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Thesis Abstract

Background: Chronic kidney disease (CKD) is an established cause of morbidity and
mortality worldwide. While methods to determine kidney function are well established in
Western populations, there are good reasons to believe these methods may not translate well
to sub-Saharan Africa (SSA), meaning the overall burden of CKD is uncertain. The aim of
this thesis was to determine the prevalence and mortality associated with renal impairment
using conventional estimated glomerular filtration rate (eGFR) approaches, we also compared
performance of measured GFR (mGFR) to eGFR and used mGFR based model to impute
CKD prevalence in sSA.

Methods: We determined the prevalence and all-cause mortality from impaired renal
function [defined as eGFR) <60mls/min/1.73m? within a population-based cohort among
adults of 18 years and above in rural Uganda. Working with the African Research on Kidney
Disease Network (ARK) a consortium of three community-based cohorts from Malawi,
Uganda and South Africa, we stratified participants by level of renal function. We
intravenously injected Smillilitres bolus of exogenous iohexol and drew venous samples from
the contralateral arm at 5, 120, 180 and 240- minute time points to determine the mGFR. We
compared the performance of existing equations to mGFR and used a model to impute kidney

function based on mGFR.

Results: In Uganda, among 5,979 participants, we found an overall prevalence of eGFR <60
ml/min per 1.73 m? of 1.6% (95% CI 1.34-1.99) with up to 1,089 (18.2%) having an eGFR
<90 ml/min per 1.73 m? in a predominantly young population. Older age, hypertension and
anemia were independently associated with impaired renal function. In adjusted analyses,
participants with baseline eGFR <45mls/min/1.73m? had six-fold higher mortality compared
to those with eGFR >90mls/min/1.73m? (HR 6.12 (95% CI 2.27-16.45)) with strong evidence
of a linear trend for risk of mortality as renal function declined (p<0.001). Among the 2,578
participants with mGFR and 2433 with cystatin C eGFR from the ARK study, we found that
that all eGFR equations overestimate GFR compared to mGFR or cystatin C across the three
countries and this was worsened by use of ethnicity coefficient. Using a model to impute
kidney function based on mGFR, we estimated CKD prevalence to be two to three-fold

higher compared to creatinine-based estimates in populations across six countries in sSA.



Conclusion: Based on existing creatinine-based methods to estimate GFR, we found a
relatively low prevalence of impaired renal function in the general population. We also
demonstrated that eGFR <45mls/min/1.73m? are associated with an increased all-cause
mortality. However, using iohexol clearance, we showed that these creatinine-based measures
over-estimate GFR and under-estimate CKD. This means a substantial proportion of people
with kidney disease are missed by current eGFR equations which may have adverse effects

on the health and care of patients with CKD in sSA.
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1.0 Thesis design and structure

1.0 Thesis design and structure

1.1 Thesis design

This PhD thesis is part of a much bigger study funded by the GlaxoSmithKline Africa NCD
Open Lab Programme, which aimed to establish a new equation for measuring glomerular
filtration rate in sub-Saharan Africa using cohorts from Malawi, South Africa and Uganda. |
used the data from ARK for which I have contributed greatly as the principal investigator for

my PhD work.

The thesis was designed to use the existing baseline data collected in census rounds 22
(2011/2012) and 24 (2014/2015) performed on the general population cohort (GPC) in
Kyamulibwa a semi-rural village 120 kilometers from Kampala the capital city of Uganda to

ensure that we understand the nature of renal abnormalities.

The GPC was set up in 1988 to study the life course of HIV-AIDS but for round 22 (2011-
2012) and 24 (2014-2015) the focus was on non-communicable diseases. Blood samples are
routinely stored for future studies and participants fully consent for future use of the samples.
We used the stored samples to test for creatinine and then linked up the creatinine levels to
other collected data. Using this information, we were able to address the objective of

prevalence and associated factors.

We used the baseline creatinine and the annually collected information on mortality to

determine the all-cause mortality from impaired creatinine over a period from 2012 to 2019.

As part of the PhD, | planned to do a systematic review on the available data in sub-Saharan

Africa. However, we later learned that our partners in South Africa had already registered a

14



1.0 Thesis design and structure

similar systematic review with PROSPERO data base. | decided to join their team and

participated in the systematic review for the study.

For the third objective of measuring glomerular filtration rate, | selected all patients with
eGFR <60mls/min/1.73m? since they were few and then stratified the other patients by sex,
age and GFR level to have a good representation of the general population as well as different
stages of renal impairment. These were used to determine the measured GFR and then
generate information on GFR in this population. We used a shared protocol which was jointly
developed with the teams from South Africa and Malawi to collect data so that we could later
pool the data to address the final objective of determining the best way to estimate GFR in

sub-Saharan Africa.

