs has been highlighted to be
prognostically important.(25) Acute injury may not always recover leading to long-term

kidney damage.



1.2.5 Definition of chronic kidney disease
Chronic kidney disease, defined as structural (albuminuria, findings on biopsy or ultrasound,

urinary sediment) or functional (GFR) damage for longer than 90 days, can be the natural
progression of AKI, especially when there are repeated insults, or the result of primary or
secondary chronic diseases of the kidney, Figure 1. 2.(26) CKD is staged according to the GFR
(G1 —5) and degree of albuminuria (A1 — 3) most practically measured as urinary albumin to
urinary creatinine ratio (ACR), ideally as a 24-hour urine collection or untimed early morning
void, as recommended by KDIGO. This staging is based on the risk of kidney function decline

and complications as highlighted by the KDIGO working group (Figure 1. 3).

The addition of albuminuria to the eGFR definition and staging of CKD is important given that
albuminuria is predictive of the development of kidney failure, all-cause death and
cardiovascular disease, and may herald kidney dysfunction earlier than changes in eGFR.(27)
However, albuminuria testing has been shown to be infrequent in people at risk of CKD, such
as those with pre-existing diabetes and hypertension.(28) Also, patients with CKD who have
had albuminuria testing are less likely to be referred to nephrology services if there was
significant albuminuria (> 300mg/g) versus a low eGFR (< 30ml/min/1.73m?).(29) Investigated
in primary care in the UK, albuminuria testing was only conducted in 37.0% of ambulatory
patients with registered-CKD within a year after registration.(30) This may partially be

explained by practices of requesting proteinuria screening instead as the test is cheaper.



Prognosis of CKD by GFR and albuminuria category

Persistent albuminuria categories
Description and range
Al A2 A3
Prognosis of CKD by GFR
and Albuminuria Categories: Normal to Moderately Severely
KDIGO 2012 o increased increased
<30 my/g 30-300 mg/g >300 mg'y
<3 mg/mmol 3-30 mg/mmol >30 mg/mmol

&E‘ G1 | Normal or high 290
I

=&

=5 G2 Mildly decreased 60-89
e8

Ev Mildly to moderately

T & | % | decreased 4559
- c

29 Moderately to

23 |G® severely decreased 044
2%

fé § G4 Severely decreased 15-29
o

‘6 G5 | Kidney failure <15

Green: low risk (if no other markers of kidney disease, no CKD); Yellow: moderately increased risk;
Orange: high risk; Red, very high risk.

Figure 1. 3 KDIGO categories of chronic kidney disease heat map

The prognosis of CKD worsens as albuminuria increases and eGFR decreases. Reprinted from
KDIGO supplements 2012 under a Creative Commons licence.(26) Abbreviations: CKD, chronic
kidney disease; GFR, glomerular filtration rate; KDIGO, Kidney Diseases: Improving Global
Outcomes; ‘G’, GFR grading; ‘A’, albuminuria severity.
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1.2.6 Progression of chronic kidney disease
There are several ways in which CKD progression have been defined. KDIGO defines

progression as a decline in CKD stage as well as at least 25% relative reduction in GFR.(26)
This ensures that an insignificant change in eGFR does not erroneously trigger a change in
CKD stages across threshold boundaries e.g., an eGFR from 61 to 59 ml/min/1.73m?.
Alternatively, rapid progression is defined as a sustained decrease in eGFR > 5ml/min/1.73m?
per year.? To put this into perspective, the usual rate of decline of kidney function in the

general population is ~1ml/min/1.73m? per year starting after the 4" decade.(31)

There are several ways that the worsening in kidney function may be quantified. The change
in eGFR over time, either relative (40% - 57% reduction [equivalent to doubling in SCr]),
absolute slope (ml/min per 1.73m? per year) or a binary endpoint of reaching KF and decline
in eGFR have been used.(32,33) Multiple trajectories of eGFR have been observed in people

with CKD: the eGFR may decrease (CKD worsening), plateau, or increase.(32,34)

The term KF (previously end-stage kidney disease) is used once kidney replacement therapy
(KRT; either transplantation or dialysis) is initiated or eGFR < 15 ml/min/1.73m? is reached

and sustained for >90 days.(26,35)

KRT partially substitutes the normal functions (dialysis only replaces the filtration function) of
the native kidney to sustain life. Pre-dialysis and KRT care are usually provided by specialist

nephrology services that require referral.(36) Dialysis may be achieved through vascular

2t is noted that these two definitions, as given by the KDIGO 2012 Clinical Practice Guideline for the
Evaluation and Management of CKD chapter 2.1.3, of progression are not congruous.
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access using a dialysis machine (haemodialysis) at a dialysis centre or at home, or by accessing
the peritoneal cavity by manual exchange of new dialysis fluid with effluent (ambulatory

peritoneal dialysis) or machine (automatic peritoneal dialysis).

1.3 EPIDEMIOLOGY OF ACUTE KIDNEY INJURY

The incidence of AKI varies depending on the definition used and the setting in which it
develops (in the community vs hospital vs ICU, in lower or higher income countries; in
paediatric vs adult populations) and is dependent on correct human or artificial intelligence

recognition.(37-39)

Susantitaphong et al conducted a world-wide meta-analysis of the burden of AKI in patients
admitted to hospital which included a total of nearly 50 million individuals.(38) The included
studies were diverse and used different definitions of AKI (KDIGO, other definitions and
administrative coded). Most studies were conducted in high-income countries in Asia, Europe
and America and consisted of hospitalised patients in critical care, cardiac surgery and
hospital-acquired cases. Only 2 studies were from Africa, probably because the authors
excluded studies consisting of < 500 participants and there is a general paucity of published
literature from Africa. The percentage of adults with KDIGO-equivalent AKI was 21.6%, with
most cases being KDIGO stage 1 (53.2%). The lower frequency of AKI when other definitions
using biochemical, urine output and acute dialysis requirements, (5%) or administrative coded

(2.9%) cases were used, is noteworthy.

12



More recently, the ISN Oby25 global snapshot included 289 centres (community-based,
hospitals, or intensive care units) across 72 countries and identified 3,664 adults and 354
children with AKI from a total of 27,981 hospital inpatients screened for eligibility in a cross-
sectional study.(40) Africa contributed 539 (13%) of the total number included. The median
age was 60 years (IQR 43, 74; n=4,018) with a considerably younger group of patients from
low-income countries (45 years old; IQR 27, 60; n=195). The average serum SCr at diagnosis
was 221.9 umol/L (IQR 146, 390) with patients from low- and lower-middle income-countries
(LLMIC) averaging 288.2 umol/L (IQR 176.8, 512.7) possibly because of delayed presentation.
Using the KDIGO definition the number of cases reported in each group were: 37% in stage 1,
15% in stage 2 and 48% in stage 3. This finding — that the largest group had stage 3 disease —
was likely explained by the fact that the study was a convenience sample so likely represented
a highly selective group of patients of more severe referred cases compared to the study by

Susantitaphong.(14,38)

The most common causes of AKI in the Oby25 study were infection/sepsis, hypotension/shock
and dehydration. Nearly a quarter of all patients (n = 900, 22%) required acute dialysis. The
authors conceded that this study is not completely representative as most centres were

tertiary level, especially in LLMICs.

1.3.1 Acute kidney injury in Africa
There is a paucity of AKI studies from Africa. Adu and colleagues only found eight published

studies conducted between 2000 and 2015 in African countries (Nigeria: 4, Sudan: 1, Burkina
Faso: 1, Egypt: 1 and Ghana: 1) with a total of 703 patients.(41) Similar to the ISN Global

snapshot, AKI patients tended to be relatively young (mean 41.3 years) and most developed

13



advanced dysfunction (56 — 80% had KDIGO stage 3 or equivalent AKl), but the risk of AKI was
generally low being between 0.3 — 1.9% of admissions. Most episodes, 70 — 90%, were from
the community. Nephrotoxicity (herbal and other toxins) as well as infection (sepsis, malaria)
were the most common insults identified in both reviews. Obstructive uropathy from pelvic
cancers (5—27%) and pregnancy-associated AKI (6 — 20%) were also common. Long-term CKD
was not reported in the included studies, but mortality risk® was high, ranging between 11.5%

—43.5%.

Large, prospective observational studies of the epidemiology of AKI are therefore needed to

better describe the public health burden especially in South Africa and Africa.

Considering one province in South Africa, the area where routine data are available for
inclusion in this thesis, a prospective observational study of patients with AKI (n=366 between
2012 — 2013) referred to the kidney unit at Groote Schuur Hospital, Cape Town, South Africa,
were also young (median age 44 years old) and 72.4% were diagnosed on admission to
hospital.(42) Being a tertiary centre, most referrals were critically ill with severe AKI requiring
dialysis. The reported risk* of 3.4%, the proportion of patients with AKI detected relative to
the total number of hospital admission during the same time period, in this study is therefore
likely to be an underestimate of community- and hospital-acquired AKI. Common

comorbidities were HIV (20.6%), heart disease (16.1%), diabetes (17.8%) and hypertension

3 The authors do not state at which point in time mortality was estimated e.g., 30-day mortality.
4 The denominator population in this study were all hospital admissions registered during the same time
period.
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(41.5%). Sepsis and toxins were the most identified causes of AKI, consistent with other

African studies.

1.3.2 Risk factors for the development of acute kidney injury
Risk factors for AKI include demographics, comorbidities, severity of illness (especially

critically ill) and nature of the insult including high-risk procedures such as cardiac surgery or
exposure to nephrotoxins. Since the cause of AKl is often multi-factorial, there are often many

risk factors and cause additive injury to the kidney.

CKD is a strong risk for the development of AKI. The CKD Prognosis Consortium (CKD-PC),
which meta-analysed 1,364,568 individual patients consisting of 22 general population and
12 CKD cohorts, highlighted the importance of lower eGFR and higher ACR at baseline on the
risk of developing AKI: patients with an eGFR of 45 ml/min/1.73m? had a more than three-
fold increased hazard compared with patients with an eGFR of 80ml/min/1.73m? (adjusted
HR 3.35; 95% Cl 2.75, 3.43) and patients with an ACR of 300mg/g had an almost three-fold
increased hazard compared with patients with an ACR of less than 5mg/g (adjusted HR 2.73;

95% Cl 2.18, 3.43).(43)

Advanced age and male sex have been reported as risk factors.(43,44) Comorbidities such as
diabetes, hypertension, established cardiovascular disease, and HIV are also important
especially because they may be potentially modifiable by effective available

treatments.(43,45)
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1.3.3 Nephrotoxins

Exposure to several commonly used medications (antimicrobials, non-steroidal anti-
inflammatory drugs, renin angiotensin aldosterone system inhibitors, proton pump
inhibitors), especially in the setting of co-occurring insults including hypovolaemia, may be
risk factors for, or even the cause of, AKI.(46—48) The use of contrast media (especially intra-
arterial) in the setting of hypovolaemia or pre-existing AKD or CKD is also described, but
contentious.(49) Lastly, herbal preparations are important toxins in contexts like Africa and

Asia where they are used culturally as traditional medicines.(50)

1.3.4 Vital outcomes
Short- and long-term survival is decreased after an AKIl episode. In a systematic review, the

pooled adjusted HR for mortality was 2.0 (95% Cl 1.3, 3.1) in patients with AKI compared to
those without.(51) The Grampian Laboratory Outcomes Morbidity and Mortality Study
(GLOMMS 1), consisting of over 17,000 people, observed the hazard ratio of death 1-year
after an AKl episode to be the highest in hospitalized patients with baseline eGFR 260ml/min/
1.73m? (HR 2.48; 95% Cl 2.15, 2.88) and baseline eGFR 45 — 59 ml/min/ 1.73m? (HR 2.50; 95%
Cl 2.04, 3.06) compared to lower eGFR. Overall mortality was high with over 9,000 having died
within a median of 9 years of follow up.(52) Mortality increases with worse AKI severity, as

highlighted by Susantitaphong et al.(38)

The duration of injury also seems to be an important prognostic factor. Episodes lasting < 2
days, 3 — 6 days and >7 days were associated with a pooled relative risk of death compared

tono AKl of 1.42, 1.92 and 2.28, respectively, in a meta-analysis of over 450,000 patients.(25)
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1.4 USING HEALTH INFORMATICS TO UNDERSTAND ACUTE KIDNEY INJURY
EPIDEMIOLOGY

AKI epidemiology has been traditionally studied using cohort and case-control studies but
may be more efficiently and comprehensively measured using large and diverse routinely
electronically collected data from which retrospective or prospective cohorts and nested
case-control studies can be generated. In addition, administrative data give a ‘real-world’
epidemiological perspective, although not without its own biases and limitations. The 2009
National Confidential Enquiry into Patient Outcomes and Death (NCEPOD) review of the care
of patients with AKI in hospital showed that AKI was poorly recognised and, itself or its

complications, are often preventable in the United Kingdom.(53)

AKI is notoriously under-detected and/or under-reported, especially using ICD-10 coded
episodes (39,54,55) Real-time AKI electronic ‘alert’ intelligence systems have been developed
to improve recognition and hopefully improve, AKI outcomes. They are in fact comprised of
two components: the detection and the alerting process i.e., the communication of the AKI
warning to clinicians which may or may not involve clinical decision support.(56) The former,
the focus of this thesis, provides an important platform to study the epidemiology as datasets
are large in volume, diverse (especially because not only in-hospital events are detectable),
and offer greater generalisability and broader research dimensionality compared to smaller

cohort studies.(56-58)
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1.4.1 Acute kidney injury recognition
Algorithms use logic rules based on changes in SCr to detect AKI. Campbell et al found that a

laboratory algorithm based on KDIGO criteria detected AKI in 12.4% (46,101/370,969) of
admissions in an Australian centre, although AKI status was unknown in a further 22.1% due
to an unknown baseline SCr.(39) Most episodes were classified as stage 1 (72.1%). Only 15.9%,
38.5% and 46.8% of laboratory identified KDIGO 1, 2 and 3 episodes, respectively, were
recorded in administrative coded data. Code-identified AKI therefore tends to capture
episodes that are most severe, underestimating ‘milder’, but still prognostically important

injury.(54)

Adult patients with AKI identified using the National Health Service (NHS) England mandated
algorithm have been studied at Tygerberg Hospital, Cape Town, South Africa.(59) Out of
18,781 admissions over a 6-month period, community- and hospital-acquired AKI was
observed in 14.7% of patients admitted. This study had significant limitations as it was
restricted to a single tertiary hospital and only a subset (n=80) of the 1,165 patients with

hospital-acquired AKI were clinically characterized using medical record review.

Other algorithms have also been evaluated (Table 1. 2). One of the advantages of a rule-based
algorithm is the ability to delineate AKI episodes (multiple alerts fired within a particular time
frame) so that those with a single versus multiple episodes may be studied.(60) Of caution,
the reference creatinine will ‘reset’ because the algorithm may use a new higher baseline SCr

as time progresses, therefore underestimating future AKI alerts.
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Although algorithms may be based on KGIDO or other criteria, there are usually pragmatic
decisions that are taken to select which SCr result should be used as the baseline if there are
no results within the 7 days preceding the AKI episode (something not specifically addressed
by KDIGO). Laboratory systems may be limited by what may be possible within their logic or
linkage to laboratory data. For example, clinical information, such as urine output or need for
KRT, which are used to stage AKI, may not be available to strengthen the diagnosis of AKI. (60)

This results in slight differences in implementation of any algorithm.

A major limitation of most algorithms is that they do not include urine output criteria, data
which are often not collected or captured outside of the ICU, that improve the sensitivity of
AKI detection.(61,62) The initiation of acute dialysis is included in KDIGO guidelines to assess
stage 3 AKI.(11) This information may not always be available in routinely collected records
or is not linked to biochemistry data, and is notably not featured in the NHS England
algorithm.(63) Others have developed rules which are not consensus based, such as changes

in eGFR instead of creatinine.(64)
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Algorithm

Surrey Nottingham Pittsburgh NHS England
Author (Ref) Tirunagari (64) Porter (65) Sakhuja (66) Selby (63)
Country England England United States England
Year published 2017 2014 2021 2015
Setting Primary care Hospital Hospital In and out-patient
Study type Retrospective Prospective Prospective Retrospective
Number of 488 15,550 337,380 49,718/ 4,464
participants
Criteria MDRD eGFR 1.5x | RIFLE, AKIN* 50 % rise in KDIGO
increase previous year or
0.3mg/dL rise
above last value
within 52 hour
and 0.3mg/dL rise
above baseline
Baseline kidney Not specified Nadir 7 — 365 Median 0 — 365 Lowest within
function days, eGFR 75 days before past 7 days,
back-calculation admission median within 8 —
when unknown 365 days
Exclusions Not specified Chronic dialysis, KF, acute dialysis | No algorithm
age < 16 years exclusions§
Gold standard Nephrologist Not applicable Nephrologist ICD-10 coded AKI
adjudication adjudication (67) and

nephrologist
adjudication using
RIFLE criteria (68)

Sensitivity 90.4% ‘accuracy’# | Not calculated 100 % 91.2% (ICD-10
coded) and 90.5%
(nephrologist
adjudication)

Specificity Not calculated 92.7% Not calculated

Table 1. 2 Summary of published AKI alert detection algorithms used in routine information health systems highlighting
major similarities, differences, and performance (when quantified)

This table is by no means exhaustive but underscores the myriad ways in which even
consensus AKI criteria, often amended, have been applied to automated detection. # The
metric of accuracy was not defined. *The higher alert by AKIN or RIFLE criteria was taken as
final. AKIN and RIFLE essentially equate to KDIGO criteria. § Alerts from people with KFRT
may be suppressed locally at the laboratory or once received by the UK Renal Registry.
Abbreviations: MDRD, Modification of Diet in Renal Disease; eGFR, estimated glomerular
filtration rate, RIFLE, Risk, Failure, Injury, Loss, End-stage kidney disease; AKIN, Acute Kidney
Injury Network; KF, kidney failure; NHS, National Health Service, KDIGO: Kidney Disease:
Improving Global Outcomes, ICD-10, International Classification of Diseases 10" revision.
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1.4.2 Validation of alerts
The validation of algorithms is important since alerts are used in the clinical management of

patients and alert data are used to elucidate the epidemiology and outcomes of AKI.(69) AKI
may be misclassified as chronic, and vice versa, CKD may be misclassified as acute. Algorithm
validation has therefore traditionally been performed manually using clinical adjudication

which is appropriate since AKl is usually a clinical diagnosis.(70,71)

A single-centre study in England, which adopted an AKIN e-alert algorithm, observed 6,037
AKI alerts in 2,619 patients over a 9-month period.(70) Alerts were validated by manually
reviewing baseline SCr values of patients who triggered an alert and every SCr value over
three random 24-hour periods were reviewed for AKI. Only 4/1,702 patients who were
randomly reviewed were falsely missed, 103/6,037 (1.7%) did not develop AKI, and 194/6,037

(3.2%) were misclassified as AKI instead of CKD.

Others have validated rule-based algorithms in the ICU.(71) Sensitivity was 88% and
specificity 96% when algorithm-identified AKI was compared to episodes identified by the
nephrologist (algorithm-nephrologist). Agreement between the algorithm and nephrologist

was also high (Cohen’s Kappa 0.84; 95% Cl 0.78, 0.89).

The NHS England algorithm has been externally validated using clinical adjudication and ICD-
10 coded AKI in the Scottish GLOMMS Il cohort.(67) The authors found the algorithm to be
sensitive (only missing 8.8% of ICD-10 coded AKI episodes). Sensitivity improved to 96.7%
when the algorithm was amended to extend the baseline reference period to 3 years (rather

than 7 days [KDIGO] or 365 days [NHS England algorithm]) and include the lowest SCr as
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opposed to the median in the preceding 8 — 365 days, as used in the NHS England algorithm.
This extended period and the use of the lowest SCr may lead to lower specificity in
determining the baseline SCr because SCr may change significantly within 3 years. Such
manual validation work is not practical when large numbers of alerts are generated, such as

received by the United Kingdom Renal Registry (UKRR).(72)

1.4.3 The United Kingdom Renal Registry
This thesis used data collected by the UKRR, detailed further here. The UKRR was established

in 1995; a division of the UK Kidney Association (ukkidney.org). All 83 kidney centres in the
UK are mandated by the NHS to submit data about adult and paediatric kidney patients with
kidney failure requiring replacement therapy (KFRT), and more recently, infections and
advanced CKD (eGFR < 30ml/min per 1.73m?) not requiring KRT or receiving conservative
care. The data are used for quality-of-care assessment, audit, and for research purposes. The

UKRR has also been leveraged to conduct Registry-based clinical trials.(73)

For CKD and KF, data acquisitions are automatically collected through kidney centres’
information technology systems. Centres in England, Wales and Northern Ireland submit data
directly to the UKRR while the Scottish Renal Registry submits on behalf of its centres.
Laboratory data are received by the centre before submission to the UKRR. Recently, the
UKRR has also been able to link with routinely collected Hospital Episode Statistics (England),
Patient Episode Database for Wales and Public Health England infections databases,

improving data completeness.(74)
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For AKI, NHS England issued a Patient Safety Alert in 2014 (NHS/PSA/D/2014/010) to all
pathology providers to standardise AKI detection.(63) From March 2015, NHS England has
required all 190 laboratories in England to integrate an algorithm to detect cases of AKI within
its laboratory information management system (LIMS). Of 190, 39 laboratories submit data
indirectly via an associated main laboratory. Data are not processed by the centre, unlike

other non-AKI data, and are sent directly to the UKRR.

This falls under a wider ‘Think Kidneys’ initiative instituted by the Renal Association and UKRR
(now the UK Kidney Association) which seeks to improve the quality of care and outcomes of
patients with kidney disease (thinkkidneys.nhs.uk). Complementary resources to manage and

prevent AKI were promoted under the second Patient Safety Alert issued in 2016.

The first UKRR report of AKI from 2018 data reported 1,524,398 alerts representing 488,856
patients received from 87.4% of laboratories in England (164 of 190) submitting suitable

quality data.(72)

1.4.4 NHS England acute kidney injury detection algorithm
SCr results collected from primary and secondary care that are compatible with KDIGO criteria

for AKI, fire an alert and are communicated to the requesting clinician in real-time.(11) Once
a month, the laboratory sends these alerts, associated SCr results, and SCr results from the
preceding 15-months to the UKRR.(72) Values for the subsequent 15-months after the alert
are reported to the UKRR in the months following the alert. Alert and SCr data are linked by

a unigue Master Patient Index (MPI) using the pervasive NHS number. These data may then
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be used to describe the incidence and outcomes of AKI across England, bench-mark Trusts

within the country and serve as a quality improvement monitoring mechanism.

Laboratories may serve several Trusts, but not every Trust has a dedicated laboratory, and
some may send samples to more than one laboratory. The disadvantage of this is that rates
of AKI cannot be summarised by Trust and previous SCr data may be inaccessible by other

laboratories outside of its network.

NHS number

Patient postcode

The AKI warning stage (based on creatinine KDIGO stage 1, 2 or 3; but not ‘0’)
SCr result at alert

eGFR by MDRD and CKD-EPI equations

Identifiable and demographic information

Laboratory code

Location code (community versus hospital)

The SCr values from the preceding 15 months (separate ‘creatinine’ dataset)
The SCr values for the subsequent 15 months (separate ‘creatinine’ dataset)

Unique specimen number

Box 1. 1 Information the UKRR receives from laboratories once an alert is generated

Abbreviations: NHS, National Health Service; AKI, acute kidney injury; KDIGO, Kidney Disease:
Improving Global Outcomes; SCr, serum creatinine; eGFR, estimated glomerular filtration
rate; MDRD, Modification of Diet in Renal Disease; CKD-EPI, Chronic Kidney Disease
Epidemiology study.
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A flowchart of the algorithm may be found in Appendix 1, also available at

https://www.england.nhs.uk/akiprogramme/aki-algorithm/. If a previous SCr result exists in

the 365 days prior to the index creatinine (called ‘C1’), the lowest value is used as the
reference baseline if the result is within 0 — 7 days (‘RV1’) or the median of creatinine values
within 8 — 365 days (‘RV2’). This reference value (RV) is compared to C1. The highest ratio is
preferred. If the ratio (C1/RV) is < 1.5, and the difference between values within 48 hours is <
26 pumol/L, no alert (called an ‘AKI warning test’) is generated. Otherwise, a ratio >1.5 (or
absolute value > 26 umol/L; KDIGO 1), > 2.0 but < 3.0 (KDIGO 2) or > 3.0 (or absolute result >

354 umol/L; KDIGO 3) generates an AKl alert.(63)

If no prior SCr result can be found in the laboratory information management system (LIMS),
which is limited to that laboratory; SCr results from other laboratories cannot be ‘seen’, C1 is
compared to the laboratory reference interval, and if high, flagged as possible AKl or CKD with
a recommendation to repeat testing. The UKRR does not receive these warning flags. The

population reference interval may not be the same across all laboratories.

The algorithm discontinues generating an alert once these criteria are not met, but there is
no definition of recovery included in the algorithm to delineate one AKIl episode from another.
Multiple alerts are generated per patient depending on how many SCr tests are requested
(sometimes multiple per day) such that each patient may have multiple alerts during the same
AKI episode. The UKRR does not receive the reason for the alert i.e., the threshold reached,
or the specific RV (RV1 or RV2) used to generate the alert although pre-alert data are

available.(63)
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1.4.5 Data quality assessment
Nearly 99% of laboratories (189/190) across England are now sending AKl alert data.(72)

Alert data-files that are received are quality checked by the UKRR data management team. A
classification system based on the completeness of key variables (NHS number, sex, postcode,
and AKI stage) was adopted.(72) Date of birth has recently been added as well. Monthly

completeness ratings are published on thinkkidneys.nhs.uk/aki/aki-data. Missing data items

are reconciled with NHS Digital. The UKRR also attempts to recover missing data or errors

directly from laboratories.

Some alert data for certain months may therefore be missing if classified as ‘Red’ (Table 1. 3).
Data errors, corrupt data-files and failure to reconcile NHS numbers are reasons for missing
data. Although data may have been missing because the laboratory had yet to implement the
detection algorithm, once implemented, laboratories do consistently send alert data. Data
are also reconciled with information i.e., demographics held by the NHS. In 2018, 87.4% of

laboratories sent ‘Green’ or ‘Amber’ scored data(72)

Rating Monthly data completeness Yearly data completeness
<50% complete — data removed | <6 months with data — laboratory
removed
Amber 50 — 90% complete 12 months with 50 — 90% complete

6 — 9 months with >90% complete
>9 months with 50 —90% complete
Green >90% complete 12 months with >90% complete

>9 months with >90% complete
Table 1. 3 Quality grading assigned by the UKRR for the data it receives

Red is most incomplete; Green is most complete and Amber in-between (RAG). From the UK
Renal Registry AKI 2018 report.
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Only a proportion of laboratories currently send pre- and post-alert creatinine data as well.
Pre-alert data are important because these should include the baseline SCr value that the

current alert SCr value is compared with.(11)

How each laboratory has implemented this algorithm in its local LIMS is unknown and to date
no work has been undertaken to examine this. Since these alerts are being transmitted to
clinicians caring for these patients, being used to compare AKI rates between Trusts and
emulated by others in other settings, it is important to ensure the algorithm is working

accurately and consistently.
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1.4.6 Routine health data collection in the Western Cape
Routine health data collected during the provision of health care in the Western Cape, South

Africa, were also utilised in this thesis to describe the clinical epidemiology of kidney disease

in the region of the City of Cape Town.

1.4.7 Setting: Healthcare provision and structure in South Africa
Provision of healthcare in South Africa is currently delivered by government-funded national

and provincial government (public service), and by self-paid private medical insurance
schemes. The majority of people utilizes the public service (71.4% of South Africans reported
that they access public healthcare facilities in the 2016 household census), whereas it is
estimated that ~85% of healthcare expenditure is consumed by the private health care
sector.(75) Public healthcare is available for all, including legal citizens, refugees and asylum
seekers. People who are unemployed and on social grants do not have to pay to access care.

Otherwise, a tiered fee is charged for those who have the means, based on their income.

Levels of public healthcare include district based primary and secondary care, and regional
and tertiary centres situated only in larger cities. For various reasons, not all South Africans
(92.6% by self-report) present to the nearest healthcare facility when they fall ill, however,
and it is not known how far people are willing to travel to access their preferred facility. In
addition, healthcare seeking behaviours and barriers to accessing healthcare mean that not
all members of the general population regularly attend government facilities. These factors
make determining a denominator population using these data challenging when calculating

disease rates and is likely to bias estimated incidence rates.(75)
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1.4.8 Public health sector geography of the Western Cape

One of 9 provinces (Figure 1. 4), the Western Cape consists of an estimated 6.8 million people
of the estimated total of 58.7 million living in South Africa in 2019.(76) In the year 2019 there
were 14.2 million primary health care encounters, 288,199 patients admitted to district-level,

125,976 to regional-level and 140,392 to tertiary-level hospitals in the public sector.

There are two public tertiary level hospitals (excluding children’s, psychiatric and tuberculosis,
hospitals) in the Western Cape.(77) One of them, Groote Schuur Hospital also provides some
specialist services (organ harvesting and transplant, adult endocrinology and cardiology) to

the Eastern Cape province.
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Figure 1. 4 Map of the Western Cape province (map of South Africa inset)

Districts of the Western Cape are labelled. The City of Cape Town, in dark blue, is the focus of
parts this thesis. Re-printed from Statistics South Africa, statssa.gov.za.

1.4.9 Demographics and health indicators
The national population is estimated to be of majority black race (80.7%), followed by 8.8%

mixed ancestry, 7.9% white and 2.6% Indian/Asian origin.(75)

In the Western Cape, life expectancy for men (66.8 years) and women (71.8 years) is the
highest in the country. There were ~48,000 deaths in the Western Cape recorded in 2016.
(78) Premature death was attributable to cardiovascular causes (19.8%), cancers (19.3%),
other non-communicable diseases (17.1%), HIV and TB (15.3%) and injury (13.3%). Just under

280,000 people were on antiretroviral medication in 2018/2019.
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1.4.10 The provincial Health Data Centre
The Western Cape Provincial Health Data Centre (PHDC), a division of the Western Cape

Provincial Department of Health, was established in 2015 and receives individual-level
electronic data from various recently established and legacy clinical and administrative source
systems across all levels of public sector healthcare.(79) Deterministic and probabilistic
record linkage using a Patient Master Index (PMI) unique identifier and other identifiers in
the case of duplicates, matches all patient records to individuals within the Province of the
Western Cape. Data are usually automatically uploaded from sources daily or periodically
(disease registers) to construct a detailed longitudinal dataset within this health information

exchange (HIE).

Hospital and clinic administrative systems
Laboratory (National Health Laboratory Service)
Pharmacy and dispensing

Hospital discharge summaries

Tuberculosis registers

HIV highly active antiretroviral therapy registers
Perinatal reports

Child Health reports

Radiology

Emergency centre tracking and hospital transfer (ambulance) services

Box 1. 2 Electronic data sources curated by the PHDC

These sources are from public healthcare facilities only.
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Person, place (healthcare facility) and time are used to identify contact by patients
(‘encounters’) through attendance to outpatient areas, medication dispensing, sampling for

laboratory tests or admission to hospital.

Health conditions (such as HIV, diabetes, hypertension, tuberculosis, AKI and CKD) are
inferred indirectly by ‘common concepts’ supported secondarily by administrative ICD-10
coded data. Common concepts are groupings of laboratory, medication (Anatomical
Therapeutic Chemical coding), hospital visit and other data that are used to form inferred
conditions. Visits to the kidney clinic, certain immunosuppressive medication and
immunological blood tests are for example used to identify someone with a kidney transplant.
Inferences are ascribed levels of certainty and only high certainty episodes using multiple
evidence are used. Episodes for each inferred condition are defined for individual healthcare

users, identifying episode start and end dates.

Encounters are linked with episodes, medication records, laboratory test results,
comorbidities and outcomes (e.g., mortality) to form a cascade which can then be processed
and accessed by healthcare practitioners through a clinical portal (Single Patient Viewer [SPV]
electronic health record in pilot phase) or can be used to generate operational surveillance
reports and customised extracts for use by the health service to support continuity of
care.(79,80) Whereas encounter and episode data are stored in long datasets that contain
multiple rows of data about each occurrence, cascades synthesise the data into a wide
dataset containing fields of clinical relevance, with one data line per patient. The data fields
presented in cascades are determined in collaboration with specialist clinicians who advise
on the most clinically useful summary metrics for that particular episode.
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Since communication between primary, secondary and tertiary care is fragmented, and digital
health platforms generally restrict data access for the facility in which data was collected,
these tools additionally allow for improved information sharing and clinical summaries

through the SPV via web-based access, in order to support continuity of care.
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Condition Laboratory data Treatment data types Diagnostic Encounter evidence
types codes
HIV ELISA, CD4, HIVVL | HAART ICD-10 ART clinic
parameters attendance
Diabetes HbAlc > 6.5%, FG Antidiabetic medication | ICD-10
> 7.0 mmol/L,
random or OGTT >
11.1 mmol/L
Hypertension Antihypertensive ICD-10
medication (e.g.,
hydrochlorothiazide)
Chronic kidney disease
Chronic kidney eGFR< 60
disease (non-KRT) ml/min/1.73m?
consecutively, 90
days apart
Dialysis Tissue typing Dialysis Kidney clinic
procedure attendance
code,
Renal ICD-10
N18.x
Kidney Tissue typing Transplant medication | Transplantation | Kidney clinic
transplantation (antithymocyte procedure code | attendance

globulin, tacrolimus,
cyclosporine,
mycophenolate mofetil)

Acute kidney injury

Acute kidney injury

SCr > 100umol/L
and previously <
100 umol/L within
last 90 d

Table 1. 4 Data types used to infer common medical conditions

Complex algorithms using several data types are used to infer medical conditions. Because
ICD-10 codes are often insensitive, frequency and patterns of healthcare facility engagement,
laboratory results and dispensed medications are used as evidence of morbidity. Evidence is
scored and weighted such that certain combinations of evidence are attributed as ‘high
evidence’. Abbreviations: ELISA, enzyme-linked immunosorbent assay; HAART, highly active
antiretroviral treatment; ART, antiretroviral treatment; HIV, human immunodeficiency virus;
HIVVL, HIV viral load; CD4, cluster of differentiation 4; FG, fasting glucose; OGTT, oral glucose
tolerance test; HbAlc, glycated haemoglobin; eGFR, estimate glomerular filtration rate; SCr,
serum creatinine.
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1.4.11Provincial Health Data Centre kidney disease cascade
Abnormal SCr results are assigned one of four possibilities using a pragmatic algorithm,

summarised in Figure 1. 5:

1. Normal (SCr < 100 umol/L)

2. ‘Single abnormal creatinine’ if the SCris > 100 pmol/L but no preceding value exists to
compare it to,

3. AKIlif >100 umol/L but previously <100 umol/L,

4. and CKD (Table 1. 4).

A ‘single abnormal creatinine’ may later be re-assigned to AKI or CKD once further SCr/ eGFR
results are available. AKI and CKD episodes are treated by the PHDC as mutually exclusive
such that once a patient has an inferred diagnosis of CKD they cannot be subsequently flagged

as having AKI after the CKD ascertainment date, regardless of subsequent SCr measurements.
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SCr received by
PHDC

Person
Place

Time

Other
evidence*

Abnormal

Previously

100umol/L?
@

Prev result
unavailable

Yes
Single abnormal
SCr

SCr re-tested

Currently <
100umol/L?

* Other evidence of CKD include KRT initiation ICD-10 codes

@ The look-back time period is indefinite

# AKI episode terminates once subsequent SCr< 100 umol/L or 90 days elapse
% This symbol denotes data linkage

Figure 1. 5 Kidney disease cascade used by the PHDC to identify patients with AKI and CKD

The dashed line refers to the later re-assignment of a single abnormal creatinine.
Abbreviations: SCr, serum creatinine; PHDC, Provincial Health Data Centre; AKI, acute kidney
injury; CKD, chronic kidney disease; KRT, kidney replacement therapy.
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The PHDC offers a unique opportunity to explore the clinical epidemiology of kidney disease
in a South African setting by characterising the frequency, outcomes and healthcare
utilisation of people with kidney disease using routinely collected data. Although source
systems may be the same or similar in other areas, no comparable African data centre exists
outside of the Western Cape Province in South Africa. It has played an integral part in the
public health response to the Coronavirus-19 pandemic

(www.coronavirus.westerncape.gov.za/covid-19-dashboard).

AKI does not always resolve regardless of how precisely or early it is detected, and CKD may

result with serious implications for health.
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1.5 EPIDEMIOLOGY OF CHRONIC KIDNEY DISEASE

Incidence/prevalence estimates of CKD are dependent on how the glomerular filtration rate
is measured (or estimated), if albuminuria criteria are included and if enough time is given
between GFRs to ensure it represents steady-state.(81) Calculated GFR using creatinine-
based equations under- or over-estimate the measured GFR and might under- or over-
estimate CKD. For these and other sampling reasons, there is wide variability in the reported

incidence of CKD.(81)

1.5.1 World-wide prevalence of chronic kidney disease
In the latest Global Burden of Disease report in 2017 representing 195 countries, the number

people worldwide with CKD was estimated to be around 698 million, with 32 million
attributable to type 1 diabetes, 126 million attributable to type 2 diabetes, 24 million due to
hypertension and 28 million to glomerulonephritis.(82) These numbers are expected to rise
with the ever-ageing population and increasing incidence of diabetes according to predictions

by the United Nations.(83)

In a meta-analysis by Hill et al, nearly 7 million patients mostly from Europe, USA and Asia
were analysed using MDRD and CKD-EPI estimated GFR equations.(84) The proportion of
studied individuals with evidence of CKD was 13.4% (95% Cl 11.72, 15.14; 12 99%) with most
falling into stage 3 (7.6%), whilst the proportion of patients with advanced disease was low
(0.4% stage 4 and 0.1% stage 5). The highest percentage was amongst females (14.6% vs
12.8% for males), increasing age (27.6% and 34.3% in the 60 — 69- and 70 — 79-year-old age

groups, respectively), and patients with hypertension and diabetes.
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1.5.2 Chronic kidney disease in Africa

The prevalence proportion of people with CKD was estimated to be only slightly higher in
Africa compared to world-wide estimates (15.8%; 95% Cl 12.1, 19.9) in a meta-analysis of just
over 98,000 adults for all stages of CKD with few having more advanced disease (4.6% stages
3 — 5).(85) In contrast to other continents, the median age was 43 years old. HIV (27.3%),
hypertension (35.6%) and diabetes (32.6%) were frequent comorbidities. Only 22/54 African
countries were represented. The sampled populations were varied (general population versus
hospital based), the GFR was mostly estimated by MDRD, and Cockcroft-Gault equations and
proteinuria quantified using the urine dipstick. Compared to mGFR, there is a significant risk
that measures of CKD frequency are miscalculated because the eGFR is grossly
underestimated in Africa using SCr based equations with or without the ethnic correction
factor.(86) There are also other methodological factors which may explain why differences
were observed between world-wide and estimates from Africa. Researchers would often
choose to use convenience sampling of medical facilities where there are established research
capabilities, personal contacts and academic centres. The results may over-represent centres
where kidney disease is more likely to be recognised, especially if nephrologists were
responsible for screening patients for kidney disease. In Africa, where specialist nephrology
services are more scarce and researchers are only likely to be in contact with academic
centres in urbanised cities, referred patients are likely to have advanced kidney disease and

only referred for dialysis services.(87,88)
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1.5.3 CKD progression

The European CKD Burden Consortium showed that annualised kidney function decline was
quite variable between countries, ranging from 0.77 (95% Cl 0.45, 1.08) in the Belgian cohort
to 2.43 (95% Cl 2.11, 2.75) ml/min/1.73m? in the Spanish cohort. This is interesting since the
baseline eGFR was lowest in the Belgian cohort (mean 19.9 ml/min/1.73m? [SD 5.4]) and
highest for the Spanish cohort (mean 37.7 ml/min/1.73m? [SD 11.5]). This may be explained
by other important patient related clinical (including patient exclusion criteria) or country
specific factors, such as referral to nephrology services, management of risk factors, and KRT

initiation practices.(36)

1.5.4 Risk factors for chronic kidney disease progression
AKI has recently not only been recognised as a strong risk factor for the development of CKD,

but also for the progression to KF and death.(51,89) A meta-analysis performed by Coca et al
found that the pooled rate of development of de novo CKD and KF following AKI was 25.8 per
100 person-years and 8.6 per 100 person-years, respectively. (47) The risk of developing CKD
and progressing to KF increased as AKI severity increased, but of importance, was still
increased for ‘mild’ AKI (pooled adjusted HR 2.0 [95% CI 1.4, 2.8] for CKD and HR 2.3 [95% Cl

1.7, 2.3] for KF).

Other risk factors for CKD progression, as confirmed in a meta-analysis, include male sex (HR
1.37; 95% ClI 1.17, 1.62) and proteinuria >1g/day (HR 1.64; 95% ClI 1.01, 2.66) for the
development of KF from stages 3 — 5 CKD.(90) The Assessment, Serial Evaluation, and
Subsequent Sequalae in AKI (ASSESS-AKI) Study found that for each doubling in urine ACR

level measured 3 months following AKI, there was a 1.53 times increase in HR (95% Cl 1.45,
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1.62) associated with halving of eGFR or development of KF.(91) Furthermore, in the Kidney
Failure Risk Equation (KFRE), developed and validated in two Canadian cohorts with stages 3
— 5 CKD, included male sex, albuminuria, eGFR, and age (KFRE-4) were predictors of reaching
kidney failure faster at 2 and 5 years. The authors also concluded that serum markers of bone
turnover (calcium, phosphate), acidosis (bicarbonate) and inflammation/ malnutrition
(albumin) were also predictive (KFRE-8), but less practical because of infrequent

measurement of these parameters.(92)

In addition, the CKD-PC identified systolic blood pressure, a history of cardiovascular disease,
black race, and diabetes as risk factors for KRT initiation.(93) They also found that age was
protective for KRT initiation. This may be explained by the competing risk® of death;
corroborated in a US Veterans Affairs study: older patients (= 75 years old) with advanced
CKD (eGFR 15-30 ml/min per 1.73m?) tended to progress to KF slower than younger patients,
but had a higher risk of dying than developing KF. Elderly patients may decide on a more
conservative approach to KF management, because of increased mortality associated with

initiating dialysis.(94,95)

1.5.5 CKD progression and mortality
Not only is mortality a competing risk for the development of KF, and in many cases the

mortality risk is higher than the risk of developing KF, but progression is also a risk factor for
death.(96) Although rapid decline (> =5ml/min/1.73m? per year) in eGFR was uncommon
(11%) in a CKD-PC meta-analysis, all-cause mortality was higher for people experiencing eGFR

decline of =6ml/min/1.73m? compared to Oml/min/1.73m? (adjusted HR 1.25; 95% CI 1.09,

5 Competing risks will be explained in more detail in section 8.1.3.
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1.44 for the pooled CKD cohorts and 1.15; 95% Cl 1.01, 1.31 for the pooled general population
cohorts). The relationship appeared to be U-shaped i.e., similar for people with
+6ml/min/1.73m?, potentially because of limitations of eGFR based on creatinine.(97) Risk

was similar for cardiovascular and non-cardiovascular causes of death.

Studies have mostly evaluated traditional risk factors for progression and death.
Understanding non-traditional risk may also inform biological (dys)function responsible for

progression.

1.6 PROTEIN ASSOCIATIONS WITH CHRONIC KIDNEY DISEASE PROGRESSION

eGFR, as a proxy of glomerular function, and urinary albumin, as a proxy of glomerular,
tubulo-interstitial, and endothelial integrity, do not reflect the other functions of the kidney,
such as tubular, interstitial, and vascular activities. Following an insult, gene transcription,
which through a series of biological processes (translation) results in synthesis of proteins that
have functions to protect and repair. Collateral damage to normal tissue may occur when the
response is exaggerated, however, and is responsible for perturbations in normal kidney
functioning.(98) Proteomic analysis, the study of proteins, of urine and blood, that have been
associated with glomerular, tubular injury and repair, and other pathophysiological
processes, may mechanistically explain why some individuals more rapidly experience decline
in their kidney function compared to others and serve as biomarkers or novel predictors of

CKD progression.
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Although the urinary proteome seems like the most obvious means to measure proteins,
since the healthy kidney reabsorbs nearly all lost protein and the loss of proteins is the direct
result of kidney damage, the abundance of protein in the urine of unhealthy kidneys may
simply indicate a defective sieving or reabsorption mechanism and not a direct explanatory
link to the damage itself.(99,100) Proteomic analysis of the blood therefore may be a better
indicator of the inciting pathophysiology, although some serum proteins may be increased

simply because of reduced kidney filtration function.(101)

Grams et al. for example identified 13 out of 4,877 widely expressed proteins, representing
inflammation and other metabolic processes, associated with the development of KF or 50%
decline in eGFR in people without CKD in the Atherosclerosis In Communities (ARIC) Study.
This was externally validated in two CKD cohorts: The Chronic Renal Insufficiency Cohort
(CRIC) Study and African American Study of Kidney Diseases Study (AASK) making the

biological associations highly generalisable to both people with and without CKD.(102)

Multiplex proteomic assays, such as developed by Olink® (www.olink.com, Uppsala, Sweden),

identified 20 proteins associated with kidney function decline (eGFR slope per year) using a
discovery cohort derived from the Prospective Investigation of the Vasculature in Uppsala
Seniors Study (PIVUS) and replicated in the Uppsala Longitudinal Study of Adult Men
(ULSAM).(103) In this study, however, there were limitations in the study population (a single
region in Sweden with normal to stage 1 — 3 CKD and replicated only in men), and simple
linear regression was used to calculate eGFR slope which ignores important methodological

considerations.
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1.6.1 Biological mechanisms
The biological mechanisms of progression to KF have been hypothesised to result from (a)

low nephron endowment at birth (for various reasons related to maternal and in utero
conditions), (b) injury to the podocyte by primary and secondary causes, (c) direct
nephrotoxicity of proteinuria, and (d) scarring and fibrosis of the nephron and interstitium in

addition to local haemodynamic changes.(100,104-106)

The tubule is susceptible to toxic, ischaemic and inflammatory insults. In the Systolic Blood
Pressure Intervention Trial (SPRINT), tubular biomarkers were assayed. It was found that
eGFR increased by 0.34% (95% CI 0.08, 0.60) per year for every doubling in urinary uromodulin
and eGFR decreased by —0.10% (95% Cl —0.18, —0.02) with elevated urinary -2 microglobulin
in the standard blood pressure treatment arm, but the association did not remain in the
intensive blood pressure treatment arm.(107) This may be because a lower blood pressure
offered better kidney protection against tubular toxicity or support that these non-traditional

biomarkers are more important than traditional risk factors.(100)

Further scrutiny reveals that biological processes such as inflammation, dysregulated immune
responses, and disordered metabolism underpin traditional risk factors for cardiovascular

disease and CKD progression.

1.6.2 Inflammation
Amdur et al. investigated the relationship between interleukin-1, interleukin-1 receptor

antagonist, interleukin-6, tumour-necrosis factor a, tissue growth factor f3, high-sensitivity C-

reactive protein (CRP), fibrinogen, and albumin with CKD progression, and separately, a
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composite of atherosclerotic cardiovascular events and death, in the CRIC cohort.(98,108)
They found that increases in these cytokines and acute-phase proteins, and decrease in
albumin were associated with faster eGFR decline and atherosclerotic cardiovascular disease-

death composite.

1.6.3 Thrombosis
CKD is a prothrombotic state which is exacerbated by inflammation.(109,110) Given that the

kidney, especially the medulla, is sensitive to hypoxia, disturbances in the microcirculation,
from microthrombi caused by abnormal fibrin and platelet activation, adhesion, and
fibrinolysis, may elicit nephron damage.(111,112) In the Rotterdam Study, a higher von
Willebrand factor: ADAMTS-13 (a disintegrin and metalloproteinase with a thrombospondin
type 1 motif, member 13) ratio, which represents prothrombotic/ antithrombotic balance,
was associated with a steeper eGFR slope (-0.06 [95% CI -0.09, -0.03] ml/min/1.73m? per year)
and higher risk of halving of eGFR (OR 1.40; 95% ClI 1.02, 1.93).(113) These are small (slope)
and wide (risk) estimates, but may be underestimated because albuminuria was not
measured. Support for inflammatory (CRP, albumin) and pro-coagulant (fibrinogen, factor VII)
mediators of progression were also found in the Cardiovascular Health Study of older (> 65

years) community dwellers.(114)

1.6.4 Oxidative stress
Advanced Glycation End-products (AGEs), which accumulate in uraemia and diabetes, have

been implicated in CKD progression, cardiovascular disease, and worsening of inflammation
and platelet hyperactivation.(112,115) Evidence from murine models showed that oxidative

proteins cause podocyte damage via interactions with the receptor for AGEs (RAGE) eliciting
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injurious oxygen free radicals.(116) Podocyte loss results in proteinuria, which itself is tubulo-
toxic and is associated with venous thromboembolism.(117,118) Also, albuminuria has
independently been linked to the development of cardiovascular disease, highlighting the
global endothelial dysfunction® that occurs throughout the vasculature, especially in diabetes,

that is associated with kidney and cardiovascular disease.(119-121)

A pro-inflammatory, pro-thrombotic environment and oxidative stress culminates in
disturbed homeostasis leading to thrombosis, atherosclerosis, arterial stiffening and fibrosis
affecting the micro- and macro-vasculature more generally and kidney and cardiac structures
specifically.(122,123) This phenotypically manifests as ischaemic heart disease,
cerebrovascular disease, peripheral vascular disease, and progression to kidney and heart

failure.

1.6.5 CKD progression and cardiovascular disease
Cardiac proteins may accumulate in CKD simply because of decreased kidney excretion but

accumulation may also result from increased production associated with structural heart
disease and kidney-heart crosstalk such as in the cardiorenal syndromes.(124,125) For
example, kidney perfusion may decrease because of heart failure by causing kidney
congestion, and vascular atherosclerosis and calcification of the heart, accelerated by

uraemia, may precipitate or worsen cardiac ischaemia.(126-128)

5 The endothelium is the inner most cellular layer of all blood vessels. It interacts with the cells below it within
the vessel wall and proteins that lie on its luminal surface (glycocalyx layer).
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A CRIC sub-study highlighted the important association of cardiac dysfunction with CKD
progression: N-terminal pro-B-type natriuretic peptide (NT-proBNP), a myocardial stretch
protein, and Growth-Differentiating Factor 15 (GDF-15), implicated in cardiac inflammation
and remodelling, were associated with 50% decline in eGFR or need for KRT initiation.(129)
High-sensitivity troponin T (hs-TnT), which is released by myocytes during cardiac injury
including ischaemia, was only associated with progression in people with pre-existing CVD,
although people with pre-existing heart failure were excluded, but others (ARIC Study) have
found that hs-TnT (as well as NT-proBNP) to predict progression.(130) In a related CRIC sub-
study, these biomarkers also associated with all-cause and CV mortality, underscoring the

biological relationship between CKD progression and non-traditional cardiovascular risk.(131)

It is clear that not only is there an epidemiological link between CKD and cardiovascular

disease, but a biological one too, protein relationships are, however, complex.

1.6.6 Clustering proteins into biological systems
Proteins do not act in isolation: they function in coordinated biological pathways.(132)

Proteins may exert their effect proximally or distally within a pathway, and therefore a small
concentration of a proximal protein may have exponential distal effects. Within the system,
proteins may upregulate or downregulate other proteins, or have positive or negative
feedback on other, or their own processes. This establishes a delicate balance between pro-
and anti- inflammatory, thrombotic, fibrotic, oxidant and other processes. Kidney injury may
result if these processes are dysregulated.(98) Kidney function is particularly complex because
there are several cell types that constitute the nephron and supporting structures in which

intra- and inter-cellular signalling occur.
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The SPRINT Trial categorised 10 biomarkers into 4 clusters representing tubule injury/ repair,
tubule injury/ fibrosis, tubule resorption, and tubule reserve/ mineral metabolism using
exploratory factor analysis.(132) Clusters were associated with —0.06% (95% CI —0.24, 0.12%),
—0.16% (95% ClI —0.33, —0.01%), —0.07% (95% Cl —0.25, —0.12), and —0.58% (95% ClI —0.39, —
0.67%) decline in eGFR per year for each 1 SD increase in composite score, respectively. This
may suggest that particular regulatory pathways influence CKD progression more than others.
Using a statistical approach to protein clustering, however, ignores the complex biological

interaction that different proteins have within a pathway or between each other.

1.6.7 Gene ontology
The Gene Ontology (GO) Consortium introduced a standardised organisation of different

components of a biological system and has established standardised vocabulary (GO terms)
for defining the relationship between gene products (e.g., proteins and transcription factors)
found in thousands of species including homo sapiens.(133,134) The GO are represented as
directed acyclic graphs (DAGs) where each node is a particular component of the broader
biological system. Hierarchal GO terms, from parent (high-level) to child (low-level), are
structurally arranged and catalogued into biological processes (e.g., extracellular matrix
formation) which consist of multiple molecular functions (e.g., protein binding) within cellular
components (e.g., the extracellular space). Each component of the above organisation is
annotated with an identifier which may be common across different, but ostensibly inter-
connected, biological pathways and even organisms. The extracellular matrix organisation
pathway is demonstrated in Figure 1. 6. Knowledge is curated automatically and manually

using various levels of evidence (experimental, non-experimental, automatic [non-human
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curation]). GO terms are used to annotate genes, transcripts and proteins, thus providing a
machine-readable annotation system to catalogue the functioning of molecular species.
Searchable web-based platforms and standalone bioinformatic software make GO catalogues
accessible and allow proteins to be grouped into modules that represent specific biological

functions, interactions, and pathways.(135-137)

49



G0:0008150

biological
process

G0:0009987

cellular
process

G0:0071840

cellular
component
organization

cellular
component
organization

G0:0045229 | G0O:0043062

external extracellular
encapsulating structure
structure organization

G0:0030198
extracellular
matrix
organization

G0:0030199 | GO:0061148 | GO:0085029 | GO:0021820 | GO:0032836 | G0:0010215 | GO:0022617 | GO:0070278 | GO:0071711 | GO:1901148

it || €xtracellular || extracellular || extracellular glomerular cellulose extracellular || extracellular hasement gene
collagen fibril matrix matrix matrix basement microfibril matrix matrix membrane expression
organization P PR P . . P exp f
organization assembly organization in|| membrane organization || disassembly constituent || organization involved in

G0:0098784

biofilm _matrix
organization

G0:0120216

matrilin
complex

regulation of
extracellular
matrix

G0:1903054

negative
regulation of
extracellular

G0:1903055

positive
regulation of
extracellular

QuickGO - https:/fwww.ebi.ac.uk/QuickGO

Figure 1. 6 Gene ontology hierarchy for the extracellular matrix organisation pathway

Generated using QuickGO search engine.(138) The key is shown on the right.

50

Component

II‘ Isa .
Part of
Regulates
E Positively regulates
Negatively regulates
Occurs in .
Capable of
............................................ >




Studies have thus far mostly explored the diagnostic, predictive and mechanistic utility of
protein biomarkers in patients with mild-moderate CKD with the hope that progression may
be mitigated early before KF develops.(139) There is an unmet need to study patients with
already advanced disease, who without kidney and cardiac protective interventions are at
highest risk of requiring KRT or dying from their kidney and cardiovascular disease.(93) In
addition, studies of CKD progression have mostly used a binary outcome of development of
KF or KRT initiation. Using changes in eGFR may be more informative in advanced disease
when the eGFR is already low and, when combined with bioinformatics and proteomics,

highlight which biological mechanisms are associated with faster kidney function decline.(98)

The current work used eGFR and proteomic analysis collected in the European Quality Study
of treatment in advanced CKD (EQUAL) to explore the association of cardiovascular and

cardiometabolic proteins with kidney function decline.

1.6.8 Description of the EQUAL Study

Older patients (>65 years old) with incident advanced chronic kidney disease (with at least
one eGFR < 20ml/min/ 1.73 m?2by MDRD in the previous 6 months) referred to the nephrology
service were prospectively enrolled in a multi-national observational study in participating
European study sites (the United Kingdom, Sweden, Italy, Poland, the Netherlands and
Germany) to investigate the associations between timing of initiation of dialysis (or
transplantation) and uraemic symptom severity, the decision-making process and quality of
life.(140) During April 2012 through December 2018, 1,754 participants were recruited.
Participants were followed up until death, discharge back to primary care or end of follow-up

at 4 years.
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Clinical details (demographics, lifestyle, comorbidities, cause of kidney disease,
anthropometry, medications, and laboratory data) were collected at baseline and at follow
up (6 monthly until eGFR < 10ml /min/ 1.73 m?, thereafter 3 monthly). The decision to start
dialysis was patient-nephrologist shared and no GFR threshold was pre-specified (non-

interventional study).

Plasma samples were also collected at the baseline visit and appropriately stored for later
proteomic analysis. The investigators selected two protein panels, each comprising 92
proteins, developed by the Olink® proteomics laboratory (www.olink.com, Uppsala,
Sweden): Olink® target 96 Cardiovascular Il and Olink® target 96 Cardiometabolic. The
proteins included are involved in myriad biological processes including immune/
inflammatory, coagulation, angiogenesis, apoptosis, cell adhesion and intracellular signalling

pathways. A list of the proteins analysed in this thesis are provided in Appendix 2.

1.6.9 Olink® technology
Aliquots were analysed using the Proximity Extension Assay (PEA) platform (Olink

Proteomics). PEA, a novel proteomic technology, involves three steps:

1. two oligonucleotide-labelled antibodies specific to each protein are added as a
reagent to the sample, which bind to the target antigen, if present,
2. theoligonucleotide-antibody pair hybridize when in close proximity to each other and

extend in the presence of DNA polymerase,
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3. resulting DNA ‘barcodes’ are then measured using standard real-time polymerase
chain reaction (PCR) techniques after amplification (Fluidigm® BioMark™ High

Definition System).(141)

Advantages of using this technology are that multiple (96 analytes) may be tested
simultaneously, requires a much smaller sample (1 microlitre), may be used with serum,
plasma, urine, tissue, and other bio-fluids, and compares well to single-plex technologies such
as chemiluminescent and enzyme-linked (ELISA) immunoassay methods. Validation of assays
has been conducted by Olink® (https://www.olink.com/application/development-and-

validation-of-customized-pea-biomarker-panels/).

Protein levels are reported as Normalised Protein eXpression (NPX) units, normalised to the
median of the assay across plates and batches, on a log-2 scale. Two different NPX levels for
two different proteins therefore do not necessarily have the same absolute concentration but
an increase of 1 NPX can be interpreted as a doubling of the absolute protein concentration.
Limits of detection and lower and upper limits of quantification (in picograms per millilitre) as
well as normal levels (median, 10t and 90t percentile NPX units) have been defined for each
protein by the manufacturer. In addition to 6 external negative and positive controls, all
samples are also spiked with 4 internal controls that verify each step (immunoreaction,
extension, and amplification/ detection) and are used to determine the level of detection of

each protein, which is plate and sample batch specific.
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1.7 CHAPTER SUMMARY

The collection of large amounts of information from source systems accumulated during
routine healthcare facility activities, electronic medical records used to monitor and manage
patients, called the digitome, and from biological samples, such as the proteome, has led to
the advent of ‘big data’ and systems biology which has increasingly been used to study

disorders of the kidney.(32,70)

There are efficiency, study design, precision, and research dimensionality advantages to using
big data to study the spectrum of potentially reversible AKI and irreversible CKD

epidemiology.

Rule-based algorithms, based on consensus criteria for AKI, may be embedded in pre-existing
laboratory or electronic health record systems. The logic and implementation of such

algorithms need to be validated in the settings in which they are expected to operate.

Kidney disease may be identified, and progress monitored clinically, using traditional
biomarkers (SCr) and methods (eGFR), but novel proteomic markers of glomerular and non-
glomerular dysfunction, involving other compartments of the kidney and more broadly, the
vasculature, have been increasingly studied to understand the biological basis of disordered
function, including inflammation, oxidative stress and thrombosis, and progression to KF.
Furthermore, it may be possible to capture modules of grouped proteins, using bioinformatics
that are involved in inter-related pathways to identify specific biological processes that are

most significantly associated with CKD progression.
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The aims of this thesis were to investigate the implementation of the NHS England algorithm
(using routinely collected data received by the UKKR), describe the clinical epidemiology of
AKI, CKD and acute-on-chronic kidney disease in the City of Cape Town, Western Cape, South
Africa (using routinely collected data by the PHDC) and explore the association of novel

proteomic signatures with kidney function decline in the EQUAL Study.

1.8 RESEARCH OVERVIEW
This research is divided into three work packages. Since this was a cotutelle United Kingdom-

South African university joint PhD, multiple secondary data sources from the UK, Europe and

South Africa were accessed to address these aims.

1.8.1 Objectives and research questions
1. Validate the NHS England mandated AKI detection algorithm using routinely collected

AKl surveillance data submitted to the UKRR.
a. How consistently is the NHS England PSA algorithm implemented in

laboratories sending AKI alerts to the UK Renal Registry?

2. Describe the frequency of kidney disease, clinical characteristics of patients
developing kidney disease, and their kidney and vital outcomes in the City of Cape
Town using routinely collected data from the Province of the Western Cape, South
Africa.

a. Acute kidney injury clinical epidemiology

b. Compare the PHDC and NHSE AKI detection algorithms
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3.

c. Chronic kidney disease clinical epidemiology

d. Acute-on-chronic kidney disease clinical epidemiology

Investigate the association between cardiovascular and cardiometabolic proteins with
the trajectory of kidney function decline in older patients with advanced chronic
kidney disease accessing nephrology services in Europe.
a. Which cardiometabolic and cardiovascular disease related proteins and
biological pathways are associated with kidney function trajectory in older

persons with advanced kidney disease?
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2 THE METHODS USED TO INVESTIGATE THE
CONSISTENCY AND IMPLEMENTATION OF THE
NATIONAL HEALTH SERVICES ENGLAND ACUTE
KIDNEY INJURY DETECTION ALGORITHM

2.1 INTRODUCTION

How consistently was the NHS England AKI detection algorithm implemented in laboratories
sending AKI alerts to the UK renal registry? The UKRR and the data that it receives were
introduced in section 1.4.3. This chapter outlines the methods that were used to answer the

above research question.

2.2 METHODS

2.2.1 Study population

For this study, data from laboratories that submitted high-quality” alert and pre- and post-
alert® SCr results from the date of implementation of the NHS England algorithm (1 December
2014) through 30 September 2020 were included (37/187 laboratories that currently submit

data).

Individuals aged < 18 years old were excluded as the reference ranges for children are age

specific and the definition of AKI is different. Other exclusions were necessary based on

7 Alert data are classified by the UKRR as ‘Green’, ‘Amber’, or ‘Red’ depending on completeness. High quality is
considered ‘Green’. See section 1.4.5.
8 The UKRR receives SCr data for 15 months before and after an alert.
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missing/ irregular data and duplicates. Age > 99 were excluded because of concerns of

incorrect recording of the year of birth.

2.2.2 Central alert development
Local laboratory-generated alerts were compared with alerts derived using logic that

simulated the NHS England algorithm (‘central code’). This central code was executed within
the alert and pre- and post-alert SCr data received by the UKRR.(63) The central code was
written by the candidate using Stata version 17 (StataCorp, TX, USA). A summary of how this
was performed is provided in Box 2. 1. An index SCr at current testing was compared to
historical baseline values for the same individual, if available, based on KDIGO creatinine
criteria.(11,63) The NHS England algorithm, summarised in section 1.4.4 and shown in
Appendix 1, deviates from KDIGO criteria in that the look-back period is extended to 365
days.(63) The central code was executed in the usage data, described above, to generate
‘central alerts’. Central AKI 0, 1, 2 and 3 and warning flags were created. The date of the first-
ever received alert was taken as the date on which the algorithm went live within that
laboratory. Local laboratory alerts were received as AKI 1,2 or 3. AKI O alerts were inferred
centrally if no alert was received for that particular SCr value. Only SCr values that occurred
after the live date, and not associated with an AKI alert, were recoded as AKI O because the

algorithm had to have been active to theoretically fire an alert, if appropriate.
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Preparation

e The SCr dataset in long format was reformatted into wide format.
e The long dataset was merged with the wide dataset (‘long-wide’ dataset). This allows
the index SCr to be compared with historical values in the same row of data.
The long-wide dataset was cloned into 3 identical datasets: ‘long-wide’, ‘7 d’, ‘365 d’, then:

Using the long-wide dataset

1. Previous results available in preceding 365 d were identified.

2. Flags were generated for index SCr (C1) results when baseline creatinine values were
unavailable in the preceding 365 d. If the C1 was within the laboratory reference
interval (RI) then flags ‘no flag’, lower than the lower limit of the Rl ‘low flag’, or higher
than the upper limit of the Rl ‘high flag’ were produced.

Using the 7 d dataset

3. The lowest SCr within 0 — 7 d before the C1 was identified as the baseline (RV1). The
RV1:C1 ratio was calculated.

Using the 365 d dataset

4. The median SCr within 8 — 365 d before the C1 was calculated as the baseline (RV2).
The RV2:C1 ratio was computed.

Long-wide, 7 d and 365 d datasets were re-combined:

5. The ratios in steps 3 and 4 were compared and the highest was preferred (RV). The
difference between C1 and RV was calculated.

Central alerts that were > 1.5 * RV and:

6. ASCr difference > 26 pmol/L within 48 h was identified and flagged as AKI stage 1%
7. ASCr difference > 354 umol/L or ratio > 3 was flagged as AKI stage 3

8. Aratio between 2 — 3 was flagged as AKl stage 2

9. Aratio between 1.5 — 2 was flagged as AKI stage 1

The dataset was saved and merged with the original laboratory alert dataset.

Box 2. 1 Summary of Stata code to simulate the NHS England AKI alert detection algorithm

# dataset cloning was helpful because of data manipulation. § If the SCr had risen >26 umol/L
but not within 48 h, a warning flag was generated. Stata do file available at GitHub Repository:
https://github.com/RyAylwd/NHSEnglandAKlalgorithm. Abbreviations: AKI, acute kidney
injury; SCr, serum creatinine; C1, index creatinine; RV, reference value i.e., baseline creatinine;
d, day; h, hour.
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2.2.3 Agreement assessment using inter-rater methods
Table 2. 1 shows a hypothetical example of pairs of laboratory alert and central alerts that

were compared.

AKI alerts by KDIGO stage Agreement
Creatinine umol/L | Laboratory Central
75 0 0 Perfect agreement
100 2 1 Partial agreement
150 3 1 Disagreement

Table 2. 1 lllustration of hypothetical pairs of laboratory and centrally-coded AKI alerts
compared for the same creatinine value

This example demonstrates how alerts were compared. It would be expected that the
laboratory and central alerts should always agree if the same SCr data are available, and the
same mathematical logic were applied. Abbreviations: AKI, acute kidney injury; KDIGO,
Kidney Diseases: Improving Global Outcomes; SCr, serum creatinine.

Methods first developed for use in education and subsequently adopted by the medical
community were used. Cohen’s Kappa was the first to be published.(142) The pair-wise
concordance between individual sets of alerts was of interest. Inter-rater reliability methods
were used to assess the tendency that the laboratory code and central code independently
classified AKI stages in the same way.(142) Raters, for example two nephrologists, might guess
or randomly choose a category rather than use objective evidence to classify AKl into a finite
number of 0 — 3 stages and so there might be ‘chance agreement’. All methods assess the
expected (by chance) agreement and compare this to the observed agreement. The laboratory
and central code being compared are not subjective sapiens but may disagree for other
reasons. Firstly, the laboratory code may have been altered to suit local opinions or limitations
of the LIMS. There was no oversight over the operationalization of the algorithm within the
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LIMS or laboratories.(6) Secondly, the data that the UKRR receives may be missing SCr values

that the central code would not have ‘seen’ resulting in different classifications.

A well described problem, called the Kappa paradox, underestimates agreement when the
unit of comparison is unbalanced.(143) This might occur because the central code does not
compute the same number of alerts as laboratories submitted. Gwet’s AC1 (agreement
coefficient) overcomes this problem and so was used to assess uniformity of alerts produced.
Gwet’s AC1 equation was solved: the number of times the laboratory and central code
computed the same AKI stage was divided by the total number of alerts (A). From A, chance
agreement (C) was subtracted and divided by 1 — C.(144) Percent positive agreement (PPA)
was also calculated by dividing the number of times the laboratory and central code both
staged the same AKI stage by the total number of alerts generated by the central code. The
user-written kappaetc Stata command was used to calculate PPA and Gwet’s AC1.(145)
Agreement coefficient magnitude, which ranges from -1.00 to +1.00, was interpreted as
recommended by Landis and Koch, reproduced in Table 2. 2.(146) ‘Substantial’ and ‘almost

perfect’, that is 0.61 — 1.00, were deemed to be acceptable.
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Coefficient Interpretation

<0 Agreement worse than by chance
0.01-0.20 Slight

0.21-0.40 Fair

0.41-0.60 Moderate

0.61-0.80 Substantial

0.81-1.00 Almost perfect

Table 2. 2 Landis and Koch (1977) suggested interpretation of agreement coefficients

2.2.4 Ordinal weighting

The laboratory and central code may disagree about the designation of a certain AKI stage or
agree completely. AKl stages would be best described as being ordered i.e., AKl stage 2 is more
severe than stage 1, and stage 3 is more severe than stage 1 or 2. There may, therefore, be
partial agreement when the classification is adjacent (e.g., AKl is classified as stage 1 by the
laboratory and stage 2 centrally) rather than non-adjacent (e.g., AKl is classified as stage 1 by
the laboratory and stage 3 centrally). Weighting was used to penalize classifications that were
further away from each other.(144) Ordinal weights were automatically chosen by the
kappaetc command based on the number of potential classifications i.e., AKI stages 0 — 3.

The weighting used is shown in Table 2. 3.
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Central coded AKI

Laboratory generated AKI | 0 | 1.00 | 0.83 | 0.50 | 0.00

1/0.83|1.00|0.83|0.50

21050083 |1.000.83

3/10.000.50|0.83|1.00

Table 2. 3 Ordinal weights matrix applied to the primary analysis

Laboratory-generated and central-coded alerts that are in further disagreement from one
another are weighted lower but not regarded as being totally in non-agreement, except at the
extremes of staging, as staging is not binary but rather ordered by severity.

2.2.5 Exploratory analysis

Agreement was recalculated in several exploratory analyses to test various assumptions.

These are outlined below.

Sensitivity analysis: Firstly, SCr values not associated with a laboratory alert were not recoded
to AKI 0 as there might have been other reasons why an alert was not received (such as alert
suppression or incomplete data submission). These laboratory alerts were, therefore, set to
missing and were discarded from the complete-case analysis. Secondly, ordinal weights were
not included so agreement was assumed to be binary (agreed/disagreed). Given that the
algorithm was initialized at different times in different laboratories, and there may have been
teething problems early on, agreement was also assessed over calendar time (yearly 2015 —
2020). Lastly, agreement was assessed for laboratories that submitted only complete data as
there was concern that missing SCr data might conflate the observed results. Data were only

designated complete if all months had non-missing alert and SCr data. The laboratory’s data
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was otherwise removed. Note that Green and Amber classified data, as detailed in section
1.4.5, only pertains to alert data; missing SCr are not currently classified by the UKRR so this

definition of completeness was preferred instead.

Sub-group analysis: The algorithm would be expected to operate reliably in people with pre-
existing CKD and at extremes of age. Checks were conducted to ascertain if the code was

performing consistently amongst different quantiles of age and baseline SCr®.

The algorithm is integrated into the laboratory information management system (LIMS) which
is usually outsourced to a commercial provider. Agreement was evaluated across commercial
LIMSs, when the LIMS provider was known. Theoretically, there are potentially two versions
of code: firstly, that which is encoded by the LIMS provider and secondly, further modified by

the laboratory. Agreement was thus examined for individual laboratories primarily.

2.2.6 Ethical considerations
The UKRR has ethical approval to use the surveillance data it receives for audit and research

purposes without individual patient consent (under section 251 of the Health and Social Care
Act, United Kingdom). Permission was granted by the UKRR Data Release Group within the
UKRR for use of their data for this analysis based on a quality improvement initiative. Data
were pseudonymised prior to data extraction. Patients were able to voluntarily withdraw their

data, and this is processed internally within the UKRR.

9 Baseline SCr is not available for laboratory alerts because they are not currently transmitted to the UKRR.
Quantiles were calculated from the RV computed within the central algorithm code.
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2.3 CONCLUSION

In this chapter, the methods used to investigate the consistency and implementation of the
NHSE AKI detection algorithm were presented. AKI alerts generated from laboratories were
compared with alerts generated by a simulated identical algorithm executed within
longitudinal SCr data from persons with laboratory-submitted AKI alerts from before, during
and after the AKI. Inter-rater agreement methods were used to quantify consistency of alerts

and subgroup analyses were used to investigate consistency in different population groups.

In the following chapter, the results of this analysis and a discussion are presented.
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3 CONSISTENCY OF ALERTS GENERATED BY, AND
IMPLEMENTATION OF, THE NHS ENGLAND ACUTE
KIDNEY INJURY DETECTION ALGORITHM IN ENGLISH
LABORATORIES

3.1 INTRODUCTION

The validation of the NHS England algorithm and its implementation in English laboratories is
imperative if alert data are to be used for AKI interventions and surveillance. This chapter
compares local-laboratory alerts with alerts produced using code simulating the NHS England

algorithm. Agreement was assessed using inter-rater methods, detailed in chapter two.

3.2 RESULTS

3.2.1 Baseline characteristics of the alerts included in this analysis

Out of 1,966,003 AKI alerts representing 532,884 patients received by the UKRR from the
beginning of the NHS England algorithm deployment from December 2014 to the end of
September 2020, 1,579,663 alerts — 475,634 individuals — were available for analysis;
exclusions are shown in Figure 3. 1. Out of the 37 laboratories, eight were excluded. Two
laboratories inconsistently sent data leading to frequent missing alerts and SCr values over
time. There was evidence of missing pre-alert SCr data for five laboratories. One laboratory
was excluded because only SCr data were sent but not any alerts. The median age was 72.4
years and 47% were female (Table 3. 1). The number of local laboratory alerts generated per

person varied, averaging median 3 (IQR 1; 8) per person. AKIl was frequently mild (63% were
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AKl 1). The median baseline SCr in the year before the first laboratory alert was 77 umol/L
(IQR 57; 108). Laboratories included in this analysis were well represented across England

(Figure 3. 2) although not all were included in this analysis as explained in section 1.4.5.
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Creatinine dataset exclusions
Collection date miss = 14,333
SCr value miss = 82,348
Specimen N miss = 104,746
Duplicates = 1,388,138

Alert dataset exclusions
Age < 18 yrs = 31,479
Age miss = 324

Age > 99 yrs = 4,841
Specimen N miss = 9,621 —
SCr miss = 8,164

Lab alert miss = 481
Duplicates = 3,309

Lab alert date miss = 443

Exclusions after datasets
combined

False alerts = 101,813
Duplicates = 1,474,785
Incomplete lab data* = 536,972
Missing pre -alert SCr = 308,509

Figure 3. 1 Flowchart of participants and alert inclusion and exclusion in this analysis

Alert and SCr datasets are received separately by the UKRR. For the alert dataset, each line of
data was an alert. The SCr dataset was provided as one line per SCr result. Exclusions therefore
refer to the number of alerts or SCr results, as appropriate. Datasets were first cleaned and
then re-cleaned after appending together. False alerts appeared to occur before a baseline
SCr was available, indicating that some SCr values were not submitted or were otherwise
unusable because of associated missing data. These were recoded to missing rather than
deleted to avoid losing the associated SCr result. For duplicates between alert and SCr
datasets, the duplicate occurring from the SCr dataset was dropped and the duplicate from
the alert dataset was retained. Only the age < 18 years exclusion was pre-defined. Numbers
do not exactly total as exclusions were dropped sequentially. *See section 3.2.1 for details.
Abbreviations: SCr, serum creatinine; lab, laboratory; miss, missing; N, number.
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Local laboratory alerts, N =

Central alerts, N =

AKI 1, N (%)
AKI 2, N (%)
AKI 3, N (%)

988,284 (63%)
290,998 (18%)
300,351 (19%)

1,579,663 1,646,850
Age in y, median (IQR) 72.4 (59.6; 82.0)
Sex, %
Female 47%
Nonzero alerts
The median number of alerts
per person (IQR) 3(1;8) 4(2;9)
Range 1; 252 1; 352

1,067,239 (65%)
349,405 (21%)
230,206 (14%)

Median creatinine at alert (IQR)
pumol/L

All AKI

AKI 1

AKI 2

AKI 3

Baseline SCr for the 1%t alert*
RV1

RV2

After the last alert

164 (111; 264)
132 (96; 187)
181 (137; 237)
414 (307; 555)
77 (57; 108)

83 (60; 121)

169 (111; 286)
140 (97; 219)
197 (139; 286)
361 (238;577)
83 (IQR 56; 132)
87 (IQR 64; 127)

Before and after SCr results

N before (the 1%t alert)
Median number per person

N after (the last alert)
Median number per person

3,583,049
17 (9; 13)
2,025,767
13 (6; 26)

Table 3. 1 Characteristics of alerts that were included in this analysis

*Computed for the first alert here, but baseline SCr values are not received by the UKRR.
Abbreviations: IQR, interquartile range; AKI, acute kidney injury, N, number; SCr, serum
creatinine; RV1, reference (baseline SCr) value for preceding 0 — 7 days; RV2, reference
(baseline SCr) value for preceding 8 — 365 days.
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Figure 3. 2 Map of England showing the laboratories that contributed to this analysis

Laboratory locations across England are shown. Map created using Leaflet (RStudio).
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3.2.2 Characteristics of the centrally derived alerts
The central code computed a greater number of AKI nonzero alerts (1,646,850) than those

received by the UKRR, indicating possible under-ascertainment or incomplete submission of
alerts. Compared to local laboratory-generated alerts displayed in Table 3. 2, the SCr at central
alert was higher than local laboratory-generated alerts for AKI 1 (median 140 vs 132 umol/L)
and AKI 2 (median 197 vs 181 umol/L) but was 53 umol/L lower for AKI 3 (median 361 vs 414

umol/L).