1.2 Thesis structure

The thesis is made up of seven chapters which have been written in a research style format. It
includes four research papers which have been associated with the PhD project. Each of the
four research papers is a stand-alone paper which was prepared in its own right. This
inevitably means that some information on methods, research definitions and settings will be
repeated from one paper to another. Each paper is presented in a way that the thesis has a
coherent flow and is not necessarily put in the temporal order of publication. Because of the
current challenges of travel restrictions because of the COVID-19 pandemic, accessing
resources like fast internet, software and printing services that are readily available at the
London School of Hygiene and Tropical Medicine, has been a big problem. I have therefore
made a few adjustments in the way the PhD chapters are presented. For example, | have
included all the appendices at the end of each chapter to ensure that the readers have access to

all the materials associated with each chapter in one place. For the same reasons, | have also

15



1.0 Thesis design and structure

included the references at the end of each chapter instead of having them at the end of the

thesis.

Two of the published papers were an offshoot of this work but | did not play the leading role
in their publication though I contributed substantially. These include the paper on Social
Sciences and the systematic review on how to measure GFR in sub-Saharan Africa. | have

included brief parts of these where they fit best and included them in the appendix.

Chapter 1: The thesis design and structure show the lay out of the PhD thesis and gives
guidance on what is expected in the different chapters and the reasons for the way it is

arranged.

Chapter 2: Introduction presents an introduction to the epidemiology of CKD in sub-Saharan
Africa. In this chapter | explored the way GFR is estimated using the different equations and
went into details of how GFR is measured worldwide and briefly shared what we found in
our systematic review. | discuss the limitations of current studies and briefly explain how
kidney disease is currently being managed in sub-Saharan Africa. | additionally explored

studies looking at mortality from CKD.

Chapter 3: The aims and methods section summarize the thesis aims, objectives and
rational. It clearly lays out the study settings and details of how information was collected,
stored and analyzed to address each of the objectives. More details are provided for the
lohexol measurement paper that were largely not included in the manuscript for publication
due to word limits and new methods of analysis that we learned along the way. The
manuscript on ‘How to estimate glomerular filtration rate in sub-Saharan Africa: design and
methods of the African Research on Kidney Diseases (ARK) Network; is included in this

section.

16



1.0 Thesis design and structure

Chapter 4: Addresses objective 1: determining prevalence of impaired renal function in a

rural Ugandan population cohort.

Chapter 5: Addresses objective 2: Impaired renal function as a predictor of mortality among

rural Ugandans: results of a general population cohort study.

Chapter 6: Addresses objective 3 of determining the best way to measure kKidney function in

Uganda, Malawi and South Africa

Chapter 7: The discussion is a summary of key findings from the PhD, how these relate to
the existing literature, the implications of the findings to the field of nephrology in sub-

Saharan Africa, strengths, limitations, suggestions for future work and conclusions.

The Appendices consist of key documents such as consents, questionnaires, ethics approvals,
conference papers and two extra manuscripts published in the course of the PhD but not

included in the main thesis.

1.3 Student’s contribution

Since | joined MRC/UVRI and LSHTM Research unit in 2015, I contributed substantially to
the setting up of the GSK-CKD Open Lab study and the African Research on Kidney Disease
(ARK) Network which is a collaboration between the London School of Hygiene and
Tropical Medicine in the UK, the MRC/UVRI & LSHTM and LSHTM Research Unit in
Uganda, Malawi Epidemiological and Intervention Research Unit (MEIRU) in Malawi and

the University of Witwatersrand in South Africa.

1.4 The GSK-CKD Open Lab study and ARK study

In 2015 | joined the Medical Research Council/ Uganda Virus Research Institute and the
London School of Hygiene and Tropical Medicine (MRC/UVRI & LSHTM) Research unit as

a nephrologist and coordinator for the GlaxoSmithKline-Chronic Kidney Disease (GSK-

17



1.0 Thesis design and structure

CKD) Open Lab study. As the coordinator of the study, I refined the grant application into a
protocol and developed the consent forms and questionnaires for the study. | obtained ethical
approvals from the ethical review board and the Uganda National Council for Science and
Technology. In 2016 | was appointed as a senior scientist and principal investigator (PI) for
the GSK-CKD Open Lab study. As the PI | oversaw the running of the study, developed
standard operating procedures (SOPs) for each aspect of the study, trained research team
members, ensured proper recruitment and follow-up of patients for each component of the
study. I was responsible for the proper conduct of the study including submission of
renewals, amendments, report writing for the sponsors and the regulatory authorities as well
as all the administrative aspects of the study. I led the set-up of the iohexol study lab which
required establishment of a close monitoring unit where we kept patients for 5 hours while
taking off blood samples and ensured proper collection of 24-hour urine samples, ambulatory
blood pressure measurements, electrocardiograms (ECGs) and bio-impedance measurements
per protocol. I also worked with my supervisors and the teams from Malawi and South Africa
to set up the ARK consortium. I played a key role in development of the materials transfer
agreements (MTAS) and oversaw the transfer