The central code also enumerated the RV1%, RV2!! and C1: RV ratio'?, information that is not
submitted to the UKRR for local laboratory-generated alerts so cannot be compared. The RV1,
which could potentially be drawn during the prodromal illness before AKI is recognised, was
lower than RV2 for AKI 0 (78 vs 86 umol/L), but higher than RV2 for all other stages — AKI 1:
109 vs 90, AKI 2: 122 vs 89, and AKI 3: 161 vs 88 umol/L. The C1: RV ratio, which is used to
calculate relative changes in SCr, averaged 1.62 (IQR 1.53; 1.75) for AKI 1, 2.30 (IQR 2.12; 2.56)
for AKI 2 and 3.81 (IQR 3.21; 5.13) for AKI 3. Although the baseline (RV1) was higher, the
median C1: RV ratio for AKI 1 from between 0 — 7 days was < 1.5 suggesting that the relative
change in SCr that flagged AKI 1 was from the 8 — 365-day period or an absolute increase in

SCr of > 26 umol/L in 48 hours.

0 Reference SCr within 0 — 7 days of the index SCr.
11 Reference SCr within 8 — 365 days of the index SCr.
2 Index SCr to the highest of RV1 or RV2. The highest ratio is preferred.
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3.2.3 Local laboratory versus central generated alerts
Table 3. 2 shows a cross-tabulation of local laboratory-generated alerts compared with those

derived centrally. The local laboratory and central alerts mostly concurred. The majority were

AKI 0.

Centrally generated alerts
0 1 2 3 Total
Local lab generated alerts after
the first ever alert
0
Percent 79.81 1.82 0.51 0.49 82.64
Frequency 7,260,258 165,802 46,541 44,433 7,517,034
1
Percent 1.85 8.67 0.23 0.11 10.86
Frequency 167,922 788,731 21,288 10,343 988,284
2
Percent 0.33 0.26 2.52 0.09 3.20
Frequency 30,252 23,711 229,065 7,970 290,998
3
Percent 0.34 0.70 0.50 1.77 3.30
Frequency 30,522 63,430 45,053 161,346 300,351
Total
Percent 82.33 11.45 3.76 2.46 100.00
Frequency 7,488,954 1,041,674 341,947 224,092 9,096,667

Table 3. 2 Matrix of raw numbers of laboratory versus centrally derived alerts

Laboratory O alerts were assumed on the basis that an alert was not generated for a given SCr
value. This was only assumed for alerts generated after the first-ever alert for that laboratory
was submitted as a proxy for the date of activation of the algorithm.
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3.2.4 |Inter-rater analysis of local laboratory versus central alerts
In general, agreement was almost perfect — overall Gwet’s AC1 was 0.98 and 26 laboratories

computed a Gwet’s AC1 of >0.81 (Table 3. 3). Some alerts generated within laboratories
showed only slight agreement with the central code; Gwet’s AC1 ranged from 0.17 — 0.23 in
three. This was driven by two patterns of misclassification in these three laboratories: (1)
central AKI 0 was misclassified as laboratory AKI 3 in 38 — 55% of central AKI O alerts and (2)

central AKI O was misclassified as laboratory AKI 1 in 88 —92% of central AKI O alerts.
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N lab N central Percent Gwet’s AC1 | 95% CI LIMS
alerts alerts positive agreement provider
agreement
18,912 5,589 0.6852 0.1697 0.1564, 0.1830 CSC
42,262 15,789 0.6992 0.1726 0.1638, 0.1814 CSC
35,318 9,869 0.7146 0.2261 0.2172, 0.2351 Unknown
9,126 5,438 0.9176 0.8518 0.8464, 0.8573 Unknown
118,433 91,156 0.9542 0.9241 0.9233, 0.9250 Unknown
81,974 65,234 0.9571 0.9428 0.9422, 0.9434 Unknown
54,069 68,744 0.9619 0.9460 0.9452, 0.9468 Unknown
21,522 29,385 0.9631 0.9497 0.9486, 0.9508 Unknown
45,720 31,098 0.9650 0.9521 0.9514, 0.9529 CliniSys
7,976 8,891 0.9737 0.9613 0.9595, 0.9631 CSC
87,505 104,631 0.9733 0.9631 0.9626, 0.9636 CliniSys
82,902 95,496 0.9772 0.9662 0.9657, 0.9667 CscC
42,813 51,575 0.9791 0.9677 0.9669, 0.9685 Unknown
84,134 84,948 0.9766 0.9682 0.9678, 0.9686 Unknown
25,552 24,729 0.9809 0.9702 0.9693, 0.9711 Unknown
4,408 8,232 0.9761 0.9702 0.9690, 0.9713 Unknown
75,392 102,496 0.9760 0.9703 0.9700, 0.9707 InterSystems
121,016 165,896 0.9806 0.9750 0.9747, 0.9753 Unknown
58,138 65,579 0.9826 0.9765 0.9761, 0.9769 CSC
37,312 41,825 0.9853 0.9793 0.9787, 0.9799 CSC
118,612 133,778 0.9852 0.9803 0.9800, 0.9805 CliniSys
26,784 30,183 0.9865 0.9808 0.9801, 0.9815 CSC
53,376 56,986 0.9902 0.9865 0.9862, 0.9868 CliniSys
110,469 118,988 0.9909 0.9866 0.9864, 0.9869 Unknown
26,617 27,624 0.9910 0.9879 0.9874, 0.9883 CliniSys
99,768 105,677 0.9916 0.9882 0.9880, 0.9884 Unknown
38,871 42,990 0.9938 0.9917 0.9914, 0.9919 Unknown
33,153 35,631 0.9943 0.9926 0.9923, 0.9928 Unknown
17,499 18,393 0.9959 0.9943 0.9939, 0.9946 Unknown

Table 3. 3 Agreement coefficients for anonymised individual laboratories

Sorted in ascending order of agreement. Coefficients are displayed to 4 decimal places as
the Cl was very narrow. Abbreviations: lab, laboratory; LIMS, laboratory information
management system; AC, agreement coefficient; Cl, confidence interval; N, number;
CliniSys, Clinical Systems; CSC, Computer Science Corporation.
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Laboratories often outsource their LIMS to a commercial provider which has taken the

responsibility to incorporate the NHS England algorithm within its workflow. Table 3. 4 shows

that assessment of agreement was also almost perfect (> 0.81) across all three LIMS

providers; Gwet’s AC1 ranged from 0.97 — 0.98. LIMS provider was only known for 43% of

local laboratory alerts, however, since the provider was unknown for 16/29 laboratories. Of

the three laboratories demonstrating slight agreement, two of these utilised the CSC LIMS

provider, previously shown to be performing well at LIMS-level. This suggests a local

laboratory rather than a LIMS inconsistency. Cumulatively, these represented a small

proportion of the total alerts (8%).

N N local Percent positive | Gwet’s | 95% CI
laboratories | laboratory agreement AC1
alerts
CliniSys 4 331,830 0.9811 0.9745 | 0.9742,0.9749
CSC 7 274,286 0.9659 0.9505 | 0.9499, 0.9511
InterSystems | 1 75,392 0.9760 0.9704 | 0.9698, 0.9710

Table 3. 4 Agreement within different laboratory information management system providers

Only a limited number of laboratories are included here since the LIMS provider was not
always available or the laboratory currently uses its own unique LIMS. Abbreviations: CliniSys,
Clinical Systems; CSC, Computer Science Corporation; AC1, agreement coefficient; Cl,

confidence interval.
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3.2.5 Exploratory analyses
Several exploratory analyses were conducted to examine particular aspects of the NHS

England algorithm of clinical importance and practical application.

Firstly, given that there were laboratories that submitted incomplete alert data, these 11
laboratories were excluded. Table 3. 5 showed that by excluding laboratories with patchy

missing data, agreement was no higher (Gwet’s AC1 was 0.97).

Centrally generated alerts
0 1 2 3 Total
Local lab generated alerts after the first
ever alert
0
Percent 79.48 1.65 0.45 0.37 81.96
Frequency 3,626,595 75,268 20,638 17,108 3,739,609
1
Percent 2.59 8.37 0.19 0.02 11.16
Frequency 118,393 381,709 8,554 730 509,386
2
Percent 0.49 0.39 2.45 0.05 3.39
Frequency 22,504 18,000 112,009 2,218 154,731
3
Percent 0.46 0.82 0.52 1.68 3.48
Frequency 21,195 37,240 23,847 76,628 158,910
Total
Percent 83.04 11.23 3.62 2.12 100.00
Frequency 3,788,687 512,217 165,048 96,684 4,562,636

Table 3. 5 Matrix of numbers of lab versus central alerts for complete laboratories

Laboratories with missing alert or SCr data for any month were excluded.
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AKI 3 is graded as more severe than AKI 2 and AKI 1. Ordinal weighting was therefore applied
to the primary analysis although a binary totally agree/disagree evaluation may also be of
interest. Without weighting alerts depending on how much they disagreed, agreement was
lower, but still almost perfect, compared to the primary weighted analysis (Gwet’s AC1 0.93

versus 0.97, compared in Table 3. 6).

Percentage positive | Gwet’s AC1 95% Cl
agreement
Ordinal weights 0.9756 0.9661 0.9660, 0.9762
applied
Unweighted 0.9277 0.9196 0.9194, 0.9298

Table 3. 6 Comparison of agreement coefficients unweighted versus ordinal weighting

Ordinal weighting was applied to account for the natural ordering of AKI severity that
increases with the KDIGO stage. Abbreviations: AC, agreement coefficient; Cl, confidence
interval; KDIGO, Kidney Diseases: Improving Global Outcomes.

The UKRR does not receive AKI O alerts and so local laboratory-generated alerts were not
exactly comparable with alerts generated by the central code. For this reason, AKI O alerts
were assumed on the basis that an alert was not received. Agreement, between nonzero AKI
1/2/3 alerts only, was once again almost perfect, though substantially lower, when local
laboratory alerts were not recoded to AKI 0 — Gwet’s AC1 was 0.83 versus 0.97. Alert
agreement are compared in Table 3. 7 (number of alerts) and Table 3. 8 (agreement

coefficients).
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Centrally generated alerts
0 1 2 3 Total
Local lab generated
alerts
1
Percent 10.63 49.93 1.35 0.65 62.56
Frequency 167,922 788,731 21,288 10,343 988,284
2
Percent 1.92 1.50 14.50 0.50 18.42
Frequency 30,252 23,711 229,065 7,970 290,998
3
Percent 1.93 4.02 2.85 10.21 19.01
Frequency 30,522 63,430 45,053 161,346 300,351
Total
Percent 14.48 55.45 18.70 11.37 100.00
Frequency 228,696 875,872 295,406 179,659 1,579,633

Table 3. 7 Matrix of the numbers of laboratory-generated versus centrally derived alerts excluding AKI O alerts

Zero alerts i.e., no AKI, had to be assumed if no AKI alert was received by the UKRR for that
particular SCr value. Here, only AKI 1, 2 and 3 alerts generated by laboratories were compared
to the central algorithm-generated alerts. Abbreviations: lab, laboratory.
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not generated on
the basis that
they were not
received by the
UKRR excluded
(agreement only
between local
lab AKI 1,2, and
3)

N alerts Percent positive | Gwet’s AC1 95% Cl
agreement
Local lab alerts 9,096,667 0.9756 0.9661 0.9660, 0.9662
included
assuming
missing alerts
were AKI 0 (Local
lab AKI 0,1,2,
and 3)
Local lab alerts 1,579,633 0.9197 0.8254 0.8247, 0.8262

Table 3. 8 Comparison of agreement coefficients for missing alerts versus assuming missing laboratory alerts were in fact

AKI O

Coefficients were weighted. Abbreviations: Cl, confidence interval; AKI, acute kidney injury;
lab, laboratory; UKRR, UK Renal Registry; AC, agreement coefficient; N, number.
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The NHS England algorithm has not been altered since its implementation. However, it was
hypothesised that agreement might not be the same over time as laboratories sequentially
actively started submitting data to the UKRR and difficulties may have been encountered
during the early stages of roll-out. An exploratory analysis, presented in Table 3. 9, found that
Gwet’s AC1, per calendar year, from 2015 to September 2020 was similar even during the
2020 Coronavirus-2019 pandemic (0.96 compared to 0.97 the previous year). SCr data

submission was incomplete for seven laboratories in 2020 compared to one in 2019.

N alerts Percent positive | Gwet’s AC1 95% ClI
agreement
2015 125,824 0.9681 0.9560 0.9556, 0.9564
2016 224,363 0.9734 0.9635 0.9632, 0.9638
2017 302,863 0.9761 0.9673 0.9671, 0.9676
2018 346,131 0.9784 0.9704 0.9702, 0.9707
2019 357,731 0.9781 0.9697 0.9694, 0.9699
2020 222,721 0.9726 0.9590 0.9586, 0.9593

Table 3. 9 Agreement over time, based on the year of laboratory-generated alert

The deadline for algorithm implementation was March 2015 and data extraction was up until
September 2020. Not all laboratories activated timeously. Abbreviations: AC, agreement
coefficient; Cl, confidence interval; N, number.
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It was expected that since CKD is common in the general population that the NHS England
algorithm should perform consistently in people with and without CKD. Over quartiles of
baseline SCr, agreement was high at lower SCr but decreased substantially at higher baseline

SCr values. Gwet’s AC1 was 0.98 for quartile 1 but dropped to 0.88 for quartile 4 as shown in

Table 3. 10.
Quartile Median SCr, Percent positive | Gwet’s AC1 95% ClI
umol/L agreement
1 42 0.9820 0.9759 0.9757,0.9761
2 65 0.9900 0.9861 0.9860, 0.9863
3 92 0.9832 0.9749 0.9747,0.9751
4 164 0.9268 0.8765 0.8759, 0.8770

Table 3. 10 Agreement across quartiles of baseline SCr (as determined by the central algorithm)

Abbreviations: SCr, serum creatinine; AC, agreement coefficient; Cl, confidence interval.

Moreover, for the highest baseline SCr, quartile 4, the frequency of AKI 1 was greatest for
central compared to local laboratory-generated alerts (18% [central] versus 15% [local]) but
lower for stage 3 alerts (4% [central] versus 9% [local]). This suggests that severe AKI might
be under-reported in people with pre-existing CKD because alerts are suppressed by

laboratories.

SCr is subject to non-GFR factors such as sarcopenia, haemodilution and certain medication
use, which might be more prevalent in older people at risk of muscle loss, heart failure, and
that use RAAS inhibitors and other medications. In the final exploratory analysis, agreement

was found to be almost perfect (> 0.81) and consistent in younger and older people. In Table
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3. 11, the median age for each quintile ranged from 45 — 88 years and Gwet’s AC1 was

between 0.81 — 0.85.

Quintile Median Percent positive | Gwet’s AC1 95% ClI

age, years | agreement
1 (18 - 55.9 years) | 45 0.9223 0.8308 0.8290, 0.8322
2 (56 — 68.9) 63 0.9164 0.8112 0.8095, 0.8129
3 (69 -76.9) 72 0.9151 0.8095 0.8078,0.8112
4 (77 - 83.9) 80 0.9177 0.8230 0.8214, 0.8246
5(84-99) 88 0.9269 0.8520 0.8506, 0.8534

Table 3. 11 Agreement across quintiles of age

Abbreviations: Cl, confidence interval.
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3.3 DISCUSSION

This study used routinely collected AKI alert and SCr data submitted to the UKRR to, for the
first time, internally validate the NHS England AKI detection algorithm by assessing its
implementation and consistency of AKI alerts generated by laboratories in England. Local-
laboratory alerts submitted to the UKRR were compared to alerts produced by simulated
code. There was almost perfect agreement between local-laboratory and centrally derived
alerts although implementation of the algorithm may not have been consistent in some

individual laboratories and when the baseline SCr was high.

3.3.1 AKIl characteristics in the context of prior epidemiological research
Consistent with other studies of AKI in the UK, the patients represented in this analysis were

of older age.(147) This analysis found that local-laboratory/ central algorithm agreement was
comparable across quintiles of age which is reassuring since SCr can be affected by non-GFR
factors which older people are especially at risk for.(148) The average baseline SCr was within
the normal reference range (62 — 115 umol/L for males and 45 — 84 umol/L for females in
most laboratories). This is most likely explained by a high prevalence of sarcopenia, especially
given the average age, rather than a low prevalence of pre-existing CKD. In a previous UKRR

analysis, up to 25% of people with AKI alerts had pre-existing CKD.(149)

A systematic review that investigated validation studies of administrative databases found
that the sensitivity of coded-AKI compared to biochemical definition of AKI codes was low.
Biochemical AKI was defined heterogeneously. AKI, previously called acute renal failure, had
> 30 definitions. That review included studies that were conducted prior to the near universal

and contemporary definition of AKI (KDIGO) and pre-dated modern information technology
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systems.(150) More recently, validation of the NHS England algorithm compared alerts
generated with clinical adjudication using RIFLE criteria(68) and ICD-10 coded-AKI.(67) The
algorithm was sensitive (90.5% and 91.2%, respectively). Though, ICD-10 coded AKI tends to
under-recognise AKI stage 1 which is itself associated with poor kidney outcomes and
mortality.(39,151) AKI 1 was most frequently enumerated in this analysis. An advantage of
using the NHS England automated algorithm is thus that it captures all stages of AKI

uniformly.(70)

3.3.2 Potential clinical benefits of enumerating AKI and collecting AKI data by the

UKRR
Although patient- and hospital-level randomised controlled trial evidence of interruptive AKI

alerts alone or in combination with care bundles to improve quality of care and vital and
kidney outcomes have been negative, there might be other clinical benefits.(56,152-154)
Notwithstanding the use of alerts as real-time notifications, the utility of NHS England AKI
detection for the purposes of surveillance is still valuable but demands generous resource

allocation to collect and analyse these data.(63)

Registries collect data on kidney disease epidemiology and outcomes but are only common
in high-income countries according to the Global Kidney Health Atlas survey, partly because
of limited health information technology infrastructure.(155—157) The ISN has developed the
SHARing Expertise to support the set-up of Renal Registries initiative (SharE-RR; see
www.theisn.org). AKl registries are not practical unless AKI detection is automated. This study
found that although the AKI data accumulated by the UKRR might be incomplete, the alerts

are still valid given that, barring a few, laboratories were mostly generating alerts that agreed
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with the central code. AKl alerts that the UKRR receives form a unique AKI registry which could
potentially improve AKI clinical trial recruitment efficiency, diversity and follow-up.(152,158)
Recently CKD and KRT clinical trial design has begun to exploit registries for patient
recruitment and follow-up.(159) Evidence generated from these trials may have public health

benefits depending on their results.

3.3.3 Good agreement within LIMS but poor agreement within some individual

laboratories
The Think Kidneys best practice guideline (available at

https://www.thinkkidneys.nhs.uk/aki/resources/clinical-biochemists/) illustrates the NHS

England algorithm. Laboratories are mandated to follow this algorithm for the purpose of AKI
detection, but since the syntax of any written code was not provided, the code integrated
into LIMSs might not be identical. In this analysis, agreement was similar and almost perfect
within three LIMS providers, although not all providers were known. This is encouraging since
it indicates compliance with the prescribed guidance. It also suggests that any divergence in
agreement found is likely due to individual laboratory implementation or failed data
submission. Nevertheless, it should not be surprising that there might be misinterpretation
of the algorithm by laboratories given that even nephrologists do not always agree about how

KDIGO criteria should be clinically applied in database research.(160)

On the other hand, there was poor agreement within some individual laboratories. The three
lowest performing laboratories demonstrated ‘Green’ data quality, defined by the UKRR, and
implemented the algorithm in early 2016 and 2017. Nevertheless, these three laboratories

over-enumerated AKI compared to the central code. This has implications for the UKRR which
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reports AKl incidence rates. In the UKRR 2018 AKl report, the sex and age adjusted rate varied
from 2,600 — 20,600 per million population.(72) The disagreement amongst a few laboratories
in the present analysis might explain this variation although these three laboratories were not
at the extreme incidences reported by the UKRR. Sawhney et al have previously demonstrated
that when similar methodological rules and age-sex adjustments are applied, there are usually

little true differences in regional AKI incidence in the UK.(147)

Some laboratories submitted incomplete data. Either there was missing information for
certain variables or alert or SCr data were missing completely for one or more month(s).
Exclusions used in this analysis attempted to eliminate the former and a secondary analysis
of only complete laboratories was performed as an appraisal of the latter. Agreement was
very similar for laboratories contributing complete monthly data, suggesting that the effect
of missing monthly data is negligible. This observation is reassuring as missing data plagues
research in general and in particular observational research that registry data may be used
for. Others have experienced similar issues in missing data when detecting AKl in biochemistry
and electronic health record data. To overcome some of these barriers, Sawhney et al for
example amended their algorithm to use 2 days rather than the 48 hour rule to detect recent
SCr changes in lieu of date-time.(67) Johnson et al used linked data across several databases
to limit incongruous data.(161) The UKRR does attempt to reconcile demographic data with
NHS Digital which might help to limit missing and remedy inaccurate records by cross-
referencing and filling in missing information submitted to the UKRR with information held by
NHS Digital. Although the NHS England algorithm is automated, the submission of alert and

SCr data to the UKRR is manual so it is impossible to estimate the extent of missing data. It is
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also difficult to recover, beyond sending regular reminders to laboratories. Automated data

transmission processes may overcome this obstacle.

Think Kidneys permits suppression of alerts in certain circumstances such as alerts originating
from neonatal and renal units. Also, their best practice guideline notes that: “The effect of
previous AKl episodes on the diagnosis of new AKI episodes” and “Increases of serum
creatinine over 48 hours of more than 26umol/L (but less than 50% above baseline) in stable
chronic kidney disease (CKD)” should be addressed to reduce false positive alerts.(72) No
specific recommendation is offered by the guideline allowing different interpretations of how
to address these concerns. LIMSs and laboratories might adopt potentially incongruent code
modifications. Alternatively, the code may be similar, but alerts following the first alert, at
which AKl is detected for the first time, may be suppressed and not sent to the UKRR. This
might explain why agreement was very low for some and high for other laboratories which
should be employing equivalent code and serviced by the same LIMS provider. ‘Exception’
reports should be made compulsory and forwarded to the UKRR so that they may be
scrutinised. Rules should be standardised in the Think Kidneys guideline to ensure

laboratories are implementing comparable code.

3.3.4 Misclassification of AKI as worsening CKD
In this analysis, it was found that agreement fell at high baseline SCr values. There were twice

as many AKI 3 alerts generated by local-laboratories compared to the central code — since
there were more rather than less alerts computed, laboratory suppression of alerts does not

explain this finding. This indicates that the NHS England algorithm might be flagging
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worsening CKD as AKI. Previous external validation of the algorithm found that up to 14% of

CKD was misclassified as AKI (when compared to nephrologist adjudication).(68)

False positive AKI has previously been found to be more common in people with higher
baseline SCr (>1.5mg/dL [133 umol/L]) particularly because a 26.5 umol/L (0.3mg/dL)
absolute increase, as included in defining KDIGO stage 1 AKI, is easier to reach at high SCr
values when biological and analytical variation in SCr is higher.(70,162). The balance between
detecting true cases and disregarding false positive AKl is delicate; criteria can be modified to
increase sensitivity at the expense of specificity.(67,163) For example, Sawhney et al
extended the look-back period of the NHS England algorithm to 3 years, which increased the
sensitivity of the algorithm but also increased the number of CKD that was flagged as AKI.(67)
While not practical for notifying clinicians in real-time, sensitivity also increased when AKI was
detected retrospectively. For example, the nadir after the peak SCr might be used to indicate
that AKI occurred. This could be useful when there is an unknown baseline SCr and is still
practical for submission to the UKRR.(67,70) Nevertheless, future iterations of the NHS
England algorithm might require redesign for use in people with CKD and there should be

clarification of how alerts generated by people with CKD are processed within LIMSs.

Moreover, the UKRR does compare lists of people starting long-term dialysis with the AKI
database to remove possible false positive alerts generated by changes before/ after
maintenance dialysis, but this information is only received periodically unlike the AKI data
that is received monthly causing a delay in removal of false alerts. Unfortunately, acute
dialysis is not captured by the NHS England algorithm, as recommended by KDIGO to stage
AKI 3.(11)
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A related theoretical misclassification problem was recognised which will be investigated in a
future analysis. The NHS England algorithm compares a median SCr up to 365 days (RV2) in
addition to the lowest SCr within 7 days (RV1).(11) This potentially inflates the baseline SCr to
a higher value when preceding high SCr results associated with previous AKI are used to
calculate the baseline that triggers future AKI alerts. Using a ‘fixed’ baseline as investigated

by Lin et al, might generate fewer misclassified alerts. (162)

3.3.5 Strengths and limitations
This study captured a substantial number of alerts and individuals over an extended period.

There were, however, some limitations as well. The dataset available for this analysis was a
subset of high-quality relatively complete data from laboratories regularly sending files to the
UKRR. This analysis should be repeated on all 190 laboratories. Even so, those that were
included were geographically representative of all laboratories in England. Also, this study
used routinely collected data that notoriously are subjected to issues of missing data and
duplicate entries. The UKRR, however, performs extensive data cleaning, reconciliation, and
clarification with NHS Digital and communicates with laboratories directly to resolve

irregularities.

Moreover, the NHS England algorithm does generate AKI O alerts, but these, as well as the
baseline SCr and threshold used to generate alerts, are not currently submitted to the UKRR.
These metadata would be invaluable to make further comparisons that were not possible in

this present analysis.
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Lastly, there may be bias in how SCr is assayed — the difference in SCr results may differ by
10% between Jaffe and enzymatic methods.(164,165) A survey of UK laboratories in 2022
found that 31% of respondents reported that the modified kinetic Jaffe was still being
used.(166) The UKKA eGFR Working Group has since issued a PSA stating all UK laboratories
should transition to enzymatic methods. Since laboratories serve the same GP practices and
hospitals, at least there would be consistency in the SCr assay and so relative changes are
likely to be valid. However, caution is advised once laboratories replace the assay with
enzymatic methods, historical results, to which the current SCr is compared to, might trigger
AKI because of analytical variability. Unfortunately, the dataset used in this current analysis

did not have information on the assay used for each individual laboratory.

3.4 CONCLUSION

The NHS England algorithm remains a reliable tool to detect AKI. Alert generation locally,
rather than centrally at the UKRR, is acceptable. The utility of the AKI data that the UKRR
collects as part of the AKl registry is vital for quality improvement projects and monitoring AKI
burden across England. In addition, UK Renal Registry-based trials of AKI can be assured that
AKI alerts are valid. However, it would be helpful if the UKRR received more complete and
additional information from laboratories. Further scrutiny is required of a few laboratories

and in people with pre-existing CKD.

In the next chapter, the clinical epidemiology of AKI is investigated in the City of Cape Town,
using a bespoke AKI detection algorithm used by the Provincial Health Data Centre (of the
Western Cape). The NHSE algorithm, investigated in this chapter, is also compared to the
bespoke algorithm.
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4 CLINICAL EPIDEMIOLOGY OF ACUTE KIDNEY INJURY IN
THE CITY OF CAPE TOWN, SOUTH AFRICA, USING
ROUTINELY COLLECTED ADMINISTRATIVE DATA

4.1 INTRODUCTION

The currently available literature on the burden, risk factors and outcomes of AKl in South
Africa are limited to single-centre studies and highly selected hospital-based populations such
as people living with HIV, pregnancy and sepsis-associated AKI, following trauma or major
non-cardiac surgery, patients admitted to critical care and requiring acute dialysis, and AKI

that is referred for nephrologist evaluation which is often more severe.(42,59,167-172)

The objective of this study was to describe the clinical epidemiology of AKI in the City of Cape
Town across all disciplines and settings, using routinely collected data from primary,
secondary, and tertiary levels of care collated by the PHDC, with AKI episodes identified using
a universally applied AKI algorithm. A secondary objective was to compare the AKI detected
by the PHDC AKI algorithm with AKI alerts identified by the NHSE detection algorithm, applied
in chapter three, and a modified version of that algorithm which will be described later in

section 6.2.3.

This chapter is divided into three sections: section 4.2 gives the methods used for the analysis,

section 4.3 details the results of the analysis and in section 4.4 the results are discussed in the
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context of the general population, contemporaneous literature and the limitations of the

algorithm used to detect AKI and available data.

4.2 METHODS

4.2.1 Study Design and Definitions

This study was a descriptive prospective virtual cohort study. The cohort is described as
‘virtual’ as no direct contact was made with the participants because the data were routinely

collected administrative data from the healthcare service.

Study population: Data from healthcare clients with newly PHDC-ascertained AKI aged > 18
years old during a 5-year period (1 January 2017 to 31 December 2021) were extracted for all
public healthcare encounters to primary, district, regional and tertiary levels of care in the City
of Cape Town, South Africa. This prolonged period was chosen to record temporal trends and
ensure the capture of kidney disease and SCr results that would otherwise be missed if
encounters with the healthcare system were infrequent. A summary of the PHDC was given in
section 1.4.10 and the AKI algorithm was described in section 1.4.11. Suspicious dates of birth
that may have been captured incorrectly, for example, where an individual’s age at the time
the AKI episode was > 100 years or year-of-birth 1900, were excluded. Only the year of birth
was provided in the dataset, therefore the day and month were imputed to the 1%t of July as

the midpoint for the purpose of the age calculation.

Measurement of serum creatinine: The National Health Laboratory Service (www.nhls.ac.za)

provides all chemical pathology testing to the public healthcare sector in South Africa. These
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laboratories use the modified kinetic Jaffe method traceable to isotope dilution mass
spectrometry to measure SCr using various platforms (personal communication with Dr Jody
Rusch, chemical pathologist). The limit of detection is 5 — 2,700 umol/L but values outside of
this range are diluted out as per protocol (version 13.0 Cobas® package insert). Laboratories
are located on-premises at all district-, regional- and tertiary-level hospitals in the City. Primary
healthcare clinics, intermediate care, psychiatric and tuberculosis facilities send samples for

testing to the nearest laboratory. SCr values < 5 or > 4000 umol/L were excluded.

Definition of an acute kidney injury episode: AKI was ascertained using the PHDC’s detection
algorithm, introduced in section 1.4.11. Commencement of the episode occurred on the date
on which criteria were first met for AKI and ended on the day criteria were no longer met, as
per the PHDC algorithm. This means that an AKl episode was allowed to potentially accrue for
many weeks or months until an SCr reached < 100 umol/L. AKI episodes remained open if no
subsequent SCr < 100 umol/L was reached. When known, open episodes were closed using

the in-facility date of death.

AKI that developed in the community (community-acquired AKI, CA-AKI) was compared to
hospital-acquired AKI (HA-AKI). HA-AKI was defined as occurring after the first two days of
admission, that is, on day three, up until the last date of the admission. This was chosen
instead of 48 hours as the time stamp of the admission and AKI episode was unknown. All

other AKI was characterised as CA-AKI.

Definition of comorbidities and relationship with the episode: Diabetes, hypertension, and

human immunodeficiency virus (HIV) infection are prevalent conditions in South Africa and
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the Western Cape and were ascertained by the PHDC using specific evidence of such
conditions, outlined in section 1.4.10. (79,173—-175) Comorbidities were deemed present if
they occurred before or during the AKI episode. Importantly, ascertained comorbidities only
indicate that a comorbidity had been captured using existing digital records, an uncaptured
condition was not evidence of its absence. Hypertension is ascertained using the dispensing
of specific drug treatments and so untreated hypertension and whether hypertension is

controlled was also unknown.

4.2.2 QOutcomes
Characteristics of people who developed AKI included demographics (age at the time of the

first AKI episode and sex*®) and comorbidities. Other attributes associated with the episode
were described, such as episode duration, average SCr values, frequency of SCr testing, facility
type (primary healthcare clinic and district, regional and central hospital) and visit encounter
type (primary healthcare visit, hospital outpatient and admission) before and on the same day
as the AKI episode ascertainment. In addition, for individuals with CA-AKI who were
hospitalised and all individuals with HA-AKI, the duration of hospital admission length of stay

was described.

Healthcare utilisation: Encounters with the healthcare system are captured using the facility
administrative systems. Visits to primary healthcare facilities, district, regional and tertiary
hospital outpatient appointments, emergency centre and admissions were described.

Emergency visits were evidenced by a speciality code of “emergency medicine” and the visit

13 Birthdate and sex are captured by facility clerks during patient registration using the national identification
document or passport, if available, otherwise it is self-reported by the health-seeker or their chaperone.
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type “HECTIS” (Hospital and Emergency Centre Tracking Information System). Not all AKI
would have been captured as ‘emergencies’ since not all emergency visits are seen via
emergency medicine or in the emergency centre. For example, gynaecology and obstetrics
emergencies usually are seen in a dedicated unit and referrals may be admitted via specialities
directly. Nephrology services are provided by the two national central hospitals in the Western

Cape, Groote Schuur Hospital and Tygerberg Hospital.

Mortality: Vital status and date of death were determined using the hospital administrative
system (Clinicom™). The provincial Department of Health cannot access the national death
register except in some situations with linkage via the national ID number, but the national ID
is only recorded in ~30% of PHDC registrants, and in addition many undocumented migrants
who do not have South African IDs make use of public healthcare facilities.(176) As such, only
in-facility death could be described with confidence for hospitalised CA-AKI and all HA-AKI.
Cause of death data are not captured in the PHDC data, and thus the mortality described in
this study represents all-cause mortality. Death was plotted as the proportion that had
evidence of death during the same month of an admission as the AKI episode as only the
month and year of death were available. Since only in-facility death was known, encounter
data was used to infer that the patient was at least not deceased because of evidence of
facility attendance after the start of the AKI episode — this was described after 30-days and 1-

year after the start of the AKI episode.
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4.2.3 Analysis

Demographic, creatinine, AKI characteristics, comorbidities and outcomes were described
using appropriate summary statistics of measures of frequency (counts and proportions) and
central tendency and dispersion. CA- and HA-AKI episodes were compared using descriptive
statistics. Stata version 17 (StataCorp, TX, USA) was used for data cleaning, description, and

visualisation.

Cross-boundary migration between South African provinces, the non-attendance at
healthcare facilities of healthy individuals, and the influence of private healthcare sector
beneficiaries, who are not captured by the PHDC, or who move back and forth between the
public and private healthcare systems precludes an accurate calculation of the denominator
population. As such, only the absolute number of AKI events could be described using these

data, and not the incidence rate or prevalence in the general population.

Exploratory analysis: The AKI ascertained by the PHDC using their bespoke algorithm was
compared with AKI detected using the NHSE algorithm, and a modified version of the NHSE
algorithm developed to detect acute-on-chronic kidney disease. The latter will be described

in detail in section 6.2.3. A summary of the algorithm attributes is given in Table 4. 1.
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Algorithm

PHDC

NHSE

Modified NHSE

Baseline creatinine

Most recent result
or retrospectively
re-assigned if no
result pre-AKI
available

Updates with each
subsequent new
SCr measurement

Not imputed if
missing

No retrospective

Fixed for the
duration of the AKI
episode

Not imputed if
missing

infinite assessment

assignment No retrospective
assignment
Criteria for AKI SCr > 100 pmol/L KDIGO KDIGO (11)
detection
Recovery assessment | SCr < 100 umol/L: None Per Sawhney et al

(177)

window

Table 4. 1 Comparison of amended algorithm with the NHSE and PHDC AKI detection algorithms

Abbreviations: PHDC, Provincial Health Data Centre (of the Western Cape); NHSE, National
Health Services England; SCr, serum creatinine; AKI, acute kidney injury; KDIGO, Kidney
Diseases: Improving Global Outcomes.

The algorithms were executed in the SCr data associated with all PHDC ascertained AKI (1
January 2017 to 31 December 2021); see Figure 4. 1. Comparisons were made between the
algorithms using inter-rater agreement methods, as in section 2.2.3.(144) Because the PHDC
does not generate alerts for AKI as such, a dummy variable for each SCr result was created
and coded to one on the start of AKI detected by the PHDC (AKlpupc) until the end of the
episode, and null otherwise. Because AKlpypc does not elucidate the AKI stage, but the NHSE
(AKInuse) and modified NHSE (AKImodified nuse) algorithms do, a dummy variable one/ null was

similarly created for SCr associated with AKlInuse alerts and a one/ null dummy variable was

97



created for AKlmodified NHse alerts. These dummy variables were then compared across each SCr

result and agreement assessed.

Creatinine data

Figure 4. 1 lllustration of comparison of AKl alerts and data used to derive the alerts

Serum creatinine data from healthcare clients with AKlpnpc 365 days prior to the individual’s
first AKlpnpc alert until the end of 2021, including the SCr results during the AKlpnpc, were used
to compare alerts generated by the PHDC with AKlnuse and AKlmodified nHse algorithms.
Overlapping areas signify agreement between algorithms whereas non-overlapping areas
signify alerts that were exclusively generated by that algorithm but not by another.
Abbreviations: AKI, acute kidney injury; PHDC, Provincial Health Data Centre (of the Western
Cape); NHSE, National Health Services England.

4.2.4 Ethical considerations
Ethical clearance was obtained from the University of Cape Town Human Research Ethics

Committee (2020/765) for the use of PHDC data for patients with SCr data from the City of
Cape Town. Before data were released by the PHDC, data were de-identified and dates of birth
and death were made incomplete to ensure patients are not traceable or re-identifiable. A
waiver of individual patient consent was granted by the Ethics Committee because of the
anonymised and perturbed nature of the data provided.
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4.3 RESULTS

4.3.1 PHDC ascertained AKI

During the study period from 1 January 2017 — 31 December 2021, after excluding n=4,182
(age < 18 years) and n=33 (age > 100 years) individual healthcare clients, 158,965 AKI episodes
in adults were identified by the PHDC; 135,730 unique healthcare clients with unique
identifiers were represented. The annual number of episodes over time was similar 2017 —
2020 except in 2021 when this increased by 25% compared to 2020 (Table 4. 2). Most
individuals only had a single documented AKI episode (1 episode: 74.3%, 2: 17.1%, 3: 5.2%,

4+: 3.4%). For ease of interpretation, only the first episode will be described hereon.

Characteristics of the episodes are available in Table 4. 2. For the first-ever episode, the median
age was 50.1 years (IQR 37.2, 63.6) and 33.2% were of female sex. The proportion of females
to males increased as the age increased: 32% female in age category 18 — 39 years, 31% in 40
— 64 years, 37% in 65 — 74 years and 49% in 275 years. Only 25% had no pre-existing
comorbidity, whereas 44% had = two known comorbidities. Episodes were prolonged > 7 days

in 82.2%.
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PHDC AKI Community- Hospital-
episodes, n acquired, n acquired, n
episodes = episodes = episodes =
158,965 138,122 20,843
N patients with at least one | 135,730 123,328 17,820
episode
Age category, %
18 — 39 years 30.4% 30.4% 30.8%
40-64 47.1% 47.2% 45.7%
65-74 14.2% 14.1% 15.3%
>75 8.3% 8.3% 8.2%
Female sex@, n (%) 33.2% 31.6% 48.3%

Number of episodes, n (%)

Per year
2017
2018
2019
2020
2021

Per quarter year
Jan-Mar
Apr-Jun
Jul-Sep
Oct-Dec

31,331 (19.7%)
29,784 (18.7%)
30,813 (19.4%)
28,672 (18.0%)
38,365 (24.1%)

44,068 (27.7%)
38,496 (24.2%)
37,730 (23.7%)
38,671 (24.3%)

27,429 (19.9%)
25,713 (18.6%)
26,425 (19.1%)
24,310 (17.6%)
34,280 (24.8%)

38,884 (28.1%)
33,386 (24.2%)
32,303 (23.4%)
33,589 (24.3%)

3,902 (18.8%)
4,066 (19.5%)
4,388 (21.1%)
4,362 (21.0%)
4,085 (19.6%)

5,184 (24.9%)
5,110 (24.6%)
5,427 (26.1%)
5,082 (24.4%)

Creatinine, median (IQR)
umol/L*
Pre-AKI
2 days
7 days
365 days
At ascertainment
Average during episode
Peak during episode
Nadir during episode
Post-AKI§

84 (70, 96)

80 (65, 93)

74 (60, 88)
154 (116, 293)
121 (103, 198)
164 (117, 355)
100 (83, 118)
103 (75, 172)

87 (73, 97)
84 (71, 96)
77 (63, 89)
151 (115, 294)
121 (103, 203)
161 (116, 356)
101 (84, 119)
105 (77, 180)

83 (67, 95)
78 (63, 91)
70 (56, 84)
166 (123, 289)
126 (103, 194)
184 (128, 345)
94 (78, 114)
94 (69, 142)
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SCr testing patterns
Frequency in 365 days
before AKI, median (IQR)
Frequency in days during
AKI, median (IQR)
Frequency in 365 days after
AKI, median (IQR)

N SCr tests (%)
2017
2018
2019
2020
2021

6(2,42)
3(1,43)

3 (1, 24)

207,786 (21.1%)
199,780 (20.3%)
211,535 (21.5%)
179,710 (18.3%)
184,017 (18.7%)

21 (3, 85)
4(1, 62)

3(1, 33)

69,275 (21.6%)
69,299 (21.6%)
71,511 (22.3%)
60,766 (19.0%)
49,718 (15.5%)

2(1,7)
2(1,4)

2(1,7)

138,511 (20.9%)
130,481 (19.7%)
140,024 (21.1%)
118,944 (18.0%)
134,299 (20.3%)

Comorbidities*, yes %
Hypertension
HIV
Diabetes

40.9%
30.9%
23.2%

41.0%
31.7%
23.0%

40.3%
24.1%
25.0%

Table 4. 2 Characteristics of people with AKI ascertained by the PHDC

@unknown for 0.09% of healthcare clients. *at the time of the first-ever episode. * 5,633
healthcare clients with CA-AKI had at least one SCr result in the preceding 7-days, 42,580 had

at least one SCr result in the preceding 8 — 365-days; 8,936 healthcare clients with HA-AKI had

at least one SCr result in the preceding 7-days and 8,483 had at least one SCr result in the
preceding 8 — 365-days. § average SCr over the 365-days post-AKl end. Abbreviations: AKI,
acute kidney injury; CKD, chronic kidney disease; IQR, interquartile range; KDIGO, Kidney

Diseases: Improving Global Outcomes; HIV, Human Immunodeficiency Virus.
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The PHDC does not specifically record the baseline SCr for each identified AKI episode, but the
average value pre-AKI was lowest for the 365 days preceding the episode and highest in the 2
days prior to the episode. There were 10,648/154,958 (6.7%) individuals who later developed
CKD with a median time of 39 days (IQR 1, 202) from first AKI to CKD ascertainment. The short
interval between AKI and CKD ascertainment was likely explained by the fact that
retrospective removal of the AKI ascertainment did not occur following confirmation of CKD
at the second consecutive eGFR < 60 ml/min/1.73m? (CKD start date was at the first eGFR <
60 ml/min/1.73m?2). This is supported by 2,714 AKI episodes with an AKI start date after the
CKD start, despite AKI not being permitted by the AKlpupc algorithm once CKD had been

ascertained.

Creatinine characteristics of the first episode are shown in Table 4. 2. In addition, the median
index SCr (at time of AKl ascertainment) was higher for females compared to males (127 [IQR
109, 183] versus 113 [105, 141] umol/L). The average time to a subsequent AKI episode was
142 days (IQR 26, 529) and 1.4% of episodes recurred within 7 days of the end of the first AKI

episode.

Compared to the UK Renal Registry 2020 report (data collected in 2018), healthcare clients
with PHDC-ascertained AKI were younger, consistent with the younger general population of
South Africa, and more frequently male, but episodes were similarly distributed throughout

the year (Table 4. 3).(72)
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PHDC ascertained AKl in
2018, n episodes = 29,784;
n patients = 27,229

UKRR AKI alerts reported in
2018, n episodes = 564,738;
n patients = 488,856

Age category

<18 years - 2.3%
18 -39 31.1% 8.7%
40 - 64 46.1% 21.8%
65-74 14.6% 20.0%
275 8.2% 47.2%
Female sex, % 32.5% 52.2%
N episodes by quarter

Jan-Mar 27.6% 26.2%
Apr-Jun 24.4% 24.2%
Jul-Sep 22.6% 23.9%
Oct-Dec 25.3% 25.6%

Table 4. 3 Comparison with UK Renal Registry 2020 AKI report

Demographics and number (N) of episodes by quarter enumerated by the PHDC (City of

Cape Town) compared to the AKI episodes reported by the UK Renal Registry 2020 report
(2018 data). Abbreviations: AKI, acute kidney injury; PHDC, Provincial Health Data Centre;
UKRR, United Kingdom Renal Registry.

4.3.2 Community- versus hospital acquired AKI
Of all PHDC ascertained AKI, 20,843/ 158,965 (13.1%) were hospital-acquired i.e., occurred

after the first two days of an admission. This equates to 17,734 patients with at least one HA-

AKI. CA-AKI accounted for 138,122/ 158,965 (86.9%) of all AKI, of whom 71,004 (51.4%) were

subsequently hospitalised within 7 days.

Pre-AKI SCr in the preceding 2, 7 and 365 days was consistently lower for HA-AKI (Table 4. 2).

AKI detection is wholly dependent on SCr testing (in the absence of other information on urine

output and acute dialysis). Only 4.6% and 34.8% of first-ever CA-AKI episodes had a pre-

existing SCr result in the preceding 7 days and 8 — 365 days, respectively. For HA-AKI, 66.8%
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and 63.4% had a 7 day and 8 — 365 day preceding SCr result, respectively. Of those with pre-
AKI results, a single SCr was recorded in the preceding 7 days in 72.9% for CA-AKI and 30.2%
for HA-AKI. In the preceding 8 — 365 days, of those with pre-AKl values, a single SCr was
recorded in 28.8% for CA-AKI and 9.0% for HA-AKI. The frequency of pre-AKI SCr testing was

every 20 days (IQR 3, 84) for CA-AKI and 2 days (IQR 1, 7) for HA-AKI.

Severity: The index and peak SCr during the hospital-acquired episode were on average higher
compared to CA-AKI (Table 4. 2). In addition, during the episode, regularity of testing was every

4 days (IQR 1, 62) for CA-AKI and 2 days (IQR 1, 4) for HA-AKI.

The AKlpupc algorithm closes the episode once SCr < 100 pmol/L. There was no SCr < 100
umol/L by the end of data extraction in 59.0% of CA-AKI and 46.2% of HA-AKI. The median
duration of the AKI episode was 20 days (IQR 3 — 146) in those with CA-AKI and median 4 days

(IQR 2, 17) for HA-AKI.

Comorbidities: co-existing hypertension, HIV and diabetes mellitus were common at the time
of AKI (Table 4. 2). More individuals with CA-AKI had HIV than HA-AKI, but other comorbidities

were distributed similarly between community- and hospital-acquired AKI.

Encounters with the healthcare system before and during ascertainment: Before the CA-AKI
episode, most healthcare clients did not encounter the healthcare system prior to their

episode; of those that did, visits to primary healthcare facilities were the most frequent (Figure
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4. 2). In contrast, most had an encounter prior to their HA-AKI; the majority of encounters

were district-level hospital outpatient visits (Figure 4. 3).
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Figure 4. 2 Healthcare visit engagement and facility type prior to the CA-AKI episode
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Intersecting circles are shown for (A) the number of primary healthcare (PHC), hospital
outpatient and hospital admission visits and (B) primary healthcare, district hospital, regional
hospital and central hospital facilities healthcare clients engaged with in the 30 days prior to
their index CA-AKI episode. The number of the remaining individuals with no evidence of any
healthcare engagement prior to their index CA-AKI episode are shown outside of the Venn.
Nineteen individuals had an ’other’ facility encounter but are not shown due to the number
of intersecting ellipses possible. Other facility types included maternity obstetric units, oral
health, psychiatric and tuberculosis hospitals, intermediate care, and satellite clinics. Drawn
using the R ggvenn package. Abbreviations: CA-AKI, community-acquired acute kidney injury;
PHC, primary healthcare.
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Figure 4. 3 Healthcare visit engagement and facility type prior to the HA-AKI episode
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Intersecting circles are shown for (A) the number of primary healthcare (PHC), hospital
outpatient and hospital admission visits and (B) primary healthcare, district hospital, regional
hospital and central hospital facilities healthcare clients engaged with in the 30 days prior to
their index HA-AKI episode. The index admission associated with HA-AKI was disregarded as
the time prior to the AKI was of interest and admission was necessary for the definition of
HA-AKI. The number of the remaining individuals with no evidence of any healthcare
engagement prior to their index HA-AKI episode are shown outside of the diagrams. Nine
individuals had an ’other’ facility encounter but are not shown due to the number of
intersecting ellipses possible. Other facility types included maternity obstetric units, oral
health, psychiatric and tuberculosis hospitals, intermediate care, and satellite clinics. Drawn
using the R ggvenn package. Abbreviations: CA-AKI, community-acquired acute kidney injury;
PHC, primary healthcare.
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In addition, CA-AKI was mostly ascertained at the time of a hospital visit (district: 39.7%,
regional: 4.8%, central hospital: 24.4%, primary healthcare: 30.3%). HA-AKI was ascertained
most frequently at central hospitals (62.3%) rather than other secondary levels of care
(district: 26.1%, regional hospital: 4.1%)'. At CA-AKI ascertainment, 48.1% of hospital

outpatient visits were emergency centre visits.

Length of stay for admissions to hospital that were associated with an AKl episode was median
4 days (IQR 2, 9) for CA-AKI ascertained within 7 days of the admission and 15 days (IQR 8, 25)

for HA-AKI.

Kidney and vital outcomes: post-AKl, the average SCr was lower for HA-AKI than CA-AKI (Table
4.2). The time to CKD ascertainment after the first AKI episode was only slightly longer for CA-

AKIl vs HA-AKI (community: median 39 days (IQR 1, 203), hospital: median 33 days (IQR 4, 193).

The proportion of individuals who had evidence of survival after 30 days after the start of the
CA-AKI episode was 31.4% and after 1 year, 10.2%. For HA-AKI, however, 14.7% had evidence
of being alive at 30 days but only 2.5% were alive at 1 year. Of those with hospitalised CA-AKI,
19.8% died during the same admission, mortality was highest for increasing age (Figure 4. 4)
and the mean age at in-facility death was 55.5 (SD 17.0) years. Just over a quarter (28.0%) of
HA-AKI had an in-facility death (Figure 4. 4); the average age at in-facility death was 53.0 (SD
16.1) years. Vital outcomes were unknown for the remaining group who had no evidence of

in-facility death or no evidence of future healthcare engagement.

14 The remainder occurred during long-term intermediate care facility admissions.
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Figure 4. 4 In-facility mortality following community- and hospital-acquired AKI

The percentage of healthcare clients with hospitalised CA- and HA-AKI who demised during
the hospital admission are shown by age category. In-facility death increased exponentially
for CA-AKI, whereas the proportion who died with HA-AKI was similar except for the youngest
age category. Only hospitalised CA-AKI mortality is shown since only in-facility death data were
available. Abbreviations: AKI, acute kidney injury; CA-, community-acquired; HA-, hospital-
acquired.
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4.3.3 Comparison of NHSE, PHDC and amended algorithms

AKI alerts were dummy-coded from the duration of the PHDC ascertained AKI episodes, such
that if there was an available SCr during the AKI period, an alert was artificially generated. Of
731,310 total SCr results for those with PHDC-ascertained AKI, 356,046 AKlpupc alerts were

created.

In comparison, in the same creatinine dataset, the AKInnse algorithm enumerated 119,732 AKI
alerts and the AKlmodified NHsE generated 95,235 alerts. There was perfect agreement between
the AKlyuse and AKlmodified NHsE algorithms, Gwet’s AC1 was 0.9417 (95% Cl 0.9411, 0.9424).
However, agreement was only fair when the AKlprpc algorithm was compared to the AKlInwse
algorithm (Gwet’s AC1 0.3496; 95% Cl 0.3473, 0.3519) and AKlmodified NHse (GWet’s AC1 0.3127;
95% Cl 0.3103, 0.3151). Stage agreement was perfect between the AKlyuse and AKlmodified NHsE
(ordinal weighted Gwet’s AC1 0.9723; 95% Cl 0.9713, 0.9732) explained in part by the fact
that the baseline creatinine values used to generate alerts were mostly comparable (Figure 4.

5). The staging alerts were compared in Table 4. 4.
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Figure 4. 5 Comparison of baseline creatinine used by NHSE and modified NHSE algorithms

Scatterplot comparing the baseline creatinine used to trigger AKI using the NHSE algorithm,
which updates the baseline with successive SCr values during the AKI episode, and the
modified NHSE algorithm that fixes the baseline to pre-AKIl values for the duration of the AKI
episode and resets the baseline assessment period after the AKI episode has closed (7 days
after the start of the episode). Despite being updated with SCr values from during the episode,
the baseline SCr values that triggered AKI were very similar. Only a random sample of 10% of
all points is shown to remedy overplotting. High SCr values are caused by some individuals
with CKD being included. Pearson’s correlation = 0.85, P < 0.001. Abbreviations: AKI, acute
kidney injury; NHSE, National Health Services England.
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Modified NHSE algorithm
0 1 2 3 Total
NHSE algorithm{

0

Frequency 608,336 2,519 452 271 611,578

Percent 83.18 0.34 0.06 0.04 83.63
1

Frequency 14,084 35,864 1,059 133 51,140

Percent 1.93 4.90 0.14 0.02 6.99
2

Frequency 6,025 789 22,807 576 30,197

Percent 0.82 0.11 3.12 0.08 4.13
3

Frequency 8,630 929 1,073 27,763 38,395

Percent 1.18 0.13 0.15 3.80 5.25
Total

Frequency 637,075 40,101 25,391 28,743 731,310

Percent 87.11 5.48 3.47 3.93 100.00

Table 4. 4 Assessment of AKI algorithms comparing KDIGO staging alerts between NHSE and modified NHSE algorithms

In purple, the diagonal shows the majority of AKI alerts generated by both the NHSE and
modified NHSE algorithms were of the same KDIGO stage. ‘0’ alerts represent AKI criteria that
were not met. Abbreviations: NHSE, National Health Services England; AKI, acute kidney
injury.
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4.4 DISCUSSION

For the first time, this study used routinely collected data on a virtual cohort of healthcare
clients to describe the clinical epidemiology of AKI in public healthcare clients in the City of
Cape Town, South Africa from 2017 to 2021, inclusive. Laboratory, facility encounter, and
inferred comorbidity data collated by the PHDC health information exchange were used to
characterise AKI that is detected using a pragmatic algorithm. The majority of AKI was
community-acquired, which was not as severe as HA-AKI. Individuals were young and mostly
male but multimorbidity was common. The young age of people experiencing AKl is in contrast
to high-income countries, but is consistent with South Africa’s younger population and also
the demographic of people who experience AKI more frequently caused by infectious

diseases, toxins, obstetric complications and trauma in Africa.(41,42,50,167,178)

4.4.1 The City of Cape Town in Context

As introduced in section 1.4.8, the City of Cape Town is the most populous district in the
Western Cape Province. Province-wide, the PHDC has on record approximately 8 million active
public healthcare clients with unique patient master index identifiers in the past decade
whereas provincial population estimates for the Western Cape was 6.3 million in
2016.(79,178) A possible explanation is the high migratory behaviour of people moving
between the urban City and more rural areas in neighbouring provinces, and the existence of
many high-density informal settlements which are unlikely to be accurately enumerated in
formal population estimates. These individuals are very likely to be reliant on the public health
service, and are probably more likely to experience a higher burden of disease requiring public

health service access than those in more affluent areas who are also more likely to access
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private health care exclusively. The latest population estimate for the City of Cape Town —the

largest provincial district and the focus of this analysis — was 4.6 million in 2020.(179)

4.4.2 Attributes of acute kidney injury episodes
CA-AKI was more numerous compared to HA-AKI, as is consistent with other parts of the world

and Africa.(42,163,180) HA-AKI was, however, more severe than CA-AKI — using the peak SCr
and higher mortality risk as proxies of severity. The length of hospital stay for HA-AKI was

correspondingly longer compared to hospitalised CA-AKI.

The baseline SCr in closer proximity to the episode was higher than the average in the
preceding year, suggesting that the injurious process had already commenced in the days
preceding AKI ascertainment. This observation is important in the context of HA-AKI versus
CA-AKI as CA-AKI predominantly tends to be triggered by changes in SCr that are measured
from 8 — 365 days before the AKI compared to HA-AKI which is often triggered by changes

within 48 hours and 7 days, as demonstrated in a Scottish regional population study.(163)

Although it was not possible to determine the incidence of CA-AKI versus HA-AKI, a previous
analysis conducted at Tygerberg Hospital in the City of Cape Town, using the NHS England
algorithm, found that amongst patients admitted to that hospital in a 6-month period, 6.2%

of admissions were associated with HA-AKI.(59)

In that study of HA-AKI in a single central hospital only, 59.1% were female, about 10% more
than found in the present study across district, regional and central hospitals. The 100 umol/L

threshold, as used by the PHDC to define AKI, may operate differently in females as the
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reference range for SCr is lower, 49 — 90 umol/L for females whereas it is 64 — 104 umol/L for
males (National Health Laboratory Service reference range). PHDC ascertained AKI may
therefore capture more severe AKI in females than males since in some cases the SCr must
more than double to trigger an AKlprpc episode. Indeed, the index SCr was found to be higher
for females compared to males. In addition, males with a normal SCr above 100 umol/L may
be identified as AKI. Metanalytic evidence would suggest female sex is protective against AKI
(OR for male sex: 1.23; 95% Cl 1.11, 1.36) and especially so for HA-AKI (OR for male sex: 1.52;
95% Cl 1.26, 1.70).(44) This would explain the low proportion of female sex overall, but the
current observation of a near 1:1 male to female ratio for HA-AKI is possibly explained by
hospitalised complications of pregnancy and the way women access healthcare differently to
men. Kister et al. back-calculated the SCr from the CKD-EPI eGFR equation in females assuming
male sex (the female coefficient was removed). Their results suggested that females with AKI
are under-detected. (181) It would have been important, had data on non-AKI patients been
available as well, to assess how a sex-specific threshold would change the case detection of
AKI using the upper limit of the laboratory reference ranges — 90 umol/I for women and 104
umol/I for men — given the apparent disparity of how the 100 umol/I threshold may operate

differently in males and females.

Furthermore, the SCr > 100 umol/I is problematic because, in the South African context, SCr
may be affected by non-GFR factors most relevant to LLMICs. Poor socioeconomic
circumstances, which affect people accessing public healthcare, make diets that contain
animal-protein unaffordable, especially in vulnerable groups.(182,183) Wasting syndromes

are also common for e.g. as a complication of HIV infection and active tuberculosis, as well as
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the growing epidemic of sarcopenic obesity.(184,185) Drugs used in the management of HIV
and its sequalae, namely trimethoprim for the prophylaxis of pneumocystis pneumonia and
dolutegravir, increase the SCr in the absence of kidney injury.(186,187) This may cause false

classification of both AKI and CKD in PLHIV and poorer communities.

Hypertension and diabetes were as common as previously described in a prospective cohort
study of referred AKI conducted at Groote Schuur Hospital, and a population health study of
urbanised black people in Cape Town highlighting the strong threat of diabetes and
hypertension as risks for AKI.(42,188,189) Although blood pressure and glycaemic control
were unknown in the present analysis, 116,726 healthcare clients with diabetes were
recorded by the PHDC in 2015 — 2020 using a bespoke diabetes detection algorithm in the
province and glycaemic control was relatively poor (57% had a glycated haemoglobin >

8%).(190)

The estimated population HIV burden in males aged 15+ in 2017 — 2021 increased from 6.5%
- 6.8% and 11.3 — 12.3% in females in the City.(191) Thus, HIV as a comorbidity prior to AKI
was substantially higher than the general population highlighting HIV, its treatment and
complications, being strong risk factors for AKI and poor outcomes.(45) Dlamini et al found
HIV to complicate 20.6% of hospitalised AKI at Groot Schuur Hospital, which was lower than
the proportion with co-existing HIV in the current study, possibly explained by non-referral of
PLHIV to nephrology services because of a perceived belief of poorer outcomes or other
cognitive biases.(42) Another explanation worth consideration is that PLHIV undergo regular
guideline directed kidney function testing and are therefore likely to be detected with AKI

earlier and more frequently than HIV negative individuals.(192)
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4.4.3 Healthcare utilisation and outcomes
The proportion of different types of healthcare encounters and frequency of SCr testing

should be interpreted similarly: the more contact with the healthcare system for routine care,
the more likely AKI will be detected (at least biochemically). In a Veterans Affairs study of AKI
in the community in the USA, the hazard of CA-AKI identification was higher for more frequent

outpatient utilisation (HR 2.38; 95% Cl 2.31, 2.46).(193)

This is consistent with the many primary-level healthcare visits observed prior to AKl episodes.
However, the fact that the majority of AKI was ascertained at hospital visits, especially as
emergencies, highlights that AKI detection is not purely detected incidentally during routine

visits.

Dedicated post-AKI clinics do not exist in South Africa, and the nephrology service is only likely
to follow up AKI requiring acute dialysis. In a Canadian centre, a post-AKI follow-up clinic
reduced the risk of death, although not CKD progression.(194) This is not practical in the
setting of limited resources and scarce nephrologist workforce as is the case in South
Africa.(195) Survival after 30-days and 1-year, proxied by healthcare engagement, was much
lower and documented mortality was likewise higher for HA-AKI. While follow-up
appointments may not have been scheduled, especially for the sole purpose of kidney
function re-testing, someone may have disengaged with the healthcare system because of
loss to follow-up, migration or transition to private healthcare, which may all be directly
related to poor kidney health. Only in-facility death confirmation was obtainable by the PHDC

and so mortality may well be underestimated.
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4.4.4 The COVID-19 pandemic
The study period included the COVID-19 pandemic (March 2020 — ongoing) which may have

affected key results. The number of episodes enumerated in 2020 was similar to historic
values. This is despite SARS-CoV-2 being associated with multiorgan dysfunction. AKI
complicated 28.6% (95% Cl 19.8, 39.5) of COVID-19 related hospital admissions in an early
world-wide meta-analysis.(196) In the year 2021, a surge of CA-AKI episodes was seen in this

analysis, higher than previous pre-pandemic years and 2020, but little change in HA-AKI.

There was therefore likely an underestimation of AKI ascertainment in 2020 but also reduced
inciting events such as interpersonal and road-traffic violence, especially since alcohol sales
were prohibited and movement was hindered, and elective surgeries were cancelled.(197)
Periods of public health and social measures otherwise known as “lockdowns”, in which
movement of people was curtailed to help prevent the spread of SARS-CoV-2 may also have
affected transport and access to facilities which would have had manifold implications for
access to routine visits, missed diagnosis of AKI and hindered ability to monitor for AKI
recovery, as was seen for HIV care.(198) At Mitchell’s Plain District Hospital, City of Cape Town,
emergency centre visits decreased by 19% in 2020 compared to previous years.(199) The
cause of AKI may also have shifted as there was disruption of elective surgeries and a
reduction in trauma related injuries.(200,201) Also, creatinine testing requests from
antiretroviral clinics reduced by 64% in 2020 compared to 2019 although 2018 to 2019 saw a
reduction of 70% as well.(202) Although this was likely for routine monitoring of otherwise
well individuals, kidney disease was potentially missed as a result of decreased testing in the

current analysis.
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4.4.5 Strengths and limitations
This analysis used the PHDC to characterise AKI in healthcare clients accessing public

healthcare in the City of Cape Town. This is notable for two reasons. First, the PHDC is unique
to the Western Cape; there is no analogous health informatic database that exists outside of
the province in the rest of South Africa or Africa. Second, the laboratory data the PHDC
receives allows the implementation of an AKI algorithm which is a highly efficient mechanism
to detect AKI. Together, this allowed, for the first time, a rich epidemiological description of
AKI attributes in the City of Cape Town. By using algorithms instead of classic manual audit,
episodes are much more consistently ascertained but as highlighted, outcomes are difficult to
confirm when healthcare clients disengage with care or do not receive dedicated AKI follow-
up. Using routine health data in this way provides a large-scale view of the epidemiology of
AKl in the whole population of public healthcare clients in the City of Cape Town, although it
cannot provide the accuracy and deep phenotype that would be provided through a clinical

study with recruited participants.

Although pragmatic, the rules used to detect AKI were not KDIGO aligned.(11) It was noted
that the AKlpupc algorithm was not comparable to the AKInuse and AKlmodiied NHse algorithms.
Further work will be undertaken in the future to provide evidence to the PHDC to assist with
strengthening the AKlpupc algorithm, ensure that it is standardised to other validated
algorithms and permit recognition of AKI in people with pre-existing non-KRT CKD. Despite
theoretical concerns about the risk of a rolling baseline assessment period, the detection and
severity staging of AKI was comparable between algorithms with and without a fixed baseline

assessment period.
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The PHDC only receives data from public healthcare facilities, and although many City
residents access this sector or move between the public and private healthcare sectors
according to their needs and financial means, exclusive private healthcare beneficiaries could
not be included in this study to remain compliant with the Protection of Personal Information
(POPI) Act of South Africa. This is also problematic for the current analysis because healthcare
clients may periodically utilise private healthcare services to supplement their healthcare
needs. Thus, data about individuals with AKI as well as their important encounters and
comorbidities recognised in the private setting will not be acquired by the PHDC. In the future,
it is envisioned that health insurance data will be onboarded within the PHDC, once

appropriate consent structures can be implemented.(79)

Furthermore, because these data reflect the sector of the population actively seeking health
care, the dataset is biased by the over-representation of clients coming for HIV, contraceptive
and maternal wellbeing visits in the population represented in the PHDC data. This bias is also
reflected by a paucity of health visits by healthy men. People with AKI are often otherwise ill

and will present to facilities irrespective of routine visits so this bias is likely to be small.
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4.5 CONCLUSION

This analysis of AKl in the City of Cape Town using routinely collected health data from public
healthcare clients confirmed the high volume of both community- and hospital-acquired AKI
episodes experienced and highlights the burden on hospital services, even in CA-AKI.
Individuals who developed AKI were younger than the profile of patients with AKl in the
United Kingdom. Despite being young, they had substantial multi-morbidity. These results
should be interpreted in the context of the current AKI algorithm employed by the PHDC and
the demographic of healthcare clients accessing public healthcare in the City. Further work is
needed fine-tune the algorithm that is currently used by the PHDC to detect AKI but it is
nonetheless promising that such an algorithm can be embedded in systems using laboratory

data in South Africa.

In the next chapter, the clinical epidemiology of CKD in the City of Cape Town will be described.
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5 CHARACTERISTICS OF HEALTHCARE CLIENTS WITH
CHRONIC KIDNEY DISEASE IN THE CITY OF CAPE
TOWN, SOUTH AFRICA

5.1 INTRODUCTION
Studies of CKD in South Africa have mostly thus far been limited by definitions using a single

recorded eGFR and have been conducted in highly selected populations.(203,204)
Consequently, using routinely collected data from healthcare clients accessing public
healthcare services in the City of Cape Town, the characteristics of people with CKD were
described in this analysis. This chapter is divided into methods, results and discussion sub-

sections.

5.2 METHODS

5.2.1 Study design

This study was a prospective cohort study. The structure and sources of routinely collected

data warehoused by the PHDC were previously introduced in section 1.4.10.

5.2.2 Study population
CKD episodes ascertained by the PHDC in adults aged > 18 years old during the period 2010

to 2021 in the City of Cape Town were included. The laboratory information management
system was transitioned to the current software around 2010 and so eGFR data, necessary for

the definition of CKD, were unavailable to the PHDC prior to this time in the current format.
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The day and month of birth for all individuals was set to the 1% July as only the birth-year was

provided by the PHDC for this analysis to prevent patient re-identification.

5.2.3 Definition of CKD
The PHDC defines CKD as two consecutive eGFR values < 60 ml/min/1.73m?, at least 90 days

apart, and was used as definitive evidence of CKD. The ascertainment date was the date of
the first result of eGFR < 60 ml/min/1.73m?. Albuminuria data are not currently available for
inclusion in the definition or staging of CKD.(11) Evidence of KRT was used as supportive
confirmation for CKD, as described in section 1.4.10. The episode was left open for a patient’s
lifetime, and closed only with the date of death, if known. CKD was staged at the time of
ascertainment using KDIGO eGFR criteria as follows: eGFR <15, 15.0 — 29.9, 30.0 — 44.9, 45 —
59.9 ml/min/1.73m?2.(26) The NHLS provides the PHDC with eGFR values by MDRD equation

without ethnicity correction.(4)

5.2.4 Definition of comorbidities
The proportion of healthcare clients with hypertension, diabetes and HIV were described.

Definitions of comorbidity ascertainment using PHDC data were described in section 4.2.1.

5.2.5 Analysis

It was not possible to determine the population incidence or prevalence rate for CKD for three
reasons, relating to the difficulty of estimating the total population as a denominator to
calculate these rates. Firstly, the PHDC receives data from public healthcare facilities only and
excludes private healthcare beneficiaries. Also, those who are physically healthy and are not
visiting health facilities accordingly are under-represented by the PHDC. Secondly, kidney

function testing is usually requested by indication either as directed CKD screening in people
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at risk of developing CKD (such as individuals with diabetes and/or hypertension) or who are
suspected of having kidney disease (based on the presenting complaint or bedside
investigations). National HIV guidelines also recommend periodic kidney function testing in
healthy people living with HIV (PLHIV) on antiretroviral therapy (to detect tenofovir
nephrotoxicity) and in ill PLHIV who are at risk of complications of potential kidney disease
due to AIDS-defining illnesses and their treatments.(205) The routine kidney function testing
performed in South African public healthcare is thus very different to other settings in which
incidence or prevalence may usually be described using routine visits.(192) Thirdly, there is
significant internal migration between the City of Cape Town and the rest of the province and
neighbouring provinces. Also, it is suspected that individuals seek healthcare from different
sub-districts. For example, exemplary HIV and tuberculosis care have been established in the
Khayelitsha sub-district and non-Khayelitsha residents may choose to access these services
there. An attempt to estimate the rates of disease would therefore not provide a fair
representation of the general population. Instead, incidence and prevalence trends over time
were described as counts within the context of the healthcare-seeking population rather than

the general population.

Individuals with newly ascertained CKD per calendar year 2010 — 2021 were counted as
incident. Period prevalent CKD was counted as the number of healthcare clients in that
calendar year that were newly or previously ascertained with CKD and had no evidence of
death in that same year. Mortality captured by the PHDC are mostly in-facility deaths that are
recorded in the facility administration system. Deaths out-of-facility or out-of-province will
therefore be missed. The prevalent population was therefore also described separately by
using evidence of survivorship. Evidence of a future encounter with the (public and provincial)
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healthcare system — facility visits, medication dispensing and laboratory testing — was used as
a proxy of survivorship. Individuals who transferred care to the private sector or emigrated
out of the province would still be uncaptured. The two ways in which the prevalent population

was derived are illustrated in Figure 5. 1.

&
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. A v’f\q . Prevalent population
E B . 1. No evidence of death
. B’ . in the current year

C . E 2. No evidence that the
. : individual was last seen

C’: . in the current year

Figure 5. 1 lllustration of the derivation of the prevalent CKD population

A: newly ascertained in that year and died, A’: newly ascertained in that year and last seen in
that year, B: newly ascertained in that year and no evidence of death, B’: newly ascertained
in that year and evidence of healthcare engagement after the index year, C: previously
ascertained with CKD and no evidence of death in that year or earlier, C’: previously
ascertained with CKD and evidence of future healthcare engagement after the index year, D:
previously ascertained with CKD and affirmative evidence of death in that year, D’: previously
ascertained with CKD and no evidence of future healthcare engagement after the index year.
Timelines ending in a filled circle were not analysed whereas arrow-headed groups were used
to derive two prevalent populations, as shown in the boxes. Abbreviation: CKD, chronic kidney
disease.

Summary statistics were used to describe the demographics, evidence of KRT and
comorbidities of individuals with ascertained CKD. Only the 2019 period prevalent population
was described in detail due to the observation that there were substantially lower numbers

of newly ascertained CKD cases in 2020 and 2021 and limited time accrued before data
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extraction to definitively determine that no future encounter was experienced to confirm
individuals that were no longer prevalent (date of data extraction 4 May 2022). Data cleaning,

visualisation and analysis were conducted using Stata version 17 (StataCorp, TX, USA).

5.3 RESULTS

5.3.1 PHDC ascertained CKD

As of 31 December 2021, 89,542 healthcare clients known to the PHDC had evidence of CKD.
This included those ascertained in 2010 up until the end of 2021. The number of new CKD
episodes ascertained rose sharply after 2010 and dropped precipitously in 2020 and 2021
(Figure 5. 2). Figure 5. 3 shows that there were many individuals who disengaged with the
healthcare system over time, especially after 2019. There was also substantially less eGFR
testing in those with CKD during 2020 and 2021 compared to earlier years (Table 5. 1).
Characteristics of those prevalent in 2019 by evidence of no prior death and evidence of
recent engagement are summarised in Table 5. 1. Only the former derived group who had CKD

ascertained up to and including 2019 who had no evidence of death is described here on.
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Figure 5. 2 CKD prevalent count trend over time using death and last healthcare engagement

The histogram shows newly ascertained CKD per calendar year and the line graphs show the
cumulative prevalent CKD cases per year over time by two types of evidence: i) no prior death
and so assumed alive and ii) engagement after the index year confirming survivorship.
Abbreviations: CKD, chronic kidney disease.
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Figure 5. 3 Censoring reasons (death and healthcare disengagement) resulting in derived prevalent CKD counts

For each calendar year, the number of individuals with CKD ascertained with evidence of
death or no evidence of future healthcare engagement is shown. In-facility death only
explained a small proportion of why individuals were not seen again. Factors relating to the
coronavirus-19 pandemic, out-of-facility deaths and inadequate follow-up time accrual
before data extraction may be responsible for the pattern seen. Abbreviations: CKD, chronic
kidney disease.
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Prevalent by non-
death, N = 64,952

Prevalent by
evidence of recent
engagement, N =

29,351

Age category, %

18-39 6.7% 7.2%

40-64 43.4% 46.1%

65-74 28.8% 29.7%

275 21.1% 17.0%
Mean age (SD) 63.5(13.9) 63.9 (13.5)
Female sex, n (%) 63.9% 64.3%

Evidence for CKD, % yes (may have more
than one)

Two consecutive eGFR < 60 ml/min/1.73m

Dialysis ICD-9/10 code

Possible HD

Possible PD

Transplant procedure

Transplant medication

2

64,674 (99.6%)
514 (0.8%)
1,354 (2.1%)
1,097 (1.7%)
416 (0.6%)
138 (0.2%)

29,311 (99.9%)
388 (1.3%)
963 (3.3%)
814 (2.8%)
253 (0.9%)
111 (0.4%)

KDIGO eGFR CKD severity stage, n (%) *
45 -59.9

30-44.9

15.0-29.9

<15 ml/min/1.73m?

18,116 (68.7%)
5,585 (21.2%)
1,817 (6.9%)
757 (2.9%)

11,179 (68.8%)
3,545 (21.8%)
1,092 (6.7%)
396 (2.4%)

eGFR testing patterns$§

N results per year
2016 80,075 38,375
2017 83,324 42,805
2018 77,841 43,893
2019 80,961 51,441
2020 55,909 47,990
2021 53,113 46,134
N results per person
1 3,504 554
2-5 23,880 9,941
6-10 17,052 10,490
>10 11,628 8,006
Visit type at CKD ascertainment, %
Primary Healthcare 53.4% 55.5%
Hospital outpatient 37.3% 35.6%
Admission 9.3% 8.9%
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Facility type at CKD ascertainment, % 53.3% 55.7%
Primary healthcare 21.3% 20.4%
District Hospital 2.7% 2.4%
Regional Hospital 22.1% 21.1%
Central Hospital 0.6% 0.4%
Other”

Comorbidities, yes %

Hypertension 78.4% 83.0%
Diabetes 45.4% 48.4%
HIV 10.0% 11.3%

Table 5. 1 Characteristics of prevalent individuals with CKD in 2019 at ascertainment

* newly ascertained in 2019. » Other facility types include maternity obstetric units, oral
health, psychiatric and tuberculosis hospitals, intermediate care, and satellite clinics.
Abbreviations: CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate;
KDIGO, Kidney Disease: Improving Global Outcomes; HIV, human immunodeficiency virus.
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Individuals’ demographics and comorbidities are summarised in Table 5. 1. The mean age
was 63.5 years old (SD 13.9) and most were female (63.9%). A substantial proportion had co-
existing hypertension (78.4%) and diabetes (45.4%). Only 10.6% did not have hypertension,

diabetes or HIV comorbidities, whereas 47.3% had > two comorbidities.

Estimated GFR characteristics and testing: In the year preceding CKD ascertainment (newly
ascertained CKD in 2019), the mean eGFR was 46.6 (SD 27.1) ml/min/1.73m?. The average
eGFR at CKD ascertainment was 47.2 (SD 12.0) ml/min/1.73m?. After CKD ascertainment, the
mean eGFR was 39.9 (SD 21.2) ml/min/1.73m?in the year that followed. eGFR values during
episodes of acute-on-chronic kidney disease!® were disregarded as these values do not reflect

steady-state kidney function.

Healthcare encounters and eGFR testing: 66.8% of healthcare facility visits prior to CKD
ascertainment were in primary care. Also, confirmatory eGFR tests that were defining of CKD
were mostly undertaken at primary levels of care (53.4%), tertiary-level (22.1%) and district-
level (21.3%) hospitals. In terms of visit types, 53.4% of CKD-defining eGFR tests were
undertaken at the time of primary healthcare visits, 37.3% at hospital outpatient visits and
9.3% at hospital admission. Of the hospital admissions on the same day that CKD was
ascertained, 29.7% were emergency medicine admissions and of hospital outpatient visits,

27.2% were ascertained at the emergency centre. There was a wide variation in the regularity

15 Acute-on-chronic kidney disease is described in chapter 8.
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of eGFR testing before ascertainment, median 8 days (IQR 2, 55) apart. After CKD

ascertainment, testing frequency averaged every 56 days (IQR 4, 224).

5.3.2 Kidney replacement therapy

Of all prevalent healthcare clients with CKD in 2019, 1,755 had evidence of either procedure-
coded dialysis, possible HD, possible PD, transplantation (procedure codes or
immunosuppressive medication). The proportion of people with a dialysis ICD-9 procedure
code who also had other evidence of KRT was 446/514 for possible HD, 429/514 for possible

PD, 170/514 for transplantation procedure and 65/514 for transplantation medication.

The mean age of healthcare clients with any evidence of KRT was 43.0 years (SD 14.1) and
about half (49.6%) were female. The average duration as of the date of last encounter was 6.3

years (SD 3.2)* from CKD ascertainment.

16 The date of dialysis initiation was unknown and so it was not possible to calculate dialysis vintage.

134



5.4 DISCUSSION

Using an eGFR-based definition of CKD and inferred evidence of KRT recorded by the PHDC,
the number and characteristics of people with CKD accessing healthcare in the City of Cape
Town were described here. Individuals were most frequently young, had stage llla CKD and

comorbidities were very common.

5.4.1 Chronic kidney disease burden and features
After a period of stabilisation, CKD ascertainment dropped significantly in 2020 and 2021. This

coincides with the COVID-19 pandemic so may be due to decreased eGFR testing in general.
Limited testing may also have led to a lack of confirmatory eGFR below 60ml/min/1.73m? by
the end of the data extraction period. More seriously, the substantial reduction in patient
engagement in 2020 and 2021 is worrisome as a harbinger of lost opportunity to modify risk

factors and monitor and treat complications of CKD including progression.

Although only counts of incident and prevalent CKD were possible in this analysis, two
population based cohort studies in the City of Cape Town, mostly of mixed ancestry
individuals, would suggest a stage 3 — 5 CKD age-adjusted prevalence of between 6.4% (95%
Cl 3.2, 9.7%) and 8.7% (95% CI 5.0, 8.5).(203,206) Peer et al highlighted that kidney
dysfunction (single eGFR < 60ml/min/1.73m?) in black township residents in the City of Cape
Town differed by eGFR equation used: between 2.0% for Cockcroft-Gault to 5.9% by CKD-EPIc
oys-(207) By MDRD equation without the race coefficient, as received by the PHDC, calculated
frequency was 5.1% in that study. A meta-analysis which found that using the CKD-EPI.- 2009

compared to the MDRD equation resulted in fewer CKD cases, but classification of those who
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experienced kidney failure (KF) and mortality was more accurate.(208) Nevertheless, eGFR
equations do not perform the same in Africa and even the refit CKD-EPI 2021 equation is not

recommended for use in Africa.(86)

The demographics of individuals with evidence of CKD highlights a young patient population.
Despite this, the cardiovascular risk factors, diabetes and hypertension, were common in
those with CKD. The South African Renal Registry 2020 report indicated that the cause for KF
in patients receiving long-term KRT was hypertensive kidney disease in 36.6% and diabetic
kidney disease in 14.3%.(195) Although the PHDC does not collate information on the specific
cause of kidney disease, hypertension and diabetes are likely to be leading causes and
consequences of those with CKD in the City and tighter control of these risk factors are

necessary to prevent the development and progression of CKD.

Concurrent HIV infection in the analysed healthcare clients with CKD was slightly higher than
in the general population (of the City of Cape Town).(191) The proportion of healthcare clients
who were HIV positive was lower than expected given the fact that the PHDC is enriched with
persons accessing HIV care.(192) Nevertheless, a PHDC analysis of HIV-negative versus -
positive healthcare clients in the Khayelitsha sub-district of Cape Town, found that the age at
CKD ascertainment to be on average 16 years younger for PLHIV suggesting either HIV is a risk
factor for earlier CKD development or demonstrates the improved surveillance of CKD in

PLHIV as a result of regular kidney function testing in this population.(174)
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Although kidney function testing leading to the ascertainment of CKD often coincided with
primary healthcare visits, it is unknown how well CKD is recognised by treating clinicians. A
web-based health dashboard (‘Single Patient Viewer’) still in pilot phase in the province, will
make important CKD metrics readily available to clinicians which should serve as a prompt to

recognition and allow convenient monitoring of CKD severity and progression.(80)

5.4.2 Kidney replacement therapy
Dialysis units voluntarily send information on new and existing patients receiving KRT care to

the South African Renal Registry.(195) According to the 2020 report, there were 1,877 patients
on KRT in the Western Cape, 843 of which were being treated at public healthcare facilities,
with a KRT prevalence of 150 per million population. Two adult public healthcare sector
dialysis centres offer KRT services in the City: Tygerberg Hospital (244 patients) and Groote
Schuur Hospital — 484 patients (personal communication with Prof M Razeen Davids of the
South African Renal Registry). The PHDC alone enumerated many more with coded dialysis,
possible HD and possible PD in the City indicating an overestimation of KRT by the PHDC
(compare 244 + 484 to the 1,755 enumerated by the PHDC). Although submission to the
registry is voluntary, the dialysis centres included in this analysis are the province’s two
academic institutions, one of which where the sitting registry’s chief is employed. There may
be clinical or coder misuse of diagnostic and procedure codes, or a low specificity of evidence
used by the PHDC to identify KRT. The PHDC may also capture patients undergoing temporary
dialysis pending assessment for the long-term KRT program, some of whom will be declined
and so not be reported to the Registry. In addition, there may also be under-ascertainment of
kidney transplantation: according to organ donor data: there were 2,346 transplants between

1991 to 2015 in the Western Cape public sector, although some recipients may have since died
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or were not domiciliary in the Western Cape.(209) Further validation work is underway to
improve the specificity and sensitivity of KRT evidence used by the inference engine of the

PHDC.

5.4.3 Strengths and limitations
The data the PHDC receives and who accesses public healthcare: The systematic capture of

CKD using routinely collected data deserves mention. The PHDC collects and warehouses data
from public healthcare facilities in the Western Cape, and primary, secondary and tertiary
levels of care data are integrated with laboratory, medication, encounter and other clinical
information in near real-time using a universal patient identifier and updated

longitudinally.(79)

Drawbacks are that the PHDC is unable to track people accessing private and out-of-province
healthcare providers. This is pertinent to CKD given that KRT access is limited in South Africa
and people not able to access KRT in the public healthcare system may have no other choice
than to migrate back to rural family homesteads, usually outside of the province, because they
cannot afford private care or may pay out-of-pocket in the private sector.(210) Although only
a small proportion of people had evidence of KF (eGFR < 15 ml/min/1.73m?) at ascertainment,
the results confirm the substantial need for KRT in the public sector. Also, it is worth noting
that Groote Schuur Hospital is one of a few national transplant centres for the public
healthcare sector. Transplantation numbers may therefore have been over-enumerated by

transplant recipients from outside of the province.
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Consider also that the City of Cape Town is an urban area, interspersed with informal housing.
It is the residents of these informal areas that often access public healthcare facilities from
which the PHDC receives data. The demographics and severity of CKD described here are
therefore not generalisable to the whole City or Province. Because specialist nephrology
services are concentrated in Cape Town, CKD ascertained outside of the City may be included
in the described results if referred, particularly for assessment for KRT. The fact that testing
leading to CKD ascertainment appears to be de-centralised to primary healthcare providers
would suggest that it is only advanced CKD that may be over-represented in this analysis.
Furthermore, CKD ascertained through testing done at central hospital level (tertiary/
quaternary level of care) should be interpreted in light of the fact that these hospitals
occasionally function as secondary-level referral centres in sub-districts where there are no
district-level hospitals. For example, Groote Schuur Hospital accepts primary healthcare and
self-referrals from its neighbouring suburbs. Hospitals also receive referrals from private
primary healthcare general practitioners and so CKD may erroneously appear to be
ascertained at hospital-level because of how people access a complex healthcare system in

South Africa.

Challenges in ascertainment: Inaccuracies in ascertainment may also have been introduced
due to duplication of unique patient identifiers. Information on the same person is possibly
received by the PHDC under multiple distinct patient identifiers. Encounter, SCr and other data
used to define CKD and KRT may thus fail to be consolidated across duplicated records. The
PHDC estimates duplication to affect 9.6 — 16.8% of the patient master index and an extensive

amount of work is ongoing to improve record linkage between possible related
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duplicates.(176) Further bias would be introduced by defining the start of CKD as the first
eGFR < 60ml/min/1.73m? because the individual would need to survive, or reside in the City,
long enough to undergo confirmatory testing (lead time bias). Death, or disengagement with
the healthcare system, may occur as a direct consequence of CKD (competing risk) and CKD
may erroneously be confirmed by an AKI episode (misclassification bias). These issues are well

known when describing kidney disease epidemiology with routinely collected data.(211,212)

The addition of albuminuria to the definition and staging of PHDC ascertained CKD would be
advantageous in the future to not only fully align with KDIGO criteria but also improve the
accuracy of detection and staging given the limitations of SCr based eGFR equations.(26) Also
to be considered, is the addition of the measurement of Cystatin-C which is less affected by
non-GFR factors and mirrors mGFR closer than both the 4- variable MDRD and CKD-EPI in

Africans.(86)

Finally, reduced eGFR testing and patient engagement during 2020 — 2021 due to the
restrictions imposed as a result of the COVID-19 pandemic may have impacted the number of

CKD ascertained detected during that time.
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5.5 CONCLUSION
Routinely collected data were used to describe the clinical epidemiology of CKD in the City of

Cape Town. A description of the clinical characteristics and burden of kidney disease was novel
and important given the prevalence of these diseases. While the utilisation of the health
information exchange that aims to centralise and consolidate administrative and clinical
information is promising and unique to the province, this analysis highlighted important
challenges in the use of rule-based algorithms, that infer conditions using multiple types of
evidence, to detect kidney diseases in the context of the complex South African healthcare
system and imperfect kidney function measures. The following chapter explores the incidence

and characteristics of person with acute-on-chronic kidney disease in the City of Cape Town.
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6 INCIDENCE AND CHARACTERISTICS OF HEALTHCARE
CLIENTS WITH ACUTE-ON-CHRONIC KIDNEY DISEASE
IN THE CITY OF CAPE TOWN, SOUTH AFRICA

6.1 INTRODUCTION

AKl in people with CKD is common and may result in accelerated kidney disease
progression.(43,213) Acute-on-chronic kidney disease (A-on-CKD) has not frequently been
studied in detail, despite knowledge of how acute and chronic kidney diseases intersect and
the fact that both are separately highly prevalent in South Africa.(42) The PHDC assigns kidney
function as one of four possible states: normal, single abnormal SCr, AKI or CKD (section
1.4.11). Given that the PHDC assigns a status of AKI or CKD as mutually exclusive disease
episodes, an algorithm adapted from the NHSE detection algorithm, was used to ascertain AKI
in people with established CKD (PHDC-ascertained CKD).(63) In this chapter, the CKD
population in which A-on-CKD was detected is described as well as the amendments to the

NHSE algorithm made. The results of the analysis and a discussion follow later in the chapter.

6.2 METHODS

6.2.1 Study design

This analysis used prospective longitudinal SCr data collected from a cohort of healthcare

clients with PHDC-ascertained CKD to describe A-on-CKD.
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6.2.2 Study population
A-on-CKD was detected in adult (> 18 years old) healthcare clients with PHDC-ascertained

CKD. Data on SCr were extracted for such individuals. Only SCr data for 2016 — 2021 were
available for this analysis. Thus, the algorithm was deployed during 2017 — 2021 with 2016
reserved for looking back in the preceding year to establish the baseline SCr. Individuals with
any evidence of KRT were excluded based on possible HD, possible PD, dialysis procedure
codes, transplantation medication and transplantation procedure codes. Because the date of
KRT initiation is unknown, such persons were excluded entirely for the purpose of this analysis

as changes in SCr before/ after KRT may be misclassified as AKI.

6.2.3 Acute-on-chronic kidney disease detection algorithm
Several modifications to the NHSE algorithm were enforced because the time of specimen

collection was not captured, and theoretical deficiencies of the algorithm were identified in
other parts of this thesis (section 3.2.5). These modifications and their justifications are
detailed below. The Stata code is made publicly available at

https://github.com/RyAylwd/AKlalgorithm.

Firstly, the 48-hour rule was replaced with a 2-day rule by date in the case of KDIGO stage 1
criteria as only the date, and not the time, of specimen collection was available.(11) Secondly,
the NHSE algorithm updates the baseline SCr used to trigger future AKI alerts, with values
from during the current AKI episode potentially inflating the baseline during an AKI episode,
making it more difficult to trigger subsequent AKI alerts. As such, in this analysis, the baseline
SCr was anchored to the baseline value that triggered the AKI in the first instance for the

duration of the current episode. Thirdly, the SCr result immediately following one AKI episode
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was reset as the new baseline to which subsequent results were compared. In other words,
all previous SCr results were disregarded. This acknowledges the fact that the SCr following
an insult may not recover to the previous baseline but, on the other hand, might be falsely
low due to non-GFR factors that affect SCr levels. The assessment of the baseline look-back

period is summarised in Figure 6. 1.

> Evaluate index SCr
Use all Ever Still within
— historic <—No— had —> current AKI
results AKI? Yes window?
15t SCr post-
AKI episode No
taken as new
baseline
. . Yes
Baseline . Ongoing _

fixed AKI

Figure 6. 1 Selection of the baseline assessment look-back period

Each individual SCr result was evaluated in turn. Depending on whether or not AKI had
previously been experienced or whether the AKI was still currently active, the baseline SCr
was either fixed or reset if an AKI episode was still active or previously closed, respectively.
Abbreviations: AKI, acute kidney injury; SCr, serum creatinine.

Fourthly, in keeping with the KDIGO definition of AKI as injury lasting < 7 days, the AKl episode
was automatically closed after 7 days.(10,35) Fifthly, an assessment of recovery was included,
which was designated ‘complete’, ‘partial’, ‘non-recovery’ or ‘uncaptured’ using the rules

shown in Table 6. 1.(214) The most recent SCr value on or before the end of the 7-day AKI

episode was compared to the baseline SCr value to determine recovery. KDIGO criteria of
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recovery of an eGFR > 60ml/min/1.73m? was not used as patients with CKD would never meet
such criteria as they had a starting eGFR < 60ml/min/1.73m?2.(11) The possible outcomes of
AKI are illustrated conceptually in Figure 6. 2. Figure 6. 3 summarises how the algorithm was
deployed in the longitudinal SCr data and Figure 6. 4 summarises the relationship between the

first and subsequent AKI episodes and how their baseline SCr and recovery were assessed.

Recovery status Criteria

Complete <20%

Partial >20% & < 50%

Non-recovery > 50%

Uncaptured No SCr result available after
AKI start to assess future
recovery

Table 6. 1 Recovery assessment used in the modified NHSE algorithm

Complete, partial and non-recovery was declared if the most recent SCr within the 7 days from
AKI start was < 20%, > 20% but < 50% or >50% of the baseline SCr value. Abbreviations: AKI,
acute kidney injury; SCr, serum creatinine.
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Acute kidney
injury -

V

Recovery assessment

|
v v v

— Complete Partial Non-recovery D
N |

v

Acute kidney

—>

disease
v
Yes No
Recovery? —_— New CKD or

progression

Figure 6. 2 Potential immediate or long-term outcomes following acute kidney injury

Following an AKI episode, kidney function recovery may be complete, partial or there may be
non-recovery. In the continuum, partial or non-recovered AKI would be called AKD, and non-
recovery of AKD would be called CKD. Death may complicate all forms of kidney disease
independent of kidney function recovery. Abbreviations: AKI, acute kidney injury; AKD, acute
kidney disease; CKD, chronic kidney disease.
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15t SCrresult: no AKI
assessment possible

Assess baseline SCr

Loop over 2" to nth Determine if AKI period and index:baseline Assess for
SCr —> needs to be reset —> . ; —>  AKI & start
ratio & absolute
Result (7 days elapsed) . of AKI
difference

l

Close AKI
episode if
applicable

Figure 6. 3 Algorithm workflow used to detect AKI

This flowchart shows the procedure for detecting AKI by executing the detection code
iteratively over longitudinal SCr measurements. AKI could not be detected using the
individual’s first ever SCr result as no baseline SCr was recorded before this time. Subsequent
SCr results were evaluated sequentially in a loop that assesses firstly whether there was an
open AKl episode, which would then inform the decision to reset the baseline SCr or continue
to fix it for the duration of the still active AKI. Next, the AKl stage (0, 1, 2 or 3) was determined
using the index SCr value compared to the baseline SCr (based on KDIGO criteria). Lastly, if 7
days had elapsed since the start of the AKI, then the episode was closed automatically. Once
completed, the steps looped over the next future SCr result. Abbreviations: AKI, acute kidney
injury; SCr, serum creatinine; KDIGO: Kidney Diseases: Improving Global Outcomes.
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A

BASELINE and RECOVERY assessment

Fixed baseline ,

26pumol/L lowest - 2d

First AKI episode assessment AKI

B

BASELINE and RECOVERY assessment

Subsequent AKI episode assessment

Figure 6. 4 Assessment of the AKl episode, baseline and recovery

These diagrams summarise the different assessment procedure for the first AKI episode (A)
and subsequent AKI episodes (B). The dotted line represents SCr values. Shown above the
dotted line, available SCr results are assessed in the preceding 2 days, 7 days and 365 days to
inform the most appropriate baseline. The lowest value from the preceding 2 and 7 days is
compared to the median value of all SCr results in the preceding 8 — 365 days. The higher of
the baseline SCr: index SCr ratios triggers AKI, if appropriate. The baseline SCr is anchored for
the entire AKI episode, which is automatically closed after 7 days of the start of the episode.
The same baseline SCr is used to assess kidney function recovery status. For subsequent AKI
episodes (B), a new baseline period is established before AKI can be triggered again, but values
are only regarded after the previous AKI episode and up until 365 days before the subsequent
AKI episode. Abbreviations: AKI, acute kidney injury; AKD, acute kidney disease; d, day.
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6.2.4 Analysis

Appropriate summary statistics (counts, proportions, mean [SD], median [IQR]) were used to

compare those who did and did not experience A-on-CKD.

The detection of A-on-CKD was definitive: an individual with PHDC-ascertained CKD had SCr
results available, and the executed algorithm detected changes in SCr consistent with AKI.
What was uncertain was who did not experience AKI. To potentially detect A-on-CKD, persons
with ascertained CKD would need to be alive. Only in-facility deaths are reliably recorded by
the PHDC so out-of-facility deaths would not be known. As such, survivorship was assumed if
an individual had no previous recorded death before 1 January 2017 and had evidence of a

healthcare facility encounter in or after 2017.

The A-on-CKD incidence rate and cumulative incidence were described. The incidence rate is
the number of new A-on-CKD cases (numerator) divided by the total person-time of all
persons who were at risk of developing A-on-CKD (denominator). In contrast, the cumulative
incidence (risk) was calculated as the number of persons who experienced A-on-CKD divided
by the number of persons who were at risk of developing A-on-CKD during the study period.
Although recurrent AKI episodes were possible, only the first episode was regarded. The
incidence should thus be interpreted as the rate or risk of at least one A-on-CKD episode.
Person-time was calculated using the time from when the person became at-risk until the
person was no longer at-risk of developing the first episode of algorithm-detected A-on-CKD.
Time at-risk for A-on-CKD began on the date of CKD ascertainment if CKD was ascertained
2017 —2021 or on 1 January 2017, when the AKI algorithm was activated, for CKD ascertained

before 2017. Time at-risk ended on the date of in-facility death, if recorded, the date of last
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facility engagement or the date of the first AKI episode start, whichever came first. Due to the
unavailability of SCr results prior to 2017, the detection of A-on-CKD in individuals with CKD
ascertained before 2017 may not have been the person’s first ever episode. As such, incidence
was described for those with incident CKD ascertained on or after 1 January 2017 and
separately for those with ascertained CKD before 1 January 2017. In addition, the incidence
rate and cumulative incidence were stratified by sex. This was pertinent given the fact that the
PHDC data are enriched with women accessing routine contraceptive and maternal care and

so the incidence of AKI may be different for non-biological reasons.

Furthermore, the characteristics of persons with community- (CA-AKI) and hospital-acquired
AKI (HA-AKI), including severity by KDIGO staging and recovery, were described. HA-AKI was
defined as occurring on day three or later of a facility admission and hospitalised CA-AKI was
defined as occurring when an AKI episode occurred within 7 days inclusive before the start of
an admission and 2 days into an admission. Only the first episode was described in detail for
ease of interpretation. Patient encounters with the healthcare system 30 days before and at

the time of the AKI episode were illustrated using Venn diagrams.

In-facility mortality, within the index admission, following hospitalised CA-AKI and HA-AKI was
visualised using bar charts stratified by age category. Also, since AKI recovery statuses ‘non-
recovery’ and ‘uncaptured’ were possibly dependent on whether the individual died and an
individual with ‘complete’ or ‘partial’ recovery status may still have subsequently died, death
was stratified by recovery status. In-hospital death was assumed if the death was in the same
month as the recorded A-on-CKD episode. Mortality was not described for persons without
A-on-CKD as only in-facility deaths were recorded and the focus of this analysis was outcomes
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following AKI events and not the sequelae of all hospital admissions experienced by persons

with CKD.

Data cleaning, visualisation and analysis were conducted using Stata version 17 (StataCorp,

TX). Incidence rates of A-on-CKD were calculated using the stptime command.
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6.3 RESULTS

A flow diagram of inclusion/exclusion criteria for the analysis of A-on-CKD is provided in Figure
6. 5. Out of the remaining healthcare clients with non-KRT CKD with evidence of being alive
after 2017, there were 19,701 A-on-CKD episodes affecting 11,798 individuals (mean age 66.6
years [SD 14.0], 61.8% female). Most experienced a single AKI episode (1 episode: 70.3%, 2
episodes: 21.0%, >3 episodes: 8.7%). The median time until a subsequent AKI episode was
195 days (IQR 55, 437). There was a median of 8 (IQR 5, 14) SCr tests available for each

individual to permit AKI detection.

Chronic kidney disease,
Exclusions N patients = 89,542
Evidence of KRT ever, n = 2,452
Evidence of prior death or no
evidence of future healthcare
engagement, n = 35,803

Did not develop acute- Developed acute-on-
on-chronic kidney chronic kidney disease,
disease, n=51,287 n= 11,798
CKD ascertained CKD ascertained
on or after1Jan before 1Jan
2017, n =23,107 2017, n = 28,180
CKD ascertained CKD ascertained
on or after 1Jan before 1Jan
2017,n= 4,273 2017,n= 7,525

Figure 6. 5 Inclusion of health-seekers with and without acute-on-chronic kidney disease 2017 — 2021

The number of those with PHDC-ascertained CKD and at-risk of acute-on-chronic kidney
disease are shown. Those who did and did not develop AKI are differentiated by whether or
not they had incident or prevalent CKD at the time they were at-risk of an episode.
Abbreviations: AKI, acute kidney injury; KRT, kidney replacement therapy.
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6.3.1 Comparison of those with and without acute-on-chronic kidney disease

See Table 6. 2 for a comparison of demographics and comorbidities between those who did

and did not experience AKI.

Did not develop AKI Developed AKI
Prevalenton 1 | Incidentonor | Prevalenton1 | Incident on or
January 2017, | after1 January 2017, | after 1
n=28,180 January 2017, | n=7,525 January 2017,
n=23,107 n=4,273
Age category, %
18 -39 4.7% 7.4% 6.1% 8.1%
40-64 42.6% 48.0% 45.4% 46.8%
65-74 31.3% 26.8% 30.0% 27.4%
>75 21.5% 17.9% 18.6% 17.7%
Age in years, mean (SD) | 64.6 (12.8) 62.0(13.8) 63.0(13.2) 61.8 (14.1)
Sex
Female, n (%)# 66.3% 62.7% 63.1% 59.3%
KDIGO eGFR CKD
severity stage
category*, %
<15 ml/min/1.73m? 2.2% 4.9%
15.1- 29.9 6.8% 9.4%
30-44.9 21.6% 22.3%
45-59.9 69.1% 63.2%
Pre-existing
comorbidities, yes %
Diabetes 43.7% 42.1% 59.6% 56.1%
Hypertension 81.6% 75.2% 85.1% 78.8%
HIV 7.8% 18.9% 10.5% 15.6%

Table 6. 2 Health-seeker attributes of those who did and did not develop acute-on-chronic kidney disease 2017 — 2021

# Sex was missing for <1% of individuals. *staging at CKD ascertainment if ascertainment was
in 2017 or later given the limited availability of eGFR results. Abbreviations: AKI, acute kidney
injury; IQR, interquartile range; KDIGO, Kidney Diseases: Improving Global Outcome; eGFR,
estimated glomerular filtration rate; CKD, chronic kidney disease; HIV, human
immunodeficiency virus.
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Table 6. 3 shows the incidence rate and person-time stratified by sex and incident and
prevalent CKD populations. The rate of A-on-CKD was consistently higher for males compared
to females despite a female predominance. The rate of A-on-CKD was higher for healthcare
clients with CKD ascertained in or after 2017 compared to those with CKD ascertained prior
to 2017. The cumulative incidence of A-on-CKD during the period 2017 — 2021 was
4,662/27,769 (16.8%) for CKD ascertained after 2017 and 8,810/36,990 (23.8%) for CKD

ascertained before 2017.

Overall

Male sex

Female sex

Overall

150,098 pyar

52,170 pyar

97,844 pyar

78.6 per 1000-pyar

(95% Cl 77.2, 80.0)

86.3 per 1000-pyar

(95% Cl 83.8, 88.8)

74.5 per 1000-pyar

(95% Cl 72.8, 76.2)

Incident on or
after 1

January 2017

49,538 pyar

18,301 pyar

31,206 pyar

86.3 per 1000-pyar

(95% Cl 83.7, 88.9)

95.0 per 1000-pyar

(95% Cl 90.6,99.5)

81.1 per 1000-pyar

(95% CI 78.0, 84.4)

Prevalenton 1

January 2021

100,559 pyar

33,869 pyar

66,638 pyar

74.8 per 1000-pyar

(95% Cl 73.1, 76.5)

81.5 per 1000-pyar

(95% CI 78.6, 84.6)

71.4 per 1000-pyar

(95% Cl 69.4, 73.4)

Table 6. 3 Person-time at-risk and incidence rates of acute-on-chronic kidney disease stratified by sex and incident/
prevalent CKD population

Person-time and incidence rates of healthcare clients with CKD ascertained prior to 2017 with
no evidence of death prior to 2017 and affirmative evidence of healthcare engagement after
2017 were compared to healthcare clients with CKD ascertained in or after 2017, stratified by
sex. All rates are reported per 1000 person-years at-risk (pyar).
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Baseline creatinine: The median baseline SCr, 2 days, 7 days and 365 days pre-AKI was 243
(IQR 175, 395), 227 (IQR 157, 370) and 127 (IQR 101, 180) umol/L, respectively. The median

baseline SCr that triggered the AKI was 126 pmol/L (IQR 99, 179).

Severity: during the AKI episode, the median SCr was 255 (IQR 186, 407) umol/L, the peak
was 273 (IQR 193, 453) umol/L, and the nadir was 208 (IQR 144, 340) umol/L. The KDIGO stage
at presentation was KDIGO stage 1 for 61.4% of AKI, stage 2: 21.1% and stage 3: 17.6%. The
highest KDIGO stage reached during the episode was stage 1 AKI: 54.5%, followed by stage 2:
22.7% and stage 3: 22.8%. Table 6. 4 shows the SCr value characteristics during AKI by peak

stage of 1, 2 or 3.

Creatinine, median Peak stage
(IQR) umol/L

1 2 3
Index 209 (165, 291) 264 (212, 350) 557 (341, 939)
Nadir 185 (134, 261) 205 (141, 291) 432 (216, 828)
Peak 211 (167, 296) 281 (227,372) 661 (438, 1037)
Final 187 (136, 266) 217 (145, 307) 532 (264, 919)

Table 6. 4 Creatinine characteristics by peak KDIGO stage for individuals with acute-on-chronic kidney disease 2017 — 2021

Abbreviations: KDIGO, Kidney Diseases: Improving Global Outcomes; IQR, interquartile
range; AKI, acute kidney injury.
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6.3.2 Community- versus hospital-acquired acute-on-chronic kidney disease
Shown in Table 6. 5, the median SCr pre-AKl as well as during AKI, was higher for CA-AKI

compared to HA-AKI potentially highlighting delayed presentation. Despite this, the
proportion of AKI that was staged as 1, was similar. There was slightly more HA-AKI stage 2
than CA-AKI stage 2, but only slightly more frequent CA-AKI stage 3 than HA-AKI stage 3. Post-
AKl, in the year following the end of AKI, the median SCr was higher for CA-AKI (224; IQR 137,
449 umol/L) compared to HA-AKI (186; IQR 125, 315 umol/L). Most individuals with CA-AKI

was hospitalised within 7 days (65.6%).
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All AKI episodes, n
episodes = 11,798

Community
acquired, n

episodes = 9,307

Hospital
acquired, n

episodes = 2,491

Age category, %

18 — 39 years 4.8% 5.5% 2.9%
40-64 36.4% 37.9% 29.5%
65—-74 29.0% 27.8% 33.8%
>75 29.8% 28.8% 33.8%
Female sex, % 61.8% 61.7% 62.2%

Per year
2017
2018
2019
2020
2021

Number of episodes, N (%)

2,687 (21.6%)
2,380 (20.2%)
2,296 (20.0%)
2,162 (18.7%)
2,273 (19.5%)

2,218 (22.5%)
1,923 (20.8%)
1,804 (19.9%)
1,644 (18.1%)
1,718 (18.7%)

469 (18.6%)
457 (18.4%)
492 (20.1%)
518 (20.9%)
555 (22.0%)

Creatinine, median (IQR)
pmol/L*
Pre-AKI
2 days
7 days
365 days

At ascertainment
Peak during episode
Nadir during episode
Final during episode

243 (175, 395)
227 (157, 370)
127 (101, 180)

255 (186, 407)
273 (193, 453)
208 (144, 340)
217 (147, 372)

255 (184, 417)
250 (179, 411)
127 (100, 184)

261 (188, 422)
276 (194, 463)
217 (149, 360)
223 (152, 386)

204 (147, 323)
150 (110, 230)
126 (102, 168)

238 (181, 355)
263 (191, 428)
187 (129, 287)
199 (133, 331)

AKI KDIGO peak severity

stage, %
1 54.5% 54.5% 54.5%
2 22.7% 22.1% 24.7%
3 22.8% 23.4% 20.9%
Comorbidities*#, yes %
Hypertension 81.5% 82.1% 80.4%
HIV 12.0% 12.9% 7.6%
Diabetes 56.5% 56.5% 58.0%

Table 6. 5 Characteristics of the first episode of acute-on-chronic kidney disease 2017 — 2021

Abbreviations: N, number; IQR, interquartile range; AKI, acute kidney injury; KDIGO, Kidney

Diseases: Improving Global Outcomes; HIV, Human Immunodeficiency Virus.
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Healthcare facility encounters in relation to AKI episodes: At the time of acute-on-chronic
disease, 28.6% of hospital admissions were admitted via emergency medicine®, and 44.6% of
hospital outpatient visits were emergency centre visits. Individuals with hospitalised CA-AKI
were most frequently treated in district hospitals (56.3%) and central hospitals (33.7%); the
median length of hospital stay was 4 days (IQR 2, 8). For HA-AKI, admissions were most
frequently to a central hospital (48.9%) and district hospital (42.8%) and the median length of
hospital stay was 11 days (IQR 8, 18). Facility encounters in the 30 days before episodes of A-

on-CKD are presented in Figure 6. 6 (CA-AKI) and Figure 6. 7 (HA-AKI).

17 patients may have been referred in directly via a medical speciality thus bypassing an emergency medicine
specialty or emergency centre visit record. Also, some disciplines (obstetrics and gynaecology) are separate
from the emergency centre and were not included as emergencies. Hence, emergency admissions here may
not include all emergencies depending on how the individual was processed by the facility.
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PHC

Qutpatient

1184
(10.5%)

13
(0.1%)

Admission

4742
(41.8%)

District Central

Primary

4761
{42.0%)

Regional

Figure 6. 6 Healthcare visit and facility types in the 30 days prior to community-acquired acute-on-chronic kidney disease

159



Intersecting circles are shown for (A) the number of primary healthcare (PHC), hospital
outpatient and hospital admission visits and (B) primary healthcare, district hospital, regional
hospital and central hospital facilities healthcare clients engaged with in the 30 days prior to
their index community-acquired acute-on-chronic kidney disease episode. The number of the
remaining individuals with no evidence of any healthcare engagement prior to their index CA-
AKl episode are shown outside of the diagrams. Drawn using the R ggvenn package.
Abbreviations: CA-AKI, community-acquired acute kidney injury; PHC, primary healthcare.
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667
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Figure 6. 7 Healthcare visit and facility types in the 30 days prior to hospital-acquired acute-on-chronic kidney disease
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Intersecting circles are shown for (A) the number of primary healthcare (PHC), hospital
outpatient and hospital admission visits and (B) primary healthcare, district hospital, regional
hospital and central hospital facilities healthcare clients engaged with in the 30 days prior to
their index community-acquired acute-on-chronic kidney disease episode. The number of the
remaining individuals with no evidence of any healthcare engagement prior to their index HA-
AKI episode are shown outside of the diagrams. The index admission of the HA-AKI was
excluded as prior encounters were of interest. Drawn using the R ggvenn package.
Abbreviations: HA-AKI, hospital-acquired acute kidney injury; PHC, primary healthcare.
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Vital and kidney outcomes: Recovery after CA-AKI was complete in 13.4%, partial 9.6%, non-
recovery 25.0% and uncaptured in 52.1% of individuals. For individuals with HA-AKI, there was
greater complete (19.4%) and partial (15.1%) recovery. Otherwise, 32.7% had non-recovery
by 7 days and 32.9% had no further SCr testing after the start of the HA-AKI episode. The mean
age at in-facility death was 68.8 (SD 13.9) years for hospitalised CA-AKI and 70.9 (SD 12.4)
years for HA-AKI. Figure 6. 8 and Figure 6. 9 shows the in-facility mortality following the AKI
episode stratified by age category and recovery status, respectively, which in part explains the

substantial proportion of episodes with non- and uncaptured recovery.

18 - 39.9 yrs 26.0
40 - 64.9 yrs 26.3
Hospitalised CA-AKI
65 -T74.9 yrs 298
>=T75 yrs 335
18 -39.9 yrs 267
40 - 64.9 yrs 303
HA-AKI
65-T4.9 yrs 373
==THyrs 433
[ T T T 1
0 10 20 30 40
% martality

Figure 6. 8 In-facility mortality during the index admission with hospitalised CA-AKI or HA-AKI stratified by age category

The proportion of healthcare clients with hospitalised CA-AKI or HA-AKI increased with
increasing age. Abbreviations: CA-AKI, community-acquired acute kidney injury; HA-AKI,
hospital-acquired acute kidney injury.
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Complete 10.6
MNon-recovery 33.9
Hospitalised CA-AKI
Partial 13.6

Uncaptured 41.5

Complete 12.8
MNon-recovery 457
HA-AKI
Partial 147

Uncaptured 47 2

T T T 1
0 10 20 30 40 50

% mortality

Figure 6. 9 In-facility mortality during the index admission with hospitalised CA-AKI or HA-AKI stratified by recovery status

The highest proportions of healthcare clients who died with acute-on-chronic kidney disease
were those who had non-recovery of AKI by the end of the AKl episode and those who had no
further SCr results following the initiation of the AKI episode. Death may therefore explain the
high proportion of individuals who had an unrecorded SCr following the start of the AKI
episode. Note that recovery was assessed at the last SCr result within the 7 days following the
start of the AKI episode. Death may have occurred within those 7 days or later in the index
admission. Abbreviations: CA-AKI, community-acquired acute kidney injury; HA-AKI, hospital-
acquired acute kidney injury.
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6.4 DISCUSSION

Routinely collected data by the PHDC was used to describe the incidence and traits of
healthcare clients with A-on-CKD in the City of Cape Town during 2017 — 2021. CKD is an
important risk factor for AKl and in this analysis, the frequency of A-on-CKD was common,
often severe, and short-term kidney function recovery was often either limited or

undetermined, mostly explained by high in-facility mortality.

6.4.1 Results in context
Previous literature has established that CKD is an important risk factor for AKl and A-on-CKD

accelerates CKD progression and reduces the time to KRT.(213,215,216) In the current
analysis, AKI was more common in those with an eGFR < 30 ml/min/1.73m? at CKD
ascertainment. AKIl incidence and poor outcomes have previously been found to increase
exponentially as the eGFR decreased.(217,218) Those who experienced AKI were younger, as
is consistent with AKl in people without CKD (section 5.3.1) except they had substantially more

comorbid diabetes and hypertension.

The French CKD-Renal Epidemiology and Information Network (CKD-REIN) was a prospective
cohort study of referred patients with an eGFR < 60ml/min/1.73m2.(219) Hamroun et al.
subsequently retrospectively identified A-on-CKD by chart review using CKD-REIN.(216) In that
study, 53% of AKI was community-acquired. The study was restricted to consenting
participants known to nephrology centres receiving specific kidney care, which may not be
representative of all patients with CKD being seen in routine care such as those who are
captured by the PHDC.(219) They found that male sex was a risk factor for AKI. In contrast to

the observation that those with ascertained CKD by the PHDC were mostly female (section

165



5.3.1) the sex distribution was no different between those who experienced and did not
experience super-imposed AKI in this analysis. However, the incidence rate of A-on-CKD was
higher in male healthcare clients. Although not explored as it would be difficult to deduce the
indication for SCr testing, the incidence difference might be explained by non-biological (sex)
differences because of how women and men access healthcare in South Africa and are thus
captured by the PHDC. The average age of those who did and did not develop A-on-CKD was
above 60 years old, at which age hormonal effects on AKI development are likely to be
negligible. This is supported by translational evidence of decreased ischaemia-reperfusion

renal injury in ovariectomised rats that received oestradiol.(220)

While labour-intensive, CKD progression could be nephrologist-adjudicated by the previously
cited authors it was not possible in this study using automated AKI detection algorithm.
Nevertheless, CKD progression has previously been found to mostly be attributed to AKI non-
recovery.(221) In this analysis, short-term non-recovery of kidney function was frequent and
the SCr post-AKI was much higher than the AKI triggering baseline value suggesting substantial
CKD progression post-AKI. It is therefore not surprising that super-imposed AKI accelerates
the time to kidney failure (KF) and increases the need for KRT, and AKI prevention and its

treatment should be equally aggressive, as demonstrated by others.(216,222)

It was observed that complete and partial short-term recovery was limited for both CA-AKI
and HA-AKI. AKI may well have been persistent beyond 7 days into the AKD continuum.
Although still invaluable prognostic information, recovery should ideally be evaluated further
into the future. However, there may be further injury or insults between the index episode
and future recovery assessment, especially if recovery is assessed after many weeks or
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months, conflating the outcome of the current AKI. Either way, Hsu et al. have previously
demonstrated poor outcomes following hospitalised A-on-CKD in Kaiser Permanente,
northern California.(222) They found that of those who developed super-imposed AKI, 26%
died during the index hospitalisation, which was lower than the mortality observed in the
current analysis, at least for older individuals with hospitalised CA-AKI and all HA-AKI. In those
with a baseline eGFR 30 — 44 ml/min/1.73m? and 15 — 29 ml/min/1.73m?, 42% and 63%,
respectively, developed KF within 30 days in the cited study. Also, those who experienced AKI
had a 30% higher risk of death and KF. In addition, mortality was much higher than the 1-year
mortality reported in CKD-REIN (12.7%). This was despite a similar AKI severity and CKD-REIN
participants being on average 10 years older than healthcare clients in this analysis. The most
likely explanations are that participants in CKD-REIN were in nephrology care and so may have
received prompt kidney care including dialysis, and healthcare clients in the City of Cape Town
are subjected to socioeconomic factors and poorly controlled comorbidities that are likely to

contribute to poor outcomes.(223,224)

In the Salford Kidney Study, using a competing risk model, it was found that additional kidney
episodes after the first were associated with a higher hazard of KRT initiation but not
death.(213) Individuals with evidence of KRT were excluded from the analysis of A-on-CKD as
the start of KRT was unknown and KRT would conflate the changes in SCr used to define AKI.
It would have been pertinent, if the KRT start date were known, to investigate the effect of
superimposed-AKI on the time to KRT initiation as a proxy of CKD progression. On the other
hand, but not analysed, A-on-CKD may have necessitated the initiation of long-term KRT. In

addition, acute dialysis was not captured, and it was not possible to confirm if those with
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partial or complete recovery showed improvements in SCr because of the effects of acute

dialysis.

6.4.2 Strengths and limitations
Even though the PHDC algorithm does not permit the detection of AKI once CKD has been

ascertained, the detection of A-on-CKD was made possible by executing a modified AKI
detection algorithm in the SCr results of persons with PHDC-ascertained CKD, overcoming the

limitation of the current PHDC algorithm.

Misclassification: It was noted after manual inspection of SCr/ eGFR results that recurrent AKI
was misclassified as CKD (section 5.3.1). The frequent testing of eGFR in the year before CKD
was ascertained was also suggestive of acute illness. This is a disadvantage of using routinely
collected data when the indication and circumstances around testing are unknown and must
otherwise be inferred.(211) Because a large proportion of AKI is community-acquired, only
using eGFR values generated at the time of primary healthcare visits that are more likely to
represent stable kidney function compared to eGFR samples taken at the hospital, would not
adequately avoid this misclassification. It is worth investigating whether current KDIGO AKI
criteria accurately discern acute changes in SCr correctly in people with CKD and whether or
not KDIGO severity stages are associated with the same risk of death and kidney function
decline compared to persons without pre-existing CKD. Larsen et al. found that adjusting the
baseline SCr for sex and time between SCr measurements decreased false-positive A-on-CKD
detection.(225) Also, Xu et al. have proposed that A-on-CKD be defined by increases in SCr
>25% (rather than the currently used 50%) based on a reference change value that was

derived using intra-individual biological and analytical variation in SCr measurement.(226)
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That rule detected 40% more AKI than the established 50%-rise criterion and was associated
with higher mortality and CKD progression in their analyses foretelling possible improved

prognostication.

Following inspection of the period before AKI was triggered, it could be seen that there was
SCr ‘creep’. This inflates the baseline SCr and made it more difficult for AKI to be triggered
using current definitions of AKI. The algorithm used to detect A-on-CKD in this analysis fixed
the baseline for the duration of the episode as an attempt to prevent this at least once AKI
was already established. Of interest, a rolling 48-hour window as opposed to a static average
baseline SCr resulted in superior discrimination of the risk of inpatient mortality and acute
dialysis need in a recent analysis.(227) Furthermore, in the current work, the baseline SCr in
the 2 and 7 days preceding the episode was on average higher than the 365-day window
indicating that the SCr was probably already abnormal in the 2 to 7 days preceding the

detection of AKI.

It is recognised that SCr test results may be falsely low in the post-hospitalisation period due
to haemodilution, muscle loss and poor nutrition and so falsely decrease the baseline SCr used

to trigger subsequent AKI.

Persistent injury beyond 7 days is possible, namely AKD, and was also considered as an
extension of the AKI algorithm.(10) A conceptual framework for its inclusion as an automated
algorithm was developed but was unsuccessfully implemented concurrently with the current

AKI detection code (Figure 6. 10).
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BASELINE and RECOVERY assessment

Fixed baseling T AKD recovery assessed at <+90d

1.5x median —365d —8d
1.5x lowest —7d
N 26pumol/L lowest -2d
+1d +90d
+1d +8d AKD,
. AKl,
AKD episode assessment

Figure 6. 10 Adaptation of the modified NHSE algorithm to include assessment of AKD detection

The dotted line represents longitudinal SCr values. On day 8 following the start of an AKI
episode, AKD assessment takes place. The fixed baseline SCr, utilised during the preceding AKI
episode, is reused to define new AKD. New AKD would be triggered by an index SCr on day 8
(after AKI) that was > 50% of the fixed baseline — which would initiate day 0 of the AKD
episode. Recovery assessment would take place on or before the end of the 90-day AKD
episode. Abbreviations: AKI, acute kidney injury; AKD, acute kidney disease; SCr, serum
creatinine.

6.5 CONCLUSION

For the first time and despite limitations in the PHDC AKI detection algorithm, the number of
incident cases and characteristics of A-on-CKD in the City of Cape Town, South Africa, have
been described. A-on-CKD was common, mostly community-acquired and short-term
recovery was poor or uncaptured. Difficulty translating current consensus criteria into
automated processes, uncertainty about which healthcare clients with CKD were still at risk
of AKI and interconnected syndromes prone to misclassification were a challenge. The profile

and frequency of A-on-CKD should be interpreted considering such.

Progression of CKD, often in response to acute insults, will next be considered in terms of the

dysregulated biological mechanisms underpinning kidney function decline.
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/ METHODS USED TO INVESTIGATE THE ASSOCIATION
OF CARDIOMETABOLIC PROTEINS WITH KIDNEY
FUNCTION DECLINE IN OLDER ADULTS WITH
ADVANCED CHRONIC KIDNEY DISEASE

7.1 INTRODUCTION

In chapter one, | explained the multifactorial nature of CKD progression that involves various
biological processes, including possible kidney-heart crosstalk. This chapter outlines the
methods that were used to investigate the aetiological association between cardiovascular
disease-related proteins, described in chapter one section 1.6.9, and eGFR decline using data
from the EQUAL study. The aim was to propose some potential mechanisms of CKD
progression and explain how these mechanisms might cause eGFR to decline . This analysis
consists of (1) individual protein associations and (2) biological pathway associations. Reasons
for the chosen model and specifications that account for confounding factors, missing data

and informative censoring are detailed.

7.2 STUDY POPULATION

This analysis was undertaken using data from people enrolled in the EQUAL Study, introduced
in chapter one section 1.6.8, who additionally consented to biobanking and analysis of blood
samples (80% of the total cohort). Proteomic analysis by Olink® Uppsala, Sweden was

performed in batches. Samples from participants in Germany (DE), the UK and Poland (PL)
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were analysed together. Samples from Swedish (SE) and Italian (IT) participants were
subsequently analysed separately as additional funding became available and sample

processing was completed.

Samples collected in the Netherlands had not been processed at the time of this analysis and
are therefore not included. Two sub-cohorts of participants were created: DE, UK, PL formed
the discovery cohort and SE formed the validation cohort. The cohort was split in this way to
internally validate (within the EQUAL study) that the association between protein and eGFR
decline were sustained. K-fold cross-validation techniques were not possible because only
results from DE, UK and PL were comparable because of the way the batches were
analysed.(228) Samples from lItalian participants could not be included in either cohort
because laboratory plates were not bridged!® between batches and were therefore not
combinable with each other. Although possible, a separate validation was not undertaken

using the Italian samples as the central biobank expressed concerns of sample mishandling.

7.3 INDIVIDUAL PROTEINS AND PATHWAYS AS THE EXPOSURE OF INTEREST
The exposures of interest were the levels of expression of the cardiometabolic proteins. Only

samples collected at the baseline visit were included as there were few samples collected at
KRT initiation. As detailed in section 1.6.9, two proteomic panels, reported as Normalised

eXpression (NPX) units?®, were analysed on these baseline plasma samples. A complete

18 Samples from one batch are included in the analysis of another batch to ensure that all batches analysed
within a project have the same reference point. The reference point for each batch is used to standardize the
protein levels and define a batch-specific level of detection value.

19 Although the NPX unit on the log: scale has no inherent clinical meaning, a one-unit increase can be
interpreted as a doubling in protein concentration.
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protein list is available in Appendix 2. Details on the panels and assay technology are provided

in section 1.6.9.

Two analyses were performed: 1) each individual protein was included as the exposure, and
2) proteins were grouped together into modules representing biological pathways, detailed in

the next section.

7.3.1 Bioinformatic analysis
As demonstrated in section 1.6.6, although it is convenient to evaluate proteins singly, they,

in fact, act in coordinated systems. A secondary aim was to discover biological pathways that
are associated with CKD progression. This was accomplished by firstly establishing which
individual proteins were most highly associated with eGFR decline. Then, the biological
pathways that these proteins represented were found. A pathway score was calculated, and

this score was modelled in association with eGFR slope.

Biological pathways: Protein panels were carefully selected by Olink® because of the current
evidence that they are empirically involved in cardiovascular disease. The proteins included in
the Olink® panels analysed, therefore, have a higher chance of representing a particular
biological pathway already associated with cardiovascular disease than by chance alone. For
example, nine proteins are of the interleukin family and many others are immune system
related potentially meaning that the proteins analysed are enriched for immunological
signalling. The degree to which proteins (or genes) represent a biological pathway more than
by chance (especially where multiple diverse genes/ proteins are tested) may be formally
assessed using pathway over-representation analysis (also known as gene set enrichment
when the interest is in differentially expressed proteins/genes).(229,230)
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Reactome is an open-source, user-friendly, web-based bioinformatic database of pathways
that is updated regularly and manually expert-curated.(231,232) As of version 83, December
2022, 11,350 protein isoforms and 2,601 pathways are characterised in the Reactome
database. Biological pathways are organised using hierarchical GO terms, defined in section
1.7.7. Pathway enrichment analysis was performed using the Reactome knowledgebase to
analyse the individual differentially expressed proteins with a protein-eGFR slope P-value <
0.05. The homo sapiens catalogue was queried using UniProt (Universal Protein) accession
numbers. The analysed Olink® proteins were compared to the reference proteins catalogued
by Reactome, and a Fischer-exact test was performed subject to the current canonical
experimental evidence, as curated by Reactome, that a protein does or does not feature in a
particular biological pathway and does or does not feature in the list of Olink® proteins. A false
discovery rate P-value < 0.05 (see section 7.6 below) was considered as evidence that the
analysed proteins were not over-represented in biological pathways more than by chance

alone.

Principal component analysis: Once biological pathways were identified as described above,
principal component analysis (PCA) was conducted on the individual proteins characterised
by that pathway to generate a single score that best represents a complex coordinated
pathway.(233) PCA summarises many correlated data points, in this case protein expression
values, into linear combinations that explain the most variance® — called the principal

components (PC) or dimensions — which are uncorrelated.(234) Conceptually, there are as

20 variance is a measure of dispersion calculated as standard deviation®®2, |t is possible to compare all
proteins’ values’ spread in this analysis because all proteins were quantified in the same NPX units of
measurement and are normalised to median-zero.
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many PCs as individual proteins — which is impossible to display on more than a few axes of a
graph. PCA, however, transforms multi-dimensional data into much fewer PCs while still
retaining maximal information. Scree plots, which order the variance explained by each PC,
were used to visually decide the number of PCs that explain the most variance to keep for
each pathway.(235) The retained PCs were individually entered into the model as a single

variable instead of individual proteins as a complementary analysis.

Protein-Protein interactions: Interacting proteins were explored using Search Tool for Retrieval
of Interacting Genes/ Proteins (STRING) database, version 11.(236) STRING-db is a web-based
bioinformatic platform for examining the direct and indirect interactions between proteins,
evidenced by high-throughput biological experiments or (less-evidenced) predicted
interactions (for example using text-mining). The homo sapiens database was searched using
the UniProt protein accession numbers of proteins identified as having an association with
eGFR decline (as searched above). Only known associations were used i.e., those with
experimental data for direct protein interactions and curated databases, but not those with

only predicted interactions from low-level evidence such as text-mining.

7.4 OUTCOME OF INTEREST

The outcome of interest was in estimating the eGFR slope by using repeated measures of pre-

KRT eGFR. Slope is the change in eGFR over time. The CKD-EPI 2009 equation?! was used to

21 Although there is consensus to prefer the 2021 equation without race coefficient, there may be some bias
using this equation in advanced CKD and the 2009 equation is still recommended for use in Europe.(211,237)
Note that the MDRD equation was used to assess eligibility in the EQUAL study.
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estimate GFR from baseline to end of follow up at 6-monthly intervals (or 3-month intervals
when eGFR reached < 10ml/min/1.73m?) according to the EQUAL study protocol.(5,140)

Estimated GFR was log-transformed because of non-normality of eGFR (Figure 7. 1).

Box 7. 1 shows features of this longitudinal repeated measurement data requiring

consideration in the analysis.

o Unequally spaced eGFRs for individuals (3/6 months, may have missed visits;
routinely collected data, not at pre-specified study visits)
The number of eGFR measurements differs between patients
Patients are enrolled at different points in calendar time (staggered entry)
Patients are enrolled at different baseline eGFR
The relationship between eGFR and time is non-linear and dynamic, affected by
non-GFR factors as well
o Patients may have different slopes (steep vs slow decline vs improvement vs
catastrophic)
o eGFR values are more closely related within individuals than between
individuals (dependency)
o eGFR values are more closely related when measured closer together than
further apart in time
o eGFRs will not be ‘measured’ after some events
o Early drop out may be informative (non-ignorable missing data)
o Some events (e.g. death) may compete for other events (e.g. dialysis/
transplantation)

O O O O

Box 7. 1 Features of the longitudinal EQUAL data
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Figure 7. lillustrates the distribution of eGFR values. The reason for right-skew is notable given
that the EQUAL study is of people with advanced CKD in whom the eGFR would be expected
to be much lower than 60 ml/min/1.73m?2. The inclusion criteria, however, only required a
single eGFR of < 20ml/min/1.73m? prior to study entry which meant that some patients were
included with a previously spuriously low eGFR, although patients with ostensible AKI were

excluded by the EQUAL study protocol.
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Figure 7. 1 Pre-dialysis eGFR distribution

A. Untransformed eGFR and B. log-transformed eGFR Abbreviations: eGFR, estimated
glomerular filtration rate.
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7.4.1 Primary analysis of repeated measures (of eGFR)
Individuals may have different starting eGFRs when they entered the study (intercept) and

different trajectories of eGFR decline (slope). eGFR measurements? are clustered per person,
individuals are in turn clustered per country creating a hierarchy. Multilevel (also known as
hierarchical) linear mixed models (MLM) with random effects were therefore used to analyse
the repeated measures of eGFR.(238) The MLM model framework allows the intercept and
slope to be calculated individually, hence modelling random effects, instead of the population
average i.e., fixed effects which are assumed to be unchanged across the entire study
population, as depicted in Figure 7. 2. The MLM also allows for unbalanced study design, as
used in the EQUAL Study, with irregular times between study visits at which data collection

was performed.(140)

Generalized linear mixed model (GLMM) with Poisson family and log-link are preferred to
including log(eGFR), necessary because of non-normally distributed eGFR values, in a linear
mixed effect model because log(eGFR) is not readily interpretable; a GLMM was therefore
used in this analysis.(239,240) The log-link rescales the relationship between slope and time
to a logarithmic distribution and so negates the need for splines in the setting of a nonlinear
relationship.(225) Robust standard errors were calculated because model-based standard
errors may be biased when repeated measurements are not independent of each other within
and between clusters and relaxes the assumption that the variance must equal the mean in
Poisson regression.(242) Protein*time interaction coefficients (multiplied by 100) were

interpreted as % change in eGFR per year per doubling of protein concentration. In addition,

22 The term ‘measurement’ here is in the statistical sense and is not intended to mean the direct measurement
of GFR.
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predictions of the average slope, after adjustment for independent covariables (section 7.4.4),
were visually plotted. Follow-up may have ended prematurely because KRT was initiated, the
patient died, the patient was lost to follow-up or study completion had occurred (at 4 years),

whichever came first.
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Figure 7. 2 Conceptual diagram of eGFR slope

Traditional regression analysis would calculate a single intercept and slope assuming that all
individuals decline their kidney function at the same rate i.e., a population average (‘Avg’). In
reality, individuals (ID_) may have different starting eGFR’s and slopes. Abbreviation: eGFR,
estimated glomerular filtration rate.
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7.4.2 Levels of the multilevel model
There are three hierarchical levels defined which are nested within the higher order level

(Figure 7. 3):

3. Study country —it is to be expected that populations would differ systematically in the
starting eGFR at study entry because of referral to specialist nephrology service
practices. Also, the trajectory in eGFR slope, pre-dialysis care, juncture at which KRT
initiation is considered, and mortality outcomes may differ between countries,

2. Inter-individual variability between study participants,

1. Intra-individual variability within the same person.

Random effects in this analysis included individual level (level 1 and 2) parameters only for
model simplicity and because the main purpose of mixed effects modelling was to account for

repeatedly measured eGFR. Country was instead included as a fixed effect.

Country
[ Level 2| Individual, Individual,
| |
| | | | | |

eGFR, eGFR, eGFR, eGFR, eGFR,; eGFR,

Figure 7. 3 Hierarchy of multilevel effects

eGFR measurements are measured repeatedly within the same person (level 1) and
measurements differ between people (level 2). These research participants are nested
within a country (level 3). Abbreviations: eGFR, estimated glomerular filtration rate.
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7.4.3 Covariance
eGFR values within the same individual are likely to be correlated more than eGFRs between

people, particularly when more frequent and closer in time. The covariance structure
therefore becomes important when considering the intra- and inter-individual variation of
eGFR within and between patients and should be estimated as close as possible to the true
relationship. Different designs are available: independent, compound, autoregressive, and
unstructured.(243) An unstructured organisation was selected for this analysis which makes
no assumption about the relationship between pairs of eGFR values regardless of the time

between measurements and changing fluctuations within the same person.

7.4.4 Confounding and mitigation of other biases
The causal association between expression levels of cardiometabolic proteins and eGFR slope

may be affected by other measured or unmeasured factors. The assessment of the
relationship may be biased if not accounted for, or conversely, if inappropriately adjusted for.
Causal diagrams (directed acyclic graphs, DAGs), established on causal inference theory, were
used to set out my assumptions about the relationship between the independent variables on
the exposure and outcome and independent variables between each other. Inspection of the
causal structure helped to appropriately account for confounding factors and exclude
mediating or collider biased pathways (see Figure 7. 4).(244,245) DAGs include nodes
(variables) connected by unidirectional edges (lines with arrows). When two edges converge
on a variable, that variable is called a collider. Indirect ‘backdoor’ paths may induce an
erroneous association between extraneous variables, thus producing bias. Conditioning on a
collider, for example, may induce collider bias.(246) Given that there were 175 proteins i.e.,

exposures, a general framework was created for practical reasons, using a pragmatic approach
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that took into consideration clinically important risk factors for CKD progression, influences
on protein levels and study country as a proxy for geographic policies on treatment, referral
to nephrology service practices and possible differences in vital and kidney outcomes. Five

sequential model adjustments were conducted:

0. Unadjusted

1. Model 0 + sex, age, country

2. Model 1 + systolic blood pressure, diabetes mellitus status, and primary renal disease
(as defined by the European Renal Association — European Dialysis and Transplant
Association)(247,248)

3. Model 2 + albuminuria (albumin: creatinine ratio)(249)

4. Model 3 + medications (renin angiotensin aldosterone system inhibitors [angiotensin
converting enzyme inhibitors, aldosterone receptor blockers and mineralocorticoid

receptor antagonists] and B-blockers)(250,251)

Model 4 was considered the primary analysis but since medications would not be expected to
influence all protein levels, model 3 was also considered of secondary interest. Furthermore,
an assumption was made that medications confounded the relationship between protein
levels and slope; comorbidities, such as hypertension, did not mediate the relationship
between protein level, medications and slope (protein - hypertension - antihypertensive -
slope). This was decided as although the antihypertensive was prescribed to treat
hypertension, hypertension was proxied by systolic blood pressure (BP) and the
antihypertensive would directly affect the level of BP. Systolic BP was measured using a
standardized study protocol. Diabetes mellitus status, medications and PRD were recorded by

the treating nephrologist. Only variables collected at the baseline visit were used i.e., variables
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were not allowed to vary over time. This was decided because future co-variables cannot
influence past values of proteins measured exclusively at the baseline visit. Country was
included as there may be factors related to the study site that determines how patients were
managed. Some models for the discovery analysis failed to converge for some proteins (n =3
proteins [model 2], 13 proteins [model 3] and 12 proteins [model 4]). Country was removed
as a covariable in these models to achieve model convergence. Baseline eGFR was included in

the repeated measures eGFR and not adjusted separately.
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Figure 7. 4 Postulated exposure-outcome relationship in the setting of other variables

Nodes (variables) are connected by arrowed edges. The exposure(s) of interest were Olink®
proteins and the outcome was eGFR slope. Blue nodes represent the only direct ancestors
(causes) of the outcome, other than the exposure (green). The green edge represents the
direct analysis of interest (front door). All back doors through the white nodes are blocked
after adjustment. Age, sex, systolic blood pressure, diabetes status and primary renal disease
are represented by the single ‘comorbidities’ node for simplicity, included from the baseline
visit only (time invariant). Please note the hidden arrowhead from ‘Medications’ to ‘Future
eGFR’. Abbreviations: eGFR, estimated glomerular filtration rate. This DAG was produced using
the DAGitty web-based environment.(252) Abbreviations: eGFR, estimate glomerular
filtration rate.
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7.5 SENSITIVITY ANALYSES

Two sensitivity analyses were conducted, as detailed below, to confirm the robustness of the
primary analysis in the presence of informative censoring and substantially missing ACR data.

Sensitivity analyses were conducted on both discovery and validation sub-cohorts.

7.5.1 Joint modelling
Patients could withdraw follow-up before the scheduled completion of the study because of

death, loss to follow-up or KRT initiation. When this happens, patients are said to be censored
(graphically depicted in Figure 7. 5). Censoring may be noninformative when these losses to
follow-up are unrelated to the study or worsening kidney function. Standard methods to
estimate the rate of change or slope of a longitudinal outcome assume that dropouts from
the study are noninformative and this is an important model assumption. In some situations,
patients with CKD might drop out of studies because of the severity of their kidney
disease.(253) Patients with advanced kidney disease for example would often be expected to
initiate KRT once KF develops, which was of particular concern in the EQUAL study since
patients had advanced kidney disease and were expected to reach KF rapidly.(140)
Alternatively, those with stable or unstable kidney function who choose conservative care may
be referred back to primary care for further follow-up. Since native kidney function can no
longer be quantified after the initiation of KRT or loss to follow-up, eGFR measured after this
time becomes unobserved i.e., missing, and estimation of the eGFR slope may therefore be
biased. The rate of decline in kidney function, among other factors, may have been considered
in the decision whether to initiate KRT. Censoring in this situation is termed informative and

special modelling methods are required to take this into account.(253—255)
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Although people who initiate KRT may go on to later die with or from their kidney disease or
be LTFU, the first occurrence primarily inhibits the measurement of future eGFR (data become
missing).(256) These first events ‘compete’ with each other in that they are mutually exclusive.
In some patients with CKD, especially those with advanced disease and those who are older
with multi-morbidity, the risk of death is higher than initiating KRT.(257) In a survival analysis,
simply censoring events in this situation is undesirable because estimates are biased when
the probability of one occurrence is higher than another and those who are censored are
potentially still at risk of experiencing a competing event.(258) The time to these events is
therefore ‘cause-specific’ when the research question is aetiologic. In the cause-specific
competing risks framework, people are removed from the dataset after experiencing the first

event because they are no longer at risk of experiencing a competing event.?

The following events were taken as competing in this analysis:

1. KRT initiation

2. All-cause mortality

3. LTFU

4. If a person did not initiate KRT, was not LTFU or did not demise, they were considered
alive at last follow up (administrative censoring at the time of last database update or

study completion)

23 In predictive research, the sub-distribution i.e., Fine and Gray model is used instead in which individuals
remain in the dataset after the first competing event.(259)
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Reasons for leaving the study may have been because the renal clinic discharged the patient

back to primary care, the patient moved away from the study site, or the patient withdrew

consent.

As a sensitivity analysis, joint models (JM) were used in the current study to explore the
possibility and effect of informative censoring and competing risks as the eGFR slope may

potentially differ between persons with different censoring events, see Figure 7. 5.(260,261)
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Figure 7. 5 Conceptual diagram of the end of eGFR observation after competing censoring events

Estimated GFR is unknown after patients initiate KRT, die or are lost to follow up. eGFR slope,
the outcome in this analysis, becomes censored after this time. The lines represent individuals
(ID_) with their own personal trajectories and censoring reasons, while ‘Avg’ line shows the
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overall average of all individuals. Abbreviations: eGFR, estimated glomerular filtration rate;
LTFU, lost to follow up; KRT, kidney replacement therapy.

The joint model framework includes two or more sub-models that are analysed

simultaneously:

1. MLM longitudinal model (described already in section 7.4.1) and,

2. Time-to-event (aka survival) model(s) which will be described below.

Parameters computed by the longitudinal model are incorporated into the estimation of the
survival model and vice versa. The advantages of using JMs are to allow for the effects of
potential informative censoring in the estimation of the longitudinal model by stipulating how
the time to early dropout (by KRT initiation, death and LTFU) affects eGFR slope. Only the
longitudinal model parameters i.e., the slope coefficient, were of interest and reported. Two
user-written Stata commands were used to execute the JM: stjm, which does not allow
competing risks, and the more flexiblemer1in v2.1.5 (Mixed Effects Regression for Linear,
Non-linear and user-defined models), which allows more than one MLM and survival (for the
purposes of competing risks) models and splines, both written by Michael J
Crowther.(262,263) merlin incorporates multiple components (the sub-models) which
consists of various elements which build the specification of the model. Elements include the
independent and dependent variables, nonlinear terms, interactions, random effects, and

distribution families.

Longitudinal sub-model: A random intercept and slope were specified. Iterations of the

longitudinal model sequentially adjusted included models 0 — 4.
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Time-to-event sub-model: The time from which eGFR measurements were recorded in the
study i.e., the baseline visit, was taken to be when the study participant was first at risk in all
time-to-event analyses and the timescale was measured in years until the first censoring event

(either KRT initiation, death, LTFU or otherwise censored as alive at last follow-up).

Each competing risk component sub-model was included separately. In other words, in
addition to the longitudinal MLM model, a sub-model for each time to KRT, death, LTFU and
administrative censoring was specified. Administrative censoring occurred when end of
follow-up was reached, or data extraction was undertaken and no occurrence of KRT initiation,
death or LTFU had otherwise been experienced. The KRT time-to-event sub-model was
adjusted for age, sex, country, and primary renal disease. The death time-to-event sub-model
was adjusted for age, sex, diabetes mellitus status, systolic blood pressure, country, primary

renal disease and ACR.

7.5.2 Missing data

There were some missing data for Olink® proteins. Superoxide dismutase 1 protein failed
quality control in 97 individuals in the discovery sub-cohort. None were missing protein data
in the validation sub-cohort. Age, sex and country had zero missing values. Information was
missing for <1% for the co-variables diabetes mellitus status, primary renal disease and systolic
blood pressure. Estimated GFR (the outcome) was missing for <1% and missingness of the
repeated measure variable is inherently handled within the multilevel model. Of most
concern, baseline ACR was missing in 43%. Data were collected from patient questionnaires

at the time of routine clinic visits.(140) Biochemical results were recorded from medical
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records at these associated visits and testing was not specifically requested for the purpose of
the EQUAL study. It would be expected that every non-anuric? patient visiting the kidney clinic
would undergo a urine test (at the very least a urine dipstick) and no one should be expected
to be anuric at the baseline visit with an eGFR of 20 ml/min/1.73m? and so be unable to
produce urine. Proteinuria would therefore be readily detected and a urine ACR or PCR
requested, and its result recorded. It was hypothesised that significant proteinuria would be
more likely to be detected and recorded and so its missingness was dependent on unobserved
proteinuria levels.(264) Alternatively, urine collection or result recording may have differed

because of site-specific practice patterns.

Handling of missing data: The simplest solution to missing data, and the default of most
statistical models and software, is list-wise deletion resulting in a complete case analysis of
individuals with available data across all variables (exposure, independent variables and
outcome). This may be pragmatic but potentially problematic for two reasons. Firstly,
excluding observations or individuals missing some data (even one value for a particular
variable) leads to a loss of sample size and decreased precision in model estimates. Secondly,
this approach assumes that the resulting dataset is a true representation of the whole study
population with observations excluded. This may not be true if the individuals with incomplete
data are different to those with complete data leading to biased model estimates. If the actual
missing values or reasons for missingness can be recovered, then these problems may be
overcome. For clinical data such as diabetes status, other related data — the use of antidiabetic

medication, mention of the type of diabetes — were used to assume that diabetes in fact,

24 Urine production < 50ml/day
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coexisted. Missing albuminuria data were recovered by converting measured protein:
creatinine (PCR) to albumin: creatinine ratios.(265) Actual ACR and converted PCR to ACR
values for those with both ACR and PCR available were mostly comparable; outliers were
probably incorrectly recorded in another unit of measurement or a decimal place was

erroneously added (Figure 7. 6).
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Figure 7. 6 Comparison between actual and converted ACR

The actual ACR values are compared to the predicted urinary ACR values using Weaver et al’s
equation to convert PCR to ACR. There may have been measurement error due to incorrect
recording of PCR and ACR in cases where the ACR or converted ACR measure was close to zero
but the corresponding ACR or converted ACR was much higher (follow data points along 0
mg/mmol). Abbreviations: ACR, albumin: creatinine ratio; PCR, protein: creatinine ratio.

191



Missingness mechanisms: Rubin (266) proposed three mechanisms of missingness that explains

systematic differences in the observed and missing data:

1. Missing completely at random (MCAR): there are no systematic differences between
the observed and unobserved data,

2. Missing at random (MAR): any systematic differences between the observed and
unobserved values can be fully explained by data that were observed,

3. Missing not at random (MNAR): associations with the observed data cannot explain

all systematic differences between the observed and missing data. (267)

Systematic differences may be explained by observed data in the exposure of interest, the
outcome of interest or other data. The missingness mechanism therefore further depends on
whether the missingness can be explained by the exposure, outcome, or independent model
variables. In a linear regression, a CCA is deemed biased when the chance of a complete case
i.e., ACR is not missing, is dependent on the outcome alone or in combination with the
exposure and/ or confounders.(267) Following adjustment for age, sex, systolic blood
pressure, diabetes status, study country, primary renal disease, RAAS-inhibiting drugs and B-
blockers, a logistic regression model was used to assess the odds that the eGFR slope
(outcome) would have on someone having ACR observed or not. Based on these results
(presented in section 8.1.5) and a DAG drawn (Figure 7. 7) showing the assumed relationship
between the exposure, outcome and included independent variables in the model, a CCA was

thought to be unbiased and so was conducted as the primary analysis.
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Figure 7. 7 Potential missing data mechanism for albuminuria

In this DAG, the assumed relationship between the exposure (green), adjusted-for
independent variables (white), outcome (blue) and unobserved variables (grey) are shown.
There is no relationship between the outcome and chance of having a missing ACR. Note the
hidden arrow from ‘Medications’ to ‘Future eGFR’. Abbreviations: ACR, albumin to creatinine
ratio; eGFR, estimated glomerular filtration rate.
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Multiple imputation: Multiple imputation (Ml) is most appropriate when a CCA is deemed to
be biased and recovery of missing data may lead to improvements in precision and
efficiency.(268) As a sensitivity analysis, Ml was conducted to compare the slope estimates
with the primary analysis assuming a MAR missingness mechanism. MI uses a model to
randomly sample values of the missing data (‘imputed values’) from their predicted
distribution based on the observed data. The analysis of interest is then computed using each
separate imputed dataset and the estimates and their standard errors are then combined
using Rubin’s rules.(269) This is preferred as Ml also considers the uncertainty in deriving the
estimates. Ml assumes that data are MAR (or MCAR) because any systematic differences
between complete and incomplete cases can be explained by observed values (of the missing
variable). When the missingness mechanism is thought not to be MAR, ‘auxiliary data’,
information other than the variables included in the main analysis, may be used to explain its
missingness thereby producing a conditional MAR mechanism. That is, a MNAR mechanism is
transformed into an MAR mechanism. There were unfortunately no auxiliary variables, other

than those already included in the substantive model.

Ten donor draws predictive mean matching (PMM) were used to impute missing values of ACR
with 50 multiple imputation datasets (approximately one imputed dataset for each 1% missing
ACR).(270) PMM replaces the missing value with a random observed value in the nearest
vicinity of the imputed prediction as recommended for the imputation of non-normally
distributed data.(271) All variables in the substantive model (the analysis of interest),
including the exposure, independent variables, outcome (repeated measure eGFR) and the

protein*time interaction, were included in the imputation model. Rubin’s rules were used to
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combine the imputation model estimates.(269) The Stata command mi was used to perform

the multiple imputation procedures.

A specific ‘not at random fully conditional specification’ is available to impute MNAR data but
was not undertaken in this analysis.(272) Although special considerations are required in the
context of multi-level modelling, single-level M| was used because only baseline ACR was used

in this analysis and so did not vary over time within the same patient.(273,274)

7.6 MULTIPLE TESTING

There is a high probability of observing a spurious relationship purely by random chance
between protein and eGFR slope because multiple (175 proteins) hypothesis tests were
performed.(275) An adjustment for multiple testing was required; by one of two methods,
either false discovery rate (FDR) or family-wise error rate (FWER). The FDR is the number of
falsely rejected null associations that would be expected by chance given the greater the
number of proteins (in this case) that are tested while FWER is the probability of making at
least one type | error®®. The Bonferroni correction is the most widely used FWER procedure,
however has been criticised for excessively penalising the probability of declaring at least one
test falsely significant which renders the technique overly conservative.(276) A less stringent
approach in terms of detecting true positives is the Benjamini-Hochberg (B-H) FDR procedure,

conducted in the following steps, subsequent to computation of the model parameters(277):

2 Type | errors represent false positive conclusions whereas type Il errors characterize false negative
conclusions.
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1. P-values for each protein were sorted in ascending order,

2. the critical B-H value = (P-value rank/ the number of proteins)*0.05%° was calculated,

3. the unadjusted P-values were compared with the critical B-H value; those with the
largest P-value < the critical B-H value were identified,

4. all proteins above this level were considered significant, inclusive of the current level.

The user-written Stata command mul tproc was used to automate the B-H procedure. (278)
Proteins meeting Prpr < 0.05 in the Discovery sub-cohort were taken to validation. Proteins
with P < 0.05 were identified as proteins that successfully validated.(102) Unfortunately, it is

not possible to estimate 95% confidence intervals using the Benjamini-Hochberg procedure.

7.7 SAMPLE HANDLING AND STORAGE

Plasma samples, collected in gel-separated tubes, were refrigerated at -80° Celsius at the local
study site and subsequently shipped to a national laboratory in each country. Batches of
samples were transferred to a biobank in Wiirzburg, Germany (for samples originating in UK,
Poland, Italy, and Germany) or a biobank in Uppsala, Sweden (for samples originating in
Sweden). Samples were thawed, aliquoted, plated and refrozen before being sent to the
central Olink® laboratory for analysis. The candidate had no involvement in, or oversight of,

any sample handling or processing.

26 The conventional 0.05 was selected as the FDR in this analysis.
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7.8 ETHICAL CONSIDERATIONS

Written informed consent was provided for all participants included in the EQUAL study to
collect clinical information and, separately, bio-samples. Ethics approvals in participating
countries were obtained prior to commencement of the study. NHS Health Research Authority
approved the original study in the UK (13/SW/0016). De-identified data were used in this

analysis.

7.9 CONCLUSION

In this chapter, | have detailed the methods used to analyse the relationship between
cardiometabolic proteins and biological pathways with kidney function decline using data
collected in the EQUAL study of older people with advanced kidney disease. A summary of the

analysis is provided in Figure 7. 8.

| have highlighted several important considerations about these data including the use of
repeated measurements of eGFR, mitigation of bias, concern for informative censoring and

competing risks, handling of missing data and multiple hypothesis testing.

The results and discussion of these primary and secondary analyses are presented next.
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Figure 7. 8 Summary of analysis to investigate protein and biological pathway associations with eGFR slope

Blood samples and clinical information were collected from consenting participants in the EQUAL
study. Baseline samples were sent for analysis for two cardiometabolic protein panels using Proteomic
Extension Assay (PEA) technology. Gene set enrichment was used to identify biological pathways that
these highly differentially expressed proteins mostly represented. The concentrations of the proteins
that were represented in the biological pathway were combined using principal component analysis.
Principal components and individual proteins were analysed in association with eGFR slope, adjusted
for clinical factors, as appropriate. The individual protein-slope analysis was supplemented by two
sensitivity analyses to account for informative censoring and missing ACR values. Abbreviations: eGFR,
estimated glomerular filtration rate; CKD, chronic kidney disease; PEA, proximity extension assay; ACR,
albumin: creatinine ratio.
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8 CARDIOMETABOLIC PROTEIN AND PATHWAY
ASSOCIATIONS WITH KIDNEY FUNCTION DECLINE IN
OLDER ADULTS WITH ADVANCED CHRONIC KIDNEY
DISEASE

8.1 RESULTS

In the previous chapter, the methods used to analyse the cardiometabolic protein-eGFR slope
relationship were presented. In this chapter, the results, analysis and discussion are given. |
will start with a description of the cohort, the results of the individual protein primary analysis
and then the results of sensitivity analyses. In the discussion section, | discuss possible
mechanisms why particular associated proteins and pathways might underlie kidney function

decline.

8.1.1 Patient characteristics
Overall, a complete case analysis was undertaken on 501 individuals, approximately equally

split between discovery and validation sub-cohorts (Table 8. 1). Baseline characteristics are
shown in Table 8. 1. Age was comparable between sub-cohorts and slightly more females were
included in the discovery sub-cohort (discovery: 41% versus validation: 28%). The discovery
sub-cohort featured mostly individuals from the United Kingdom. A total of 4,472 pre-KRT
eGFR values over time were available to estimate eGFR slope. Only 90 values were available
after 4 years and so slopes were predicted < 4 years only to avoid erroneous slope estimates

because of sparse eGFR points beyond this time. The discovery cohort averaged fewer eGFR
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values per person (median 4; IQR 2, 6) compared to the validation sub-cohort (median 7; IQR
3, 9) but the baseline eGFR was very similar, averaging 17.7 ml/min/1.73m? overall. Although
an eGFR of <20ml/min/1.73m? in the past 6 months was mandatory for eligibility, some

individuals had eGFR values close to 60ml/min/1.73m?at the time of inclusion (Figure 8. 1).

60 -

eGFR. mliminf1.73m’

Time, in years

Figure 8. 1 Scatterplot of eGFR over follow-up time

eGFR was calculated using the CKD-EPI 2009 equation. Abbreviations: eGFR, estimated
glomerular filtration rate; CKD-EPI, Chronic Kidney Disease Epidemiology.
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Overall cohort, | Discovery Validation
N =501 cohort, n =254 | cohort, n = 247
Age in years, median (IQR) 75 (70, 81) 76 (69; 81) 75 (70; 80)
Female sex, % 34% 41% 28%
Country, %
Germany 9.2% 18% 0%
United Kingdom 30% 59% 0%
Poland 12% 23% 0%
Sweden 49% 0% 100%
Comorbidities, Yes %
Diabetes mellitus 40% 43% 37%
Hypertension 88% 84% 91%
Coronary artery disease 26% 28% 23%
Heart failure 19% 17% 21%
Primary renal disease, %
Glomerular 11% 8.8% 13%
Tubulo-interstitial 10% 11% 9.3%
Diabetes 23% 24% 22%
Renovascular 35% 30% 41%
Other systemic disease 3.6% 3.6% 3.7%
Hereditary 4.4% 3.2% 5.7%
Miscellaneous 13% 19% 6.1%
Clinical measurements
Current smoking, Yes % 7.0% 6.9% 7.0%

Systolic blood pressure mmHg,
median (IQR)
BMI kg/m?, median (IQR)

146 (131, 160)

27.7 (24.5,31.2)

145 (130, 160)

28.3(24.7,32.1)

148 (131, 160)

27.0 (24.4, 30.2)

N of eGFR values per person,
median (IQR)

5(2, 8)

4(2,6)

7(3,9)

Laboratory measurements,
median (IQR)

eGFR CKD-EPI, ml/min/1.73m?"
eGFR slope, ml/min/1.73m?%" per
year (95% Cl)

eGFR slope, % change per year
(95% Cl)

17.7 (14.6, 20.8)
-2.01
(=2.29,-1.73)
~14.6%

(-16.7, -12.5)

17.8 (14.3,21.1)
~1.97

(~1.73, —1.00)
~11.0%

(~14.0, -7.9)

17.5 (15.1, 20.5)
—2.34

(2.68, —1.99)
~16.5%

(~19.4, —13.6)
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ACR, mg/mmol

Calcium, mmol/L

Phosphate, mmol/L
Parathyroid hormone, pmol/L
Total cholesterol, mmol/I

42 (8; 173)
2.27 (2.17, 2.37)
1.29 (1.12, 1.48)
16 (10, 23)
4.60 (3.80, 5.50)

44 (6; 174)
2.27 (2.15, 2.37)
1.27 (1.13, 1.44)
16 (11, 25)
4.59 (3.90, 5.50)

39 (10; 169)
2.27 (2.19, 2.38)
1.30 (1.11, 1.50)
15 (9, 22)

4.60 (3.80, 5.50)

Kidney Failure Risk Equation
(KFRE), median (IQR) *

4-variable, 2-year
8-variable, 2-year
4-variable, 5-year

8-variable, 5-year

15.3%

(5.8, 32.9)
18.5%

(7.2, 34.3)
47.5%
(20.6, 78.7)
60.1%
(28.4, 84.9)

15.3%
(7.3,31.7)
18.5%

(8.1, 33.0)
47.4%
(25.4,77.1)
60.1%
(31.6, 83.5)

15.7%

(4.6, 34.9)
18.3%
(6.4,37.1)
48.3%
(16.6, 81.0)
59.8%
(26.3, 87.6)

Table 8. 1 Baseline characteristics of participants included in this analysis

The annualised eGFR slopes were calculated without proteins and unadjusted for any
independent variables using generalised linear mixed effects modelling. ** the KFRE predicts
the risk of developing kidney failure within 2 and 5 years using the 4 predictors age, sex, eGFR

and log(ACR) or 8 predictors age, sex, eGFR, log(ACR), serum calcium, serum phosphate,

serum bicarbonate and serum albumin.(92) Abbreviations: BMI, body mass index; eGFR,

estimated glomerular filtration rate; ACR, albumin: creatinine ratio.
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8.1.2 Individual proteins primary analysis
Of 184 proteins, 11 proteins did not reach assay level of detection (liver carboxylesterase 1,

neutrophil defensin 1, prolyl endopeptidase, integrin alpha-M, neutrophil gelatinase-
associated lipocalin, latent-transforming growth factor beta-binding protein 2, platelet-
activating factor acetyl hydrolase, superoxide dismutase 1, and uromodulin). As uromodulin
and superoxide dismutase 1 are expected to decrease in CKD,(279-281) they may have a
plausible association with kidney function decline and were not removed from the analysis.

Therefore, the total number of proteins for analysis was 175.

The intra- and inter-assay Coefficient of Variance (CV) for the two protein panels (Target 96
cardiometabolic and Target 96 cardiovascular Il) for the discovery sub-cohort was 6 — 7% and
12 — 19% respectively, and 5 — 6% (intra-assay) and 15% (inter-assay) for the validation sub-
cohort. An intra-assay CV of < 15% and an inter-assay CV of < 25% are considered acceptable
by Olink®. Laboratory validation of the protein panels can be found at

https://olink.com/resources-support/document-download-center/.

In the discovery sub-cohort, 78 proteins affected eGFR slope positively, but none had
evidence of an association using the threshold of Prpr<0.05 (Figure 8. 2). Of the 97 proteins
showing a negative relationship with eGFR slope, three were taken to validation: Receptor-
type tyrosine-protein phosphatase S (PTPRS), Insulin-like growth factor binding protein 6
(IGFBP6) and Procollagen C-endopeptidase enhancer 1 (PCOLCE). PTPRS was found to have
the largest effect on eGFR decline (-15.5% per year per protein concentration doubling; 95%
Cl -23.5, -7.5) which was sustained in the validation analysis (-11.4%; 95% Cl -19.7, -4.5); see

Figure 8. 3. IGFBP6 demonstrated smaller albeit more consistent effect sizes for the discovery
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(-7.7%; 95% ClI -12.1, -3.3) and validation sub-cohorts (-7.0%; 95% Cl -12.0, -2.5) compared to
PTPRS. Although PCOLCE was identified in the discovery analysis, it was found to have a
smaller effect size in the validation analysis that bordered on null (discovery -9.4%; 95% CI -
13.2, -5.5, versus validation -3.9%; 95% Cl -8.5, -0.5) and so failed to be validated. Slope

estimates for the discovery primary adjusted analysis are shown in Figure 8. 3 for all proteins.
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Figure 8. 2 Vlolcano plot of protein associations with eGFR slope for the discovery sub-cohort

Labelled proteins are those that replicated successfully in the primary analysis (adjusted for
age, sex, country, diabetes mellitus status, systolic blood pressure, albumin: creatinine ratio,
primary renal disease, renin-angiotensin aldosterone inhibitors and B-blockers). The
unlabelled protein is PCOLCE which did not validate successfully. Coefficients are for the
discovery sub-cohort. Abbreviations: eGFR, estimated glomerular filtration rate; PTPRS,
Receptor type tyrosine-protein phosphatase S; IGFBP6, Insulin-like growth factor binding
protein.
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Solid circles represent the slope estimates for each protein and the horizontal bars represent
the 95% confidence intervals. Note that the effect of GFR change is per protein concentration
doubling as 1 NPX change in protein is relative and uninterpretable. Estimates are shown for
the primary analysis model 4 (adjusted for age, sex, country, diabetes mellitus status, systolic
blood pressure, albumin: creatinine ratio, primary renal disease, renin-angiotensin
aldosterone inhibitors and B-blockers). Proteins that failed to discover were not tested in the
validation sub-cohort and their slope estimates are, therefore, unavailable. Abbreviations:
eGFR, estimated glomerular filtration rate; PCOLCE, Procollagen C-endopeptidase enhancer 1;
IGFBP6, Insulin-like growth factor-binding protein 6; PTPRS, Receptor-type tyrosine-protein
phosphatase S. Other protein abbreviations are available in the Appendix 2.
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For model 3, the Ficolin-2-slope (FCN2) estimates were -7.6% (95% Cl -12.1, -3.0) in discovery
and -4.4% (95% Cl -8.4, -0.4) in validation. FCN-2 was associated with eGFR decline but not
after additional adjustment for medications i.e., the primary analysis model 4. Slope effect

estimates did not differ substantially using different model adjustments (Figure 8. 4).
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Figure 8. 4 GLM model adjustment comparison

Hollow circles represent the slope estimates and the horizontal bars represent the 95%
confidence intervals (Cl). Note that the effect of GFR change is per protein concentration
doubling as 1 NPX change in protein is relative and uninterpretable. Cls do not cross the null
(0%) which would suggest an association but the Cls could not be adjusted for Benjamini-
Hochberg multiple testing correction unlike the P-values hence the discrepancy that the Cl for
FCN-2 does cross the null for the Medications-adjusted model (model 4) but was still
considered as having no evidence of an association with eGFR slope for this model
adjustment. Minimal adjustment (model 1): age, sex and country. Clinical adjustment (model
2): model 1 + primary renal disease, diabetes mellitus status and systolic blood pressure. ACR
adjustment (model 3): model 2 + ACR. Medications (model 4): model 3 + renin-angiotensin
aldosterone system inhibitors and B-blockers. Abbreviations: GLMM, generalised linear mixed
effects model; eGFR, estimated glomerular filtration rate; ACR, albumin: creatinine ratio;
IGFBP6, Insulin-like growth factor binding protein 6; PTPRS, Receptor-type tyrosine-protein
phosphatase S; FCN2, Ficolin-2.
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Inspection of the predicted slope plots in Figure 8. 5 suggests that lower protein levels were
universally associated with less steep eGFR decline i.e., lower levels of protein were
protective. For IGFBP6 and PTPRS, the baseline eGFR was lower at higher protein abundance

in addition to being associated with a steeper slope (Figure 8. 5).
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Figure 8. 5 eGFR slope for each successfully validated protein in the primary analysis

Horizontal lines represent the slope and vertical bars show the 95% confidence limits. Note
that the effect of GFR change is per protein concentration doubling as 1 NPX change in protein
is relative and uninterpretable. Estimates are for model 4 (discovery sub-cohort) although only
IGFBP6 and PTPRS were successfully validated in that adjusted analysis (FCN2 was only
validated in model 3). Time was truncated to 4 years because of a questionable upstroke in
the predicted eGFR slope after this time, likely due to sparse data > 4 years (see Figure 8. 1).
Abbreviations: eGFR, estimated glomerular filtration rate; IGFBP6, Insulin-like growth factor
binding protein 6; PTPRS, Receptor-type tyrosine-protein phosphatase S; FCN2, Ficolin-2.
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Positive correlations between individual proteins were observed (Figure 8. 6) and a congruous
positive correlation was seen between baseline and repeatedly measured eGFR. The
correlation of proteins with ACR was weakly-positive. Correlations between proteins and
other traditional cardiovascular risk factors, age, sex, systolic blood pressure, diabetes mellitus
and important protective cardiovascular drugs were weak perhaps explaining similar
magnitude protein-eGFR associations estimated across model adjustments with and without

these risk factors (Figure 8. 4).

Diabetes -
EBlock -
RAASInh-
SysBP -
Age-
Country - 0.0
eGFR - -0.5
Sex-
FCN2-
PTPRS-
IGFBPG -

Figure 8. 6 Correlation matrix of individual proteins and clinical covariables

The heatmap shows the correlation between proteins and clinical variables. ‘BaseGFR’ is the
eGFR at the first study visit whereas ‘eGFR’ refers to the longitudinal eGFR over time.
Abbreviations: Corr, correlation; BaseGFR, baseline eGFR; BBlock, B-blockers; RAASinh,
renin-angiotensin aldosterone system inhibitors; ACR, (urinary) albumin: creatinine ratio;
SysBP, systolic blood pressure; eGFR, estimated glomerular filtration rate; IGFBP6, Insulin-
like growth factor binding protein 6; PTPRS, Receptor-type tyrosine-protein phosphatase S;
FCN2, Ficolin-2.
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8.1.3 Follow-up time and censoring events
Follow-up time averaged one year longer in the validation sub-cohort (discovery 2.6 years; IQR

1.2, 4.3 compared to validation 3.6 years; IQR 1.9, 4.0). The reason for end of follow-up was
KRT initiation in 40% and 34% of participants, for discovery and validation respectively. In the
discovery sub-cohort 22% of participants died compared to 26% in the validation set, and
more participants were lost to follow-up for discovery (16% versus 6%). Figure 8. 7 shows that
eGFR steadily declined for those who went on to initiate KRT but was more variable over time
for other reasons of loss to follow-up. This was corroborated in a joint model accounting for
KRT initiation (Figure 8. 8). In addition to a steeper decline, baseline eGFR was also lower for

those that initiated KRT.
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Baseling =1y 1-2v% 2- 3y 3 -4y

Follow up time, yvears

Event === Initlated KRET Lost to follow up —— Alive at last Tallow up === Died
Figure 8. 7 Median eGFR over time for different censoring events

Abbreviations: eGFR, estimated glomerular filtration rate; KRT, kidney replacement therapy;
y, years.
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Figure 8. 8 eGFR slope accounting for KRT initiation in a joint model

Those who did not initiate KRT only included people who did not die as those that did would
be expected to be different to people who did not die. The Stata st jmgraph command was
used to graph this joint model which does not allow for competing risks of other potential
outcomes. No protein was included. The grey lines show individual slopes for each person
whilst the black lines show the average population slope. Abbreviations: eGFR, estimated
glomerular filtration rate; FU, follow up; KRT, kidney replacement therapy.
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8.1.4 Joint model sensitivity analysis
Slope estimates derived using the joint model were very similar compared to the primary

GLMM analysis suggesting a negligible bias introduced by informative censoring and

competing risks (see Figure 8. 9).

CD59 CsT3 EFEMP1 F7
: : F | : [ 1 ; :
IGFBP6 IGLC2 KIT NCAM1

1 : b . : !
PCOLCE PTPRS 2001510 5 0 200 -15 10 -5 0

1
i
i
i
|
1
|
0

e T

20 -15 -10 5
eGFR, % change per year

20 15 10 -5

ACRE imputed = Joint GLM with log link

Figure 8. 9 Comparison of slope estimates for GLM, imputation and joint models

Hollow circles represent the slope estimates, and the horizontal bars represent the 95%
confidence intervals. Note that the effect of GFR change is per protein concentration doubling
as 1 NPX change in protein is relative and uninterpretable. Cls were not corrected for multiple
testing so may not cross the null (0%). More proteins were validated in the joint and ACR
imputed models compared to the primary GLM model. Abbreviations: GLM, generalised linear
mixed effects; EFEMP1, EGF-containing fibulin-like extracellular matrix protein 1; IGFBPS,
Insulin-like growth factor binding protein 6; CD59, Cluster of differentiation 59; CST3, Cystatin
3; IGLC2, Immunoglobulin lambda-2 chain C regions; NCAM1, Neural cell adhesion molecule
1; PCOLCE, Procollagen C-endopeptidase enhancer 1; PTPRS, Receptor-type tyrosine-protein
phosphatase S; F7, Factor 7; KIT, Mast/ stell cell receptor Kit.
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8.1.5 Multiple imputation sensitivity analysis
Patients with complete and in-complete data are described in Table 8. 2. Baseline

characteristics were very similar except that differences in country of residence are notable.
Even after adjustment for primary renal disease (stricter monitoring of ACR may have been
expected in individuals with glomerulonephritides or diabetic nephropathy diagnoses) or
country (as a proxy of local testing practices), and other variables, the outcome (slope) did not

increase the odds of ACR being unobserved (OR 0.71; 95% Cl 0.42, 1.18; P =0.187).

The sensitivity analysis using multiple imputation of ACR found additional proteins to be
associated with eGFR loss and all proteins identified in the model 4 CCA were also associated
with eGFR slope in the Ml analysis. These were: EGF-containing fibulin-like extracellular matrix
protein 1 (EFEMP1), Cluster of differentiation 59 (CD59), Cystatin 3 (CST3), Immunoglobulin
lambda-2 chain C regions (IGLC2), Neural cell adhesion molecule 1 (NCAM1), Procollagen C-
endopeptidase enhancer 1 (PCOLCE), Receptor-type tyrosine-protein phosphatase S (PTPRS),
Factor 7 (F7), Mast/ stell cell receptor Kit (KIT). The eGFR slopes were most often less steep
(eight proteins) but consistent (overlapping confidence intervals) with the primary GLMM

analysis (shown in Figure 8. 9).
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Complete cases,
n =501

Incomplete cases,
n=432

Age in years, median (IQR) 75 (70, 80) 77 (72, 82)
Female sex, % 33% 39%
Country, %
Germany 8.5% 20%
United Kingdom 29% 67%
Poland 12% 1.6%
Sweden 51% 11%
Comorbidities, Yes %
Diabetes mellitus 40% 43%
Hypertension 88% 83%
Coronary artery disease 36% 23%
Heart failure 19% 14%
Primary renal disease, %
Glomerular 11% 9.2%
Tubulo-interstitial 9.9% 9.2%
Diabetes 23% 20%
Renovascular 35% 31%
Other systemic disease 3.7% 1.9%
Hereditary 4.3% 3.8%
Miscellaneous 13% 25%
Clinical measurements
Current smoking, Yes % 7.1% 8.3%

Systolic blood pressure mmHg, median (IQR)
BMI kg/m?, median (IQR)

146 (131, 160)
27.6 (24.5,31.2)

144 (130, 160)
28.7 (25.4, 32.9)

N of eGFR values per person, median (IQR)
Total N of eGFR values

7(5,9)
2,494

5(4,8)
1,978

Laboratory measurements, median (IQR)

eGFR CKD-EPI, ml/min/1.73m?
Calcium, mmol/L

Phosphate, mmol/L
Parathyroid hormone, pmol/L
Total cholesterol, mmol/L

17.6 (14.7, 20.8)
2.27 (2.17, 2.37)
1.29 (1.12, 1.46)
16 (10, 23)

4.60 (3.80, 5.50)

17.4 (13.7, 21)
2.29 (2.18, 2.38)
1.27 (1.10, 1.45)
16 (8, 25)

4.27 (3.40, 5.27)

Table 8. 2 Comparison of baseline characteristics of participants with and without complete data at baseline
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Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate; ACR,
albumin: creatinine ratio; IQR, interquartile range.
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8.1.6 Biological pathway analysis
Analysis of the 35 individual differentially expressed proteins meeting a liberal threshold of P

< 0.05 identified 373 biological pathways in the Reactome knowledgebase. Only about 50% of
the human genome is represented in the database to date.(232) As such, some proteins could
not be found despite using alternative annotations (Vasorin, Transforming growth factor
receptor type 3, Cartilage acidic protein 1 and Multiple epidermal growth factor-like domains
protein 9).%” There was evidence against nine pathways were not over-represented (Prpr <0.05)

(Table 8. 3), many of which are ubiquitous intracellular processes.

27 personal communication with Reactome — Reactome’s ‘interactor’ catalogue does contain these proteins,
but their over-representation database does not.
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Pathway name Proteins | Total* | Ratio” FDR P-
found value

Regulation of Insulin-like Growth 6 124 0.010 0.001

Factor (IGF) transport and uptake by

Insulin-like Growth Factor Binding

Proteins (IGFBPs)

Post-translational protein 5 107 0.009 0.005

phosphorylation

Extracellular matrix organization 7 300 0.026 0.006

Transport of gamma-carboxylated 2 9 0.001 0.031

protein precursors from the

endoplasmic reticulum to the Golgi

apparatus

Removal of amino-terminal pro- 2 10 0.001 0.031

peptides from gamma-carboxylated

proteins

Gamma-carboxylation of protein 2 10 0.001 0.031

precursors

PI5P, PP2A and IER3 Regulate 4 118 0.010 0.031

PI3K/AKT Signaling

Gamma-carboxylation, transport, and | 2 11 0.001 0.031

amino-terminal cleavage of proteins

Negative regulation of the PI3K/AKT | 4 125 0.012 0.031

network

Table 8. 3 Biological pathways identified using over-representation analysis

A search for the analysed proteins was undertaken using the Reactome knowledgebase
(www.reactome.org, Creative Commons BY 4.0 license). * proteins that are known to be
involved in the pathway and are catalogued within reactome. # proteins found divided by all
proteins in the pathway. PTPRS protein is involved in the ‘extracellular matrix organisation’
pathway and IGFBP6 is involved in ‘Regulation of Insulin-like Growth Factor (IGF) transport
and uptake by Insulin-like Growth Factor Binding Proteins (IGFBPs)’. Abbreviations: FDR, false
discovery rate; PI3K, phosphoinositide 3-kinase; PI5P, phosphatidylinositol 5-phosphate;
PP2A, protein phosphatase 2; IER3, immediate early response 3; AKT, protein kinase B.
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The proteins PTPRS and IGFBP6 contributed the largest variance to each first principal
component for the Extracellular Matrix Organisation and Regulation of IGF Transport and
Uptake by IGFBPs pathways, respectively (Figure 8. 10 and Figure 8. 11). Visualisation of scree
plots Figure 8. 12 and Figure 8. 13 demonstrated that the first three principal components
represent most of the total variance. Predicted slope estimates are shown for the two
pathways in Table 8. 4. The nett % change is notably lower than for the individual proteins
PTPRS and IGFBP6. Figure 8. 14, a protein-protein interaction network, would suggest little
evidence for an interaction between the proteins despite them belonging to the same
pathways. Other, not analysed proteins in this analysis, may have stronger interactions with
these proteins which might explain the small eGFR slopes associated with these principal
components which only include the analysed proteins in the pathway. Furthermore, the first
principal component eGFR slope association was negative whereas eGFR slope was positive
for the second and third principal components. This is due to the relative contribution of
different proteins to these principal components which may have opposing effects on eGFR

decline.
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Figure 8. 10 Contributions of individual proteins on principal component 1 (extracellular matrix organisation)

The dashed red line is the mean contribution. Abbreviations: PTPRS, Receptor-type tyrosine-
protein phosphatase S; EFEMP1, EGF-containing fibulin-like extracellular matrix protein 1;
MFAPS5, Microfibrillar-associated protein 5; NCAM1, Neural cell adhesion molecule 1; PCOLCE,
Procollagen C-endopeptidase enhancer 1; MMP7, Matrix metalloproteinase-7; MMP12,
Matrix metalloproteinase-12.
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Figure 8. 11 Contributions of individual proteins on the first principal component (Regulation of IGF transport and uptake by
binding proteins)
The red dashed line represents the average contribution. Abbreviations: IGFBP6, Insulin-like
growth factor-binding protein 6; CST3, Cystatin-C; SPARCI1, SPARC-like protein 1; GASS6,
Growth arrest-specific protein 6; IGFBP3, Insulin-like growth factor-binding protein 3; IL6,
Interleukin 6.
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Figure 8. 12 Scree plot of principal components (extracellular matrix organisation)

The scree plot demonstrates that the variance explained by each principal component does
not remarkably improve after the third principal component.
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Figure 8. 13 Scree plot of principal components (Regulation of IGF transport and uptake by binding proteins)

The scree plot demonstrates that the variance explained by each principal component does
not remarkably improve after the third principal component.
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Pathway

Principal component

eGFR % Change per year (95% Cl)

Discovery cohort

Validation cohort

Extracellular matrix organisation

1 -2.3%(-3.8,-0.9) | -2.6% (-4.1,-1.1)
2 3.4% (0.5, 6.3) 1.4% (-1.5, 4.3)
3 2.2% (-1.3, 5.8) -0.5% (-3.9, 3.0)

binding proteins
1
2
3

Regulation of IGF transport and uptake by

-2.2% (-3.6,-0.7)
4.2% (1.2,7.1)
2.0% (-1.3, 5.2)

-1.1% (-2.8, 0.5)
0.5% (-1.8, 2.7)
0.7% (-2.3, 3.7)

Table 8. 4 Slope estimates for the first three principal components

For each biological protein, slope estimates are shown for the first three principal
components. Abbreviations: eGFR, estimated glomerular filtration rate; IGF, Insulin-like
growth factor; Cl, confidence interval.
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Figure 8. 14 Protein-protein interaction network

Protein-protein interaction network created using string-db.org (Creative Commons BY 4.0
licence) of the 35 proteins that were differentially expressed. Blue edges denote evidence of
an interaction using curated databases and pink edges denote experimentally determined
relationships. Node colours have no significance. Abbreviations: ACE2, Angiotensin-converting
enzyme 2; CD59, CD59 glycoprotein; CFHR5, Complement factor H-related protein 5; NCAM1,
Neural cell adhesion molecule L1-like protein; CRTAC1, Cartilage acidic protein 1; CST3,
Cystatin-C; F7, Coagulation factor VII; FCN2, Ficolin-2; GAS6, Growth arrest-specific protein 6;
IGFBP3, Insulin-like growth factor-binding protein 3; IGFBP6, Insulin-like growth factor-
binding protein 6; IL6, Interleukin-6; IL7R, Interleukin-7 receptor subunit alpha; KIT,
Mast/stem cell growth factor receptor Kit; LILRB5, Leukocyte immunoglobulin-like receptor
subfamily B member 5; LYVE1, Lymphatic vessel endothelial hyaluronic acid receptor 1;
MEGF9, Multiple epidermal growth factor-like domains protein 9; MET, Hepatocyte growth
factor receptor; MFAP5, Microfibrillar-associated protein 5, MMP12, Matrix
metalloproteinase-12; MMP7, Matrix metalloproteinase-7; NCAM1, Neural cell adhesion
molecule 1; IKBKG (NEMO), NF-kappa-B essential modulator; NOTCH1, Neurogenic locus
notch homolog protein 1; PCOLCE, Procollagen C-endopeptidase enhancer 1; PTPRS,
Receptor-type tyrosine-protein phosphatase S; REN, Renin; SELL, L-selectin; SREPINAS,
Plasma serine protease inhibitor; SPARCL1, Secreted protein acidic and rich in cysteine-like
protein 1 (osteonectin); SRC, Proto-oncogene tyrosine-protein kinase Src; VASN, Vasorin.
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8.1.7 Model checking and diagnostics

The validity of model assumptions, fully adjusted but before the inclusion of proteins, was
checked by assessing patterns in plots of model parameters. A Quantile-Quantile plot, shown
in Figure 8. 15, was used to check that the GLM model residuals were approximately normally
distributed. Furthermore, heteroscedasticity?® was excluded by plotting the residuals versus
the fitted model values, shown in Figure 8. 16. For the multiple imputation sensitivity analysis,
the imputed values were comparable with the observed values as shown in Figure 8. 17 and
the imputed values varied randomly over successive iterations as visualised by plotting the
mean of ACR for each imputed dataset, shown in Figure 8. 18. Together, this supports that Ml

produced valid potential ACR values.

Residuals

I I I I
-2 -1 o] 1 2
Inverse Normal

Figure 8. 15 Quantile-Quantile plot showing the distribution of model residuals

The residuals were approximately normally distributed as they generally follow the line of
equality, except at the extremes where some curve was noted.

28 Heteroscedasticity is an undesirable model attribute that biases model-based standard errors in the
presence of inconstant variance between observations.
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Figure 8. 16 Model residuals versus fitted values check for heteroscedasticity

Towards the left of the plot, points are grouped together in no particular pattern. Data
points on the right are less dense but still do not display an obvious relationship between
the model residuals and fitted values.
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Figure 8. 17 Compatibility of imputed datasets with observed values of ACR

Observed ACR values are compared to the first imputed dataset and follow the same shape
for all remaining imputed datasets. Abbreviations: ACR, albumin: creatinine ratio.
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Figure 8. 18 Mean ACR for each imputed dataset

There was a wide and random variability in the mean ACR values for each imputed dataset
confirming a correctly specified Ml that was not biased towards a particularly low or high ACR
value. Abbreviations: ACR, albumin: creatinine ratio.
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8.2 DISCUSSION

Using data from the EQUAL study, two proteins — Receptor protein-tyrosine phosphatase
sigma and Insulin-like growth factor binding protein 6 — were identified as having a sustained
association with eGFR decline in two independent sub-cohorts of older Europeans with
advanced CKD in the primary adjusted analysis including medications (model 4). After
including adjustment for medications, Ficolin-2 no longer displayed an association unlike
PTPRS and IGFBP6. Slope estimates were almost identical across all model adjustments
perhaps indicating that even strong traditional risk factors for eGFR decline are negated when

considering specific biological processes.

The complementary pathway enrichment analysis (section 8.1.6) suggested that many signal
transduction reactions were included in the list of proteins showing evidence of an association
with eGFR decline, probably because such pathways are core to many functions of the cell and
are ubiquitous to many locations in the body. In addition, however, pathways involving
extracellular matrix (ECM) organisation and regulation of insulin-like growth factor (IGF)
transport and uptake by IGF binding proteins (IGFBPs) were also identified. This finding
supports the fact that PTPRS and IGFBP6 did not by chance appear to be associated with CKD
progression because of the mere fact that many ECM and IGF regulatory proteins were
included in the targeted cardiometabolic Olink® panels. These proteins and biological

pathways are further contextualised below.
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8.2.1 Receptor-type protein-tyrosine phosphatase O (sigma)
The exact process by which PTPRS may modulate CKD progression is not documented but may

be multifactorial. Binding of the trans-membrane PTPRS, an extracellular protein, with its
ligand facilitates tyrosine de-phosphorylation which modulates intracellular signalling.(282)
Chondroitin sulphate and heparan sulphate proteoglycans (CSPGs and HSPGs) act as
ligands.(283) PTPRS is expressed specifically in cartilage, neuronal tissue, haematopoietic

stem/progenitor cells and by the vasculature.(284,285)

There is no literature implicating PTPRS in CKD progression but it has been implicated in
ulcerative colitis activity(286), joint destruction in rheumatoid arthritis(287), murine
embryological urogenital development(288), and was highly expressed in small arteries of
people with CKD.(289) In the latter study, normotensive people with normal kidney function
and hypertensive people (BP >135/85 mmHg and/or prescribed antihypertensive medication)
with or without an eGFR < 60ml/min/1.73m? underwent transcriptomic profiling of biopsied
subcutaneous small arteries. Up-regulation of PTPRS messenger RNA was demonstrated in
those with CKD and hypertension (mean 45+11 ml/min/1.73m?) especially in vascular smooth
muscle cells and adventitial fibroblasts. However, there was only a 5-mmHg difference in
mean systolic BP between those with hypertension without CKD and those with CKD. The
individuals in the EQUAL study had a much lower average eGFR at baseline and hypertension
was not well controlled compared to the cited study but systolic blood pressure was adjusted

for in the current analysis. The role of PTPRS in CKD progression may thus be vascular in origin.

PTPRS may also contribute to CKD progression through its function in neuronal tissue. The

action of CSPGs binding to PTPRS is to inhibit central and peripheral nervous system axonal
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growth whereas HSPGs have the opposite function.(290) In a ptprs gene knockout mouse
model, CSPGs did not prevent sympathetic re-innervation following cardiac ischaemic-
reperfusion induced injury.(291) Coronary artery disease and heart failure, that may be a
cause and consequence of cardiac ischaemia, respectively, were highly prevalent in the EQUAL
study population. Relevant to the kidneys, renal sympathetic overactivity increases as CKD
progresses and through noradrenaline, contributes to kidney fibrosis.(292,293) Although not
directly tested elsewhere or corroborated by the current analysis, PTPRS may stimulate kidney
fibrosis by its action on the renal sympathetic supply similar to that found in cardiac

sympathetic re-innervation.

The ECM has garnered much attention to the extent that a matrisome® database of its
components has been formulated.(294) The present pathway enrichment analysis found that
the Olink® proteins studied were enriched for the ECM organisation pathway. PTPRS is
involved in this pathway, which is consistent with fibrosis as a possible driver of CKD
progression. Against this, Thrombospondin-2, Cadherin-1 and SPARC-like protein 1, proteins
similar to those found to be associated with kidney fibrosis in other literature, and Pro-fibrotic
bone morphogenetic 6, Transforming growth factor B receptor type 3 and Tissue inhibitor of
metalloproteinase-1 protein were not associated with kidney function loss in this
analysis.(295-297) The fact that individual proteins, and PTPRS but not other ECM-related
proteins, had a more pronounced effect on kidney function than an entire pathway combined
using principal component analysis might indicate the opposing processes between

upregulated and downregulated proteins within a given pathway, underscore the

2 The name given to the specific study of proteins of the extracellular matrix proteome.
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dysregulation seen in kidney disease or highlight the particularly prominent role that PTPRS

might have in CKD progression.

Nevertheless, antifibrotic agents have been shown to limit CKD progression but only modestly,
probably because of the myriad ECM organisation proteins that would need to be targeted to

be effective.(298) PTPRS may be a novel anti-fibrotic target.

Interestingly, the low-molecular weight heparin, enoxaparin, which is used as an anticoagulant
therapeutically has been found to stimulate the PTPRS receptor in vivo; future work should be
conducted in humans to determine if this widely used medication limits either sympathetic

overactivity or CKD progression.(299)

A word of caution: since circulating PTPRS was measured in plasma in the current study, it is
not possible to speculate the concentration of PTPRS in the kidney (in particular the renal
vessels and interstitium) or its sympathetic supply, but its abundance in peripheral blood
might mean that there is shedding of PTPRS from its normal locations in nervous and vascular
tissues and that it may serve as a proxy measure of vascular and interstitial integrity rather

than a causative role in CKD progression.

While the related protein tyrosine phosphatase 1-B has a significant role in angiogenesis, and
was not included in Olink® panels, PTPRS ostensibly does not.(300-302) Nevertheless,
analysed proteins that are involved in angiogenesis were not associated with eGFR decline in

this analysis (Tyrosine-protein kinase receptor Tie-1, Angiopoietin-1 receptor, Vascular
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endothelial growth factor D, Angiopoietin-1, Angiopoietin-related protein 3, Angiogenin,

Cadherin-1, Platelet-derived growth factor subunit B) contrary to other literature.(303)

Protein tyrosine phosphatases, the family to which PTPRS belongs, are abundant in insulin
target tissues which suggests regulation of the insulin receptor by PTPs.(304) Previously, ptprs
single nucleotide polymorphisms (SNPs) were analysed in Swedish individuals with normal
and impaired glucose tolerance and type 2 diabetes mellitus.(305) Three SNPs were shown to
confer susceptibility to development of type 2 diabetes mellitus. In the current analysis,
diabetes mellitus status was controlled for, indicating that elevated PTPRS plasma levels as a
potential marker of CKD progression may be independent from the traditional risk conferred

by diabetes mellitus.

8.2.2 Insulin-like growth factor binding protein 6
IGF-1 and IGF-Il promotes the proliferation of fibroblasts, contributing to ECM expansion and

kidney fibrosis, previously reviewed by Nahas, Zhu et al. and Liso et al.(306-308) IGFBP6
primarily transports IGF-Il thereby directing IGF-Il to its target tissues, prolonging its half-life
and regulating its activity.(309) In addition to its systemic presence, IGFs and IGFBPs are
synthesized by kidney cells and act in an autocrine and paracrine fashion.(310) Increased
circulating IGFBP6 levels may therefore represent an attempt to sequester free IGF-Il to
increase or decrease local kidney targeted activity. It is noteworthy that while IGFBP3, that
carries IGF-1, is the most abundant IGFBP in circulation, is expressed by proximal tubular
cells(311) and has been found to increase in people with eGFR < 60ml/min/1.73m?, it was not

associated with eGFR decline in this study.(309,312)
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While there is no previous evidence that IGFBP6 is deleterious to kidney function, it has been
observed to increase in children with CKD(313), gene expression is upregulated in CKD(314),
and its levels have been shown to decrease in adults with KFKRT post-transplantation.(315) In
the latter study, although serum IGFBP6 levels decreased, levels were still elevated above
those with normal kidney function up to 2 weeks post-transplantation. Also, IGFBP6 was
detectable in the urine of normal non-anuric participants, at least explaining that serum
elevations may in part be due to decreased urinary excretion but since levels do not
completely normalise post-transplantation, this suggests increased production as well. IGFBP6
mMRNA is highly expressed in fibroblasts within renal blood vessels in the rat kidney, human

vascular smooth muscle cells(316), and to a lesser extent, interstitial cells.(317)

The term ‘fibrogenic niche’ has recently been coined to encapsulate the microenvironment
that promotes fibroblast expansion that results in fibrosis.(230,318) Previously, Tenascin-C
was found to be a major constituent in the fibrogenic niche in vivo and in vitro murine
unilateral ureteric obstruction and ischaemic-reperfusion induced CKD models.(318) In the
current study, it was not found to be associated with CKD progression suggesting a less

prominent role of TNC in human advanced kidney disease.

The matrisome database (http://www.pepchem.org/matrisomedb) collects data on ECM

proteins that have been detected in normal and diseased tissues through a consortium of
participating studies.(294) A query for PTPRS was negative but IGFBP6 was described in
studies related to the vasculature. The database is, however, primarily of normal, cancerous,
vascular and lung and liver tissue types but not kidney interstitial architecture — there is only
one glomerular cell study out of the 17 cited.(294,319) In the absence of data for other kidney
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cellular compartments and further glomerular cataloguing, it is difficult to postulate that these

proteins are at least not prominent in glomerular fibrosis.

In support of a glomerular process, on the other hand, is the finding that in immortalised
human and murine models, Hale et al. describe the podocyte as a target for IGF-Il and a
reduction in IGF-1l or knockout of the IGF-I receptor (IGF-IR) causes podocyte death.(320) In
this regard, | speculate that IGFBP6 may sequester IGF-Il, preventing it from attaching to its
IGF-IR, leading to podocyte loss. Proteinuria was unfortunately incompletely recorded in the
EQUAL study, and so precludes any further work to test the hypothesis that there might be a

role of IGFBPs in worsening glomerular proteinuria as a mechanism for CKD progression.

However, in the Canagliflozin Cardiovascular Assessment Study randomised trial of people
with type 2 diabetes mellitus and established cardiovascular disease (age > 30 years) or risk
factors for cardiovascular disease (age > 50 years) and eGFR > 30 ml/min.1.73m?, the related
IGFBP7 predicted the renal composite outcome of a sustained reduction in eGFR by 40%, KRT
initiation, renal or cardiovascular death, or progression to macroalbuminuria (Hazard Ratio
3.80; 95% Cl 3.16, 7.60).(321) No difference was seen in those receiving canagliflozin or

placebo for the composite.

Although both IGFBP6 and PTPRS seem to be involved in ECM organisation and fibrosis, they
seem to act independently of each other. ASTRING-db search (conducted on 19 January 2023)
did not show a protein-protein interaction between PTPRS and IGFBP6 based on extant

evidence.(236)
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8.2.3 Ficolin-2

One of the components of the innate immune system is the complement cascade consisting
of three routes: classical, alternative and lectin pathways which promote inflammation,
opsonisation and forms the cytolytic membrane attack complex.(322) Inflammation has been
associated with CKD progression and the glomerulus is susceptible to complement
injury.(98,323) Ficolin-2 (FCN2) is an extracellular protein responsible for activating the lectin
pathway by acting as a receptor for pathogen-associated molecular patterns.(324) Such
activation aims to defend the host by killing the perceived threat, be it self or non-self, and
clear injured cells and necrotic debris. Complement mediated kidney disease may, however,

result when such activation is dysregulated.

In a Danish study of patients with systemic lupus erythematosus, a complement-mediated
autoimmune disease, low FCN2 levels, stratified by its median, predicted the development of
lupus nephritis.(325) In that study, high FCN1 levels predicted development of kidney failure,

defined as recorded initiation of KRT in the Danish Renal Registry, but FCN2 did not.

Also from Denmark, FCN2 levels dropped substantially after starting haemodialysis although
at that point, it is already too late for intrinsic kidney function recovery so haemodialysis
would be a poor intervention unless started at a much higher eGFR.(326) Once transplanted,
fcn2 polymorphisms have been shown to increase susceptibility to delayed graft function and

acute rejection post deceased donor kidney-transplantation.(327)

The lectin pathway, which FCN2 activates, results in the formation of C3 convertase, an

enzyme that splits C3 into C3a and C3b which then effect their immune function through
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chemoattraction and phagocytosis.(328) In the current study, the association between FCN2
and kidney function decline was ameliorated after additional adjustment for RAAS-inhibitors

and B-blockers.

There is no direct link between RAAS-inhibition and FCN2. Renin, however, has been shown
to cleave C3, analogous to C3 convertase, and renin-blockers inhibit renin-induced
cleavage.(329) Also, high levels of C3 promoted tubular epithelial to mesenchymal® transition
leading to a renin-secreting phenotype in hypertensive rats, which would exacerbate the C3
convertase-like renin effect and trigger the RAA system.(330) Renin cleaves angiotensinogen
into angiotensin-1 (ANG) and angiotensin-converting enzyme cleaves ANG-I| into ANG-II. ANG-
Il is pro-fibrotic.(331) Given this evidence, RAAS-inhibition may prevent fibrosis that results
via C3 induced renin-ANG-II. Further research is needed to explain if FCN2 is specifically
involved in RAAS. Neither renin nor angiotensin-converting enzyme 2 were associated with

eGFR decline in the current study.

Furthermore, C3b activates C5a which recruits further inflammatory cells. In a murine C5 gene
knockout model of tubulointerstitial fibrosis, fibrosis was limited in C5 deficient mice
compared to wild-type.(332) Eculizumab is a monoclonal antibody that blocks C5 and low
molecular weight heparin inhibits the lectin pathway via C1 esterase which bodes well for
potential repurposed therapeutics.(333,334) FCN2 has not specifically been linked to kidney
fibrosis but lower levels predicted more severe liver fibrosis in people with non-alcoholic fatty

liver disease.(335) In the current study, higher levels of FCN2 were associated with eGFR

30 A type of cell present during embryonic development that differentiates into epithelium.
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decline which is not consistent with this finding. The contribution of FCN2 in kidney fibrosis,

especially in the presence of RAAS-inhibition, remains elusive.

Interestingly, other proteins which were analysed, Mannose-binding protein C, also an
activator of the lectin pathway, Complement C1g tumour necrosis factor-related protein 1 and
Pentraxin-3 which activates the classical complement pathway, and regulatory proteins CD59

and thrombomodulin, were not associated with eGFR decline.

Glomerular diseases, often complement or immune-complex related, were only the primary
renal disease in ~10% of those recruited in the EQUAL study. This finding would suggest an
independent role (possibly through fibrosis) for FCN2 in CKD progression beyond that
previously described regarding lectin pathway/ primary complement mediated glomerular
disease, such as IgA nephropathy.(336,337) Once again, FCN2 activity would need to be

measured at the level of the kidney to support a direct pathogenic role.

8.2.4 Additional proteins proposed using multiple imputation modelling
The multiple imputation model identified additional proteins that may be associated with

eGFR decline and computed similar slope estimates as the primary analysis for PTPRS, IGFBP6
and FCN2. The additional proteins, barring CST3 an F7, demonstrate very similar extracellular

and immunological functions.

Most relevant to those already discussed, EFEMP1 was associated with eGFR decline in a
Mendelian randomisation study in participants of the Framingham Heart Offspring cohort

which adds to the finding of fibrosis pathways as a cause of CKD progression.(338)
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Immunoglobulin light chains, which IGLC2 is a component of, is profibrotic by activating
reactive oxygen system pathways in in vivo experiments.(339) NCAM1, a neuronal cell
adhesion molecule, may act as an autoantigen in membranous lupus nephritis and has been
found expressed in fibrosed human interstitum.(340—-342) Also, serum levels of PCOLCE, was
found to be higher in people with CKD compared to those with normal kidney function.(343)
Haematopoietic stem cells infiltrate diseased kidneys, attracted by interactions with the
mast/stem cell growth factor receptor KIT, analysed here. Mast cells were abundant and stem
cell factor (‘kit-ligand’) was highly expressed in fibrosed kidney interstitium in patients with
primary and secondary glomerulonephritis.(344) Further, CD59, a protein that regulates the
membrane attack complex which is the final product of the complement cascade, was less
expressed on human leukocytes in people with CKD to possibly counter complement

hyperactivity.(345)

Furthermore, CKD is a pro-coagulable state and several haemostatic components, including
F7 that was identified in this analysis, have been found to increase as CKD
progresses.(346,347) Finally, CST3 is a well-known biomarker of kidney function and improves
the prediction of progression to KF, cardiovascular events and death compared to creatinine
based eGFR equations, especially in older people in whom CST3 is less affected by muscle
mass.(348,349) Unfortunately CST3 was not assayed longitudinally so could not be

incorporated into the eGFR calculation.
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8.2.5 Strengths and limitations
Strengths of this study are that a large panel of proteins were characterised in multiple

European nationalities with advanced CKD. Not only were individual proteins analysed, but
the biological pathways that they represent were also shown to have an association with eGFR
decline. Having said that, there may have been other proteins or pathways that were not
tested that may be important.(230) This analysis contributes to the current sparse human data
up until now predominated by animal studies and almost non-existent literature of these

proteins’ association with CKD progression in humans.

A limitation of this study, however, was that there was no control group of people with normal
kidney function for comparison and the sample population was mainly of European descent.
Proteins were only measured at baseline so changes in their concentration could not be
modelled serially as was repeated eGFR. Urine and tissues samples would have been
complementary and would have allowed more conclusive mechanistic evidence to support a
robust relationship but were not available. In addition, data for some proteins were not
available and ACR was missing in a large proportion of patients. The complete case sample

size was therefore greatly diminished.

Future work should involve externally reproducing this analysis on other groups of people with
CKD in terms of geography (non-European), age (only older participants were included in the

EQUAL study) and earlier CKD stages to determine the robustness of the associations.
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8.3 CONCLUSION

The progression of CKD is biologically complex involving multiple kidney compartments and
dysregulated pathways. Receptor-type tyrosine-protein phosphatase S, Insulin-like growth
factor-binding protein 6 and Ficolin-2 with established links to kidney fibrosis, vasculopathy,
axonal growth and the complement cascade, were associated with more rapid CKD

progression.

Further research is needed to determine if these proteins are causally linked to accelerated
progression of CKD in older people or a secondary consequence of shedding from their normal
locations or a result of decreased kidney excretion. There is potential for these proteins as
markers of kidney pathology in lieu of histological confirmation of fibrosis and immunological
confirmation of complement activation as well as potential therapeutic targets to decelerate

CKD progression.
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9 CONCLUSIONS, CONTRIBUTIONS, IMPLICATIONS AND
FUTURE DIRECTIONS

9.1 INTRODUCTION

Data about people with kidney disease are increasingly being collected via biological samples
and clinical information using computerised automated administrative and electronic health
records and warehoused in registries and data centres. In this thesis, the clinical epidemiology
of acute and chronic kidney diseases was explored using routinely collected laboratory and
cohort study data, allowing the detection of de novo AKI, A-on-CKD and CKD, and CKD
progression. Linked comorbidity and encounter data allowed characterisation of these
disorders and ancillary proteomic data permitted an investigation into the biological

underpinnings of kidney function decline.

9.2 SUMMARY OF MAIN RESULTS

This thesis used three separate secondary data sources emanating from the United Kingdom,
Western Europe and Cape Town, South Africa to achieve its objectives. The individual studies,

results and important take-away points are summarised below.
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9.2.1 Investigation of the implementation and consistency of the NHS England-

mandated AKI detection algorithm
In 2014, NHS England mandated that laboratories, through its laboratory information

management system (LIMS), implement an AKI detection algorithm and submit AKI alerts to
the UK Renal Registry (UKRR). In this study, alerts and pre- and post-AKI SCr results submitted
to the UKRR were used to establish if AKI alerts were consistent with alerts generated using
simulated algorithm code in the same set of longitudinal SCr values. This would indirectly and
collectively assess the syntax used to code the AKI algorithm, based on guidelines published
by ‘Think Kidneys’, the extent of alert suppression (alerts not reaching the UKRR) and the
submission of alert data by laboratories to the UKRR. Agreement was excellent across LIMSs
and most individual laboratories, barring a few. In a sub-group analysis, agreement decreased
as the baseline SCr increased, causing concern for possible misclassification in people with
CKD. A limitation of this study was the exclusive analysis of laboratories with near-complete
data, which may not be representative of all laboratories submitting AKI and SCr data to the

UKRR.

9.2.2 Characterisation of healthcare clients ascertained with AKI in the City of

Cape Town, 2017 - 2021
The Provincial Health Data Centre (PHDC) of the Western Cape, South Africa, is a health

information exchange that uses data collected from healthcare clients in the public healthcare
system to ascertain, among other conditions, acute and chronic kidney diseases using a
bespoke algorithm. PHDC-ascertained AKI was described for the first time and associated
demographics, comorbidities and healthcare utilisation information was used to describe
those ascertained with the condition. Notably, the burden of AKI on public health services was

immense and injury was severe. Although unique and pragmatic, the PHDC AKI detection
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algorithm was not comparable to the NHSE algorithm, which is based on consensus KDIGO
guideline criteria, necessitating caution when interpreting the findings. Importantly, the PHDC
algorithm may have detected worse AKl in females compared to males and it inherently does

not permit AKI detection in people with established CKD.

9.2.3 Clinical epidemiology of healthcare clients ascertained with CKD in the City

of Cape Town
The PHDC also records healthcare clients with CKD, based on sustained decreases in eGFR

over time, and KRT, based on dialysis and transplantation procedure codes, regularity of renal
clinic visits and prescription of medications commonly dispensed to people with KF and
transplant recipients. This study aimed to describe the number and attributes of individuals
with CKD and on long-term KRT. Uncertainty about who was still prevalent with CKD over time
was a limitation. Disengagement with healthcare services has implications for the personal
clinical care of the individual as well as monitoring the prevalent burden of CKD in the City.
The results suggested that KRT was not accurately captured, necessitating future investigation

and validation.

9.2.4 Incidence and characteristics of healthcare clients with A-on-CKD in the

City of Cape Town, 2017 — 2021
Since the PHDC does not, by design, permit the detection of AKl in individuals with pre-existing

CKD, a modified NHSE algorithm was executed in the SCr results of healthcare clients with
PHDC-ascertained CKD in the City of Cape Town to determine the incidence and traits of those
with A-on-CKD. The number of incident cases differed by sex, possibly explained by how men
and women access healthcare, and by incident/ prevalent CKD populations, limited by the

availability of longitudinal SCr data in persons with prevalent CKD before the execution of the
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algorithm. Modifications also allowed short-term recovery to be assessed. The assessment of
short-term recovery was limited by the lack of future SCr testing in people who did survive the

AKI.

9.2.5 Cardiometabolic associations with kidney function decline in older adults
with advanced CKD
Longitudinal eGFR and baseline cardiometabolic protein data in older people with advanced
CKD from the European Quality Study (EQUAL) were used to investigate the association
between cardiometabolic proteins and pathways with progression of CKD. In the primary
analysis, higher concentrations of three proteins were associated with eGFR decline. These
proteins were involved in extracellular matrix and axonal growth pathways and the
complement cascade. It is uncertain whether these proteins or pathways cause CKD
progression or if they simply have accumulated because of impaired kidney excretion. It was
not possible to characterise protein expression at the kidney tissue level, also precluding any
conclusion about the direct effects of these ubiquitous proteins on kidney function
specifically. Fibrosis can be seen as the common distal pathway leading to KF, no matter what
the inciting event or injurious, usually dysregulated, processes that accelerated this trajectory
to kidney function loss. This analysis in people with advanced kidney disease, may have
captured a fibrogenic niche milieu incidentally at a time when the sequelae of kidney disease

were already well established i.e., fibrosis.

247



9.3 IMPLICATIONS FOR TRANSLATIONAL AND POPULATION HEALTH

Before prevention and treatment of AKI, CKD and progression to kidney failure can be
contemplated, recognition of the occurrence of kidney disease and decline in kidney function
is paramount. Algorithms were implemented to detect kidney disease using commonly
requested laboratory tests. Thus, the burden of disease by algorithm-detected AKI and CKD
were explored. The South African Renal Registry currently only receives data from renal units
voluntarily submitting information on people receiving KRT care.(195) The UKRR, in contrast,

receives data on people with algorithm-detected AKI, advanced CKD and on KRT.(74)

The research presented in this thesis will be used to strengthen the algorithms used by the
PHDC to detect kidney disease and the findings of the burden and characteristics of AKI, CKD
and A-on-CKD will be used to advocate for kidney disease screening and prevention in the
province. The PHDC is unique in that it could potentially function as a province-wide kidney
health surveillance system collecting data on burden of disease, healthcare utilisation and
kidney outcomes across primary and hospital levels of care in the public sector.(79) Much
work is necessary however before this can be accomplished, including improving the
operationalisation of definitions of kidney diseases and ascertainment of people receiving KRT
care. Theoretically, quality indicators such as levels of anaemia, dialysis adequacy and mineral
and bone disease control can be incorporated. In the future, private dialysis services could be
onboarded as well. Also, a kidney function and disease summary will soon be available as a
clinician portal as part of the PHDC health information exchange.(80) This will support

clinicians in recognising new and worsening kidney disease.
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The UKRR, which receives and processes AKI alerts submitted from laboratories across
England and reports on AKI epidemiology and outcomes can be reassured by the findings of
this research that the alerts that they receive are valid, at least for laboratories that submit
complete data and except for a few laboratories. The results of the analysis presented in this
thesis could be shared with laboratories and LIMS providers and prompt investigation and
audit of how laboratories generate and process alerts generally and specifically in people with
CKD. Specifically, steps need to be audited from the code written to generate the alert, how
the alert is processed by the LIMS/ laboratory, and whether alerts that should reach the
Registry are suppressed by the laboratory. The UKRR, in consultation with laboratories and
LIMS providers, could investigate automatic delivery of alert data to the UKRR to overcome
issues of incomplete data files being sent or for laboratories currently not submitting at all, to

achieve full compliance with the Patient Safety Alert issued by NHS England.(63)

Although intentionally hypothesis generating, the results of the analysis of cardiometabolic protein
associations with CKD progression require further study. Nevertheless, immunological and fibrosis
pathways as well as interactions with the vascular wall are promising targets of intervention. At the
very least, the analysis highlighted important considerations in the assessment of eGFR decline and
complex biological systems that should be taken into account when investigating biological

mechanisms of CKD progression.
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9.4 FUTURE RESEARCH
Further research is required in the detection of kidney disease, collection of kidney disease

attributes and finding mechanisms of kidney disease progression.

The uptake of digital administrative registration and encounter data, health records,
laboratory and other data permits the automated detection of kidney disease using consensus
SCr and eGFR criteria and diagnostic and procedure codes. However, as demonstrated in this
thesis, routinely collected data are complex and clinical and contextual information is often
unavailable. Rule-based algorithms are efficient and easy to implement, but several aspects
of the continuum from choosing and operationalising the baseline SCr, thresholds used to
define kidney disease and misclassification of kidney disease are factors that need attention

to ensure correct capture of kidney disease.

There is much work that should still be undertaken in the field of automated AKI detection
especially related to the NHS England algorithm and the laboratories in which the algorithm
is operational. Since the baseline SCr is required to define and stage AKI, it is imperative to
use the most clinically relevant value that generates alerts with the highest sensitivity and
specificity.(20,350,351) Further research should be conducted to determine the most
appropriate baseline SCr when known, particularly in people with pre-existing CKD and
especially when routinely collected data are studied. The most appropriate baseline is likely
the value that is most predictive of mortality and adverse kidney outcomes.(352) The
possibility of alert suppression should be audited and guidelines should incorporate specific
advice. This will ensure that reports of AKI clinical epidemiology generated by the UKRR are

certain that all AKl is being captured, especially in people with pre-existing CKD.
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Investigation of different thresholds of change (beyond the standard relative and absolute
changes proposed by KDIGO), including individualised prediction as exemplified by the
precision medicine movement and personalised SCr reference ranges, might show better
performance especially in the context of CKD.(353-355) Also, given that laboratories may
have operationalised the NHS England algorithm differently, it is pertinent to elucidate how
the Think Kidneys best practice guideline has been interpretated and to audit the algorithm
syntax that has been coded within LIMSs, especially in laboratories found in this analysis to

have poor agreement with the central code.

Limitations of the proteomic analysis of kidney function decline were that the study was
restricted to older people with advanced CKD and only serum proteins were assayed. If the
aim is to discover proteins that cause kidney function decline, then analysis of people of all
ages with normal and all stages of CKD should be studied. Also, the serum, urine and tissue
compartments (kidney biopsy) should directly be tested at multiple time points. Kidney
function should be measured and not estimated using the imperfect eGFR and proteinuria
should be quantified longitudinally. Individual proteins as well as metabolites, genomic and
epigenetic signatures, and core biological pathways should be investigated. This would
constitute the ideal study to provide robust conclusions about the causes of kidney function
decline, albeit expensive and logistically difficult, and permit the discovery of therapeutic
interventions that would impede CKD development and progression. This type of investigation

could be incorporated into future trials of candidate drugs to slow CKD progression.
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9.5 CLOSING REMARKS

Understanding kidney disease epidemiology starts with its recognition and identifying
biological mechanisms of its progression. Rule-based algorithms are useful to monitor the
occurrence of new kidney disease. The NHSE algorithm, a modified NHSE algorithm and a
kidney disease algorithm used by the PHDC were used in this thesis to describe the clinical
epidemiology of acute and chronic kidney diseases. Algorithms should be based on well
recognised criteria so that kidney disease detection is uniform. Kidney disease episodes that
emanate from different laboratories or that are based on information collected at different
facilities or from multiple source systems need to be validated and expected to be consistent
across diverse settings and levels of kidney dysfunction. Once kidney disease has been
established, novel proteomics and bioinformatic tools show promise to appreciate complex
biological systems and pathways that may explain kidney disease progression, with the
ultimate goal of preventing kidney failure and premature death, and improving the quality of

life of people living with kidney disease.

Administrative data (the digitome) and the proteome provide unique opportunities to detect
and explain kidney disease. However, limitations of the methods used to scrutinise the
digitome and proteome, such as kidney disease misclassification, the complex way healthcare
clients access and engage with medical facilities, how their data are collated to infer disease
episodes, the way in which disease episodes are defined, incomplete or missing data and the
inability to derive causal biological relationships, were identified for further refinement and

investigation in the future.
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1  APPENDIX 1: NATIONAL HEALTH SERVICES ENGLAND ACUTE KIDNEY INJURY DETECTION ALGORITHM

RI =Population
Reference Interval
(Age and sex
related if available)

Serum creatinine
result exists?

Algorithm for detecting Acute
Kidney Injury (AKI) based on
serum creatinine changes with
time

Index creatinine value
Defined as
C1

This algorithm relates to the
NHS England patient safety
alert: NHS/PSA/D/2014/010

Previous result
Within 0 — 365 days?

If Result within If Result within
Find lowest 0-7 days & - 385 days Find MEDWAN
Then: Then:
RV = Reference value. Defined as:
Define as L X N . Define as
RV1 the creatinine value with which an index RV2

creatinine value is compared

Y A
Calculate RV ratio - Is higher RV ratio < Calculate RV ratio
>

C1/RV1 21.5? hl C1/Rv2

NO

Is age < 18 years? Serum creatinine

NO YES > x3 ULRI?
ULRI = upper
Report without alert. limit of YES
5‘“: to auﬂl;r.hhl:on Q reference
Pl .
Increased > 26 pmol/L NO Has change occurred interval
In <7 days. Within 48hrs?
Consider requesting Serum creatinine YES
repeat If CKD
unlikely. > 354 pmoliL?
YES
YES
NO
NO
5‘”:‘:“'"‘“ Is D > 26 preliL?
- Is higher RV ratio
> 23.0?
NO
D = difference between
current and lowest YES|
previous result within YES Is higher RV ratio
48hrs 22.0and <3.0?

NO

YES Is higher RV ratio

z15and <2.0?
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2 APPENDIX 2: LIST OF OLINK® T96 CARDIOMETABOLIC AND T96 CARDIOVASCULAR || PROTEIN PANELS

Short name
ACE2
ADAM-TS13
ADM
AGRP
AMBP
ANG
ANG-1
ANGPTL3
AOC3
APOM
BMP-6
BNP
C1QTNF1
C2

CA1

CA3

CA4
CAS5A
CCL14
CCL17
CCL18
CCL3
CCL5
CD4

UniProt ID
Q9BYF1
Q76LX8
P35318
000253
P02760
P03950
Q15389
Q9Y5C1
Q16853
095445
P22004
P16860
Q9BXJ1
P06681
P00915
P07451
P22748
P35218
Q16627
Q92583
P55774
P10147
P13501
P01730

Long name
Angiotensin-converting enzyme 2

A disintegrin and metalloproteinase with thrombospondin motifs 13

ADM

Agouti-related protein

Protein AMBP

Angiogenin

Angiopoietin-1
Angiopoietin-related protein 3
Membrane primary amine oxidase
Apolipoprotein M

Bone morphogenetic protein 6
Natriuretic peptides B
Complement C1g tumour necrosis factor-related protein 1
Complement C2

Carbonic anhydrase 1

Carbonic anhydrase 3

Carbonic anhydrase 4

Carbonic anhydrase 5A, mitochondrial
C-C motif chemokine 14

C-C motif chemokine 17

C-C motif chemokine 18

C-C motif chemokine 3

C-C motif chemokine 5

T-cell surface glycoprotein CD4
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Panel
cvil
cvil
cvi
cvi
cvi
CM
cvi
CM
CM
CM
Cvil
Cvil
CM
CM
CM
CM
CM
Cvil
@Y
CVii
@Y
CVii
@Y
CVii



CD40-L
CD46
CD59
CD84
CDH1
CEACAMS
CES1*
CFHR5
CHL1
CNDP1
COL18A1
COMP
CR2
CRTAC1
CST3
CTRC
CTSL1
CXCL1
DCN
DECR1
DEFA1*
Dkk-1
DPP4
EFEMP1
ENG
F11

F7
FABP2

P29965
P15529
P13987
QouIB8
P12830
P31997
P23141
Q9BXR6
000533
Q96KN2
P39060
P49747
P20023
Q9NQ79
P01034
Q99895
PO7711
P09341
PO7585
Q16698
P59665
094907
P27487
Q12805
P17813
P0O3951
P0O8709
P12104

CD40 ligand

Membrane cofactor protein
CD59 glycoprotein

SLAM family member 5
Cadherin-1

Carcinoembryonic antigen related cell adhesion molecule 8

Liver carboxylesterase 1

Complement factor H-related protein 5
Neural cell adhesion molecule L1-like protein
Beta-Ala-His dipeptidase

Collagen alpha-1(XVIII) chain

Cartilage oligomeric matrix protein
Complement receptor type 2

Cartilage acidic protein 1

Cystatin-C

Chymotrypsin C

Cathepsin L1

C-X-C motif chemokine 1

Decorin

2,4-dienoyl-CoA reductase, mitochondrial
Neutrophil defensin 1

Dickkopf-related protein 1

Dipeptidyl peptidase 4

EGF-containing fibulin-like extracellular matrix protein 1
Endoglin

Coagulation factor XI

Coagulation factor VI

Fatty acid-binding protein, intestinal
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Cvil
CM
CM
Cvil
CM
Cvil
CM
CM
CM
CM
CM
CM
CM
CM
CM
Cvil
Cvil
Cvil
Cvil
Cvil
CM
Cvil
CM
CM
CM
CM
CM
Cvil



FAP* Q12884 Prolyl endopeptidase FAP @Y

FCGR2A P12318 Low affinity immunoglobulin gamma Fc region receptor ll-a CMm
FCGR3B 075015 Low affinity immunoglobulin gamma Fc region receptor IlI-B CMm
FCN2 Q15485 Ficolin-2 CcM
FETUB Q9UGM5 Fetuin-B CcM
FGF-21 QINSA1 Fibroblast growth factor 21 cvi
FGF-23 Q9GZV9 Fibroblast growth factor 23 CVil
FS P19883 Follistatin Cvil
Gal-9 000182 Galectin-9 Cvil
GAS6 Q14393 Growth arrest-specific protein 6 CM
GDF-2 Q9UKO05 Growth/differentiation factor 2 cvi
GH P01241 Growth hormone Cvil
GIF P27352 Gastric intrinsic factor Ccvil
GLO1 Q04760 Lactoyl glutathione lyase cvi
GNLY P22749 Granulysin C™M
GP1BA P07359 Platelet glycoprotein Ib alpha chain CM
GT P51161 Gastrotropin Cvil
HAOX1 QouUJM8 Hydroxyacid oxidase 1 cvi
HB-EGF Q99075 Proheparin-binding EGF-like growth factor cvi
HO-1 P09601 Heme oxygenase 1 Cvil
hOSCAR Q8IYS5 Osteoclast-associated immunoglobulin-like receptor cvi
HSP 27 P04792 Heat shock 27 kDa protein cvi
ICAM1 P05362 Intercellular adhesion molecule 1 C™M
ICAM3 P32942 Intercellular adhesion molecule 3 C™M
IDUA P35475 Alpha-L-iduronidase cvi
IGFBP3 P17936 Insulin-like growth factor-binding protein 3 CM
IGFBP6 P24592 Insulin-like growth factor-binding protein 6 CM
IGLC2 PODOY2 Ig lambda-2 chain C regions CM
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IL-17D
IL-18
IL-1ra
IL-27
IL-4RA
IL16
ILIRL2
IL6

IL7R
ITGAM*
ITGB1BP2
KiM1
KIT
LCN2*
LEP
LILRB1
LILRB2
LILRB5
FCG2B
LOX-1
LPL
LTBP2*
LYVE1
MARCO
MBL2
MEGF9
MERTK
MET

Q8TAD2
Q14116
P18510
Q14213
P24394
Q14005
Q9HB29
P05231
P16871
P11215
Q9UKP3
Qo6D42
P10721
P80188
P41159
Q8NHL6
Q8N423
075023
P31994
P78380
P0O6858
Q14767
QO9Y5Y7
Q9UEW3
P11226
Q9H1U4
Q12866
P0O8581

Interleukin-17D

Interleukin-18

Interleukin-1 receptor antagonist protein

Interleukin-27

Interleukin-4 receptor subunit alpha

Pro-interleukin-16

Interleukin-1 receptor-like 2

Interleukin-6

Interleukin-7 receptor subunit alpha

Integrin alpha-M

Melusin

Kidney Injury Molecule

Mast/stem cell growth factor receptor Kit

Neutrophil gelatinase-associated lipocalin

Leptin

Leukocyte immunoglobulin-like receptor subfamily B member 1
Leukocyte immunoglobulin-like receptor subfamily B member 2
Leukocyte immunoglobulin-like receptor subfamily B member 5
Low affinity immunoglobulin gamma Fc region receptor II-b
Lectin-like oxidized LDL receptor 1

Lipoprotein lipase

Latent-transforming growth factor beta-binding protein 2
Lymphatic vessel endothelial hyaluronic acid receptor 1
Macrophage receptor MARCO

Mannose-binding protein C

Multiple epidermal growth factor-like domains protein 9
Tyrosine-protein kinase Mer

Hepatocyte growth factor receptor
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Cvil
Cvil
Cvil
Cvil
Cvil
Cvil
Cvil
Cvil
CM
CM
Cvil
Cvil
CM
CM
Cvil
CM
CM
CM
Cvil
Cvil
Cvil
CM
CM
Cvil
CM
CM
Cvil
CM



MFAP5
MMP-12
MMP-7
NCAM1
NEMO
NID1
NOTCH1
NRP1
OSMR
PAM
PAPPA
PAR-1
PARP-1
PCOLCE
PD-L2
PDGFB
PGF
PIgR
PLA2G7*
PLTP*
PLXNB2
PRCP*
PRELP
PROC
BOC
PRSS2
PRSS27
PRSS8

Q13361
P39900
P09237
P13591
Q9Y6K9
P14543
P46531
014786
Q99650
P19021
Q13219
P25116
P09874
Q15113
Q9BQ51
PO1127
P49763
P01833
Q13093
P55058
015031
P42785
P51888
P04070
Q9BWV1
P07478
Q9BQR3
Q16651

Microfibrillar-associated protein 5

Matrix metalloproteinase-12

Matrix metalloproteinase-7

Neural cell adhesion molecule 1
NF-kappa-B essential modulator
Nidogen-1

Neurogenic locus notch homolog protein 1
Neuropilin-1

Oncostatin-M-specific receptor subunit beta
Peptidyl-glycine alpha-amidating monooxygenase

Pappalysin-1

Proteinase-activated receptor 1

Poly [ADP-ribose] polymerase 1
Procollagen C-endopeptidase enhancer 1
Programmed cell death 1 ligand 2
Platelet-derived growth factor subunit B
Placenta growth factor

Polymeric immunoglobulin receptor
Platelet-activating factor acetyl hydrolase
Phospholipid transfer protein

Plexin-B2

Lysosomal Pro-X carboxypeptidase
Prolargin

Vitamin K-dependent protein C

Brother of CDO

Trypsin-2

Serine protease 27

Prostasin
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CM
Cvil
Cvil
CM
Cvil
CM
CM
CM
CM
CM
Cvil
Cvil
Cvil
CM
Cvil
Cvil
Cvil
Cvil
CM
CM
CM
CM
Cvil
CM
Cvil
CM
Cvil
Cvil



PSGL-1
PTPS
PTX3
QpPCT
RAGE
REG1A
REG3A
REN
SAA4
SCF

SELL
SERPINA12
SERPINAS
SERPINA7
SLAMF7
soD1
SOD2
SORT1
SPARCL1
SPON2
SRC
ST6GALL
STK4
TCN2

TF

TGFBI
TGFBR3
TGM2

Q14242
Q13332
P26022
Q16769
Q15109
P05451
Q06141
P0O0797
P35542
P21583
P14151
Q8IW75
P0O5154
P05543
Q9NQ25
P0O0441
P04179
Q99523
Q14515
Q9BUD6
P12931
P15907
Q13043
P20062
P13726
Q15582
Q03167
P21980

P-selectin glycoprotein ligand 1

Receptor-type tyrosine-protein phosphatase S
Pentraxin-related protein PTX3
Glutaminyl-peptide cyclotransferase

Receptor for advanced glycosylation end products
Lithostathine-1-alpha

Regenerating islet-derived protein 3-alpha

Renin

Serum amyloid A-4 protein

Stem cell factor

L-selectin

Serpin A12

Plasma serine protease inhibitor
Thyroxine-binding globulin

SLAM family member 7

Superoxide dismutase

Superoxide dismutase [Mn], mitochondrial
Sortilin

SPARC-like protein 1

Spondin-2

Proto-oncogene tyrosine-protein kinase Src
Beta-galactoside alpha-2,6-sialyltransferase 1
Serine/threonine-protein kinase 4
Transcobalamin-2

Tissue factor

Transforming growth factor-beta-induced protein ig-h3
Transforming growth factor beta receptor type 3
Protein-glutamine gamma-glutamyltransferase 2
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Cvil
CM
Cvil
CM
Cvil
CM
CM
Cvil
CM
Cvil
CM
Cvil
CM
CM
Cvil
CM
Cvil
Cvil
CM
Cvil
Cvil
CM
Cvil
CM
Cvil
CM
CM
Cvil



THBS2
THBS4
THPO

TIE1

TIE2
TIMD4
TIMP1

T™

TNC
TNFRSF10A
TNFRSF11A
TNFRSF13B
TNXB
TRAIL-R2
UuMOD
VASN
VCAM1
VEGFD
VSIG2
XCL1

P35442
P35443
P40225
P35590
Q02763
Q96H15
P01033
P07204
P24821
000220
Q9Y6Q6
014836
P22105
014763
PO7911
Q6EMK4
P19320
043915
Qo61Q7
P47992

Thrombospondin-2
Thrombospondin-4

Thrombopoietin

Tyrosine-protein kinase receptor Tie-1
Angiopoietin-1 receptor

T-cell immunoglobulin and mucin domain-containing protein 4

Metalloproteinase inhibitor 1

Thrombomodulin

Tenascin

Tumour necrosis factor receptor superfamily member 10A
Tumour necrosis factor receptor superfamily member 11A
Tumour necrosis factor receptor superfamily member 13B
Tenascin-X

TNF-related apoptosis-inducing ligand receptor 2
Uromodulin

Vasorin

Vascular cell adhesion protein 1

Vascular endothelial growth factor D

V-set and immunoglobulin domain-containing protein 2
Lymphotactin

*Proteins not analysed because they did not reach level of assay detection.
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Cvil
CM
Cvil
CM
Cvil
CM
CM
Cvil
CM
Cvil
Cvil
Cvil
CM
Cvil
CM
CM
CM
Cvil
Cvil
Cvil
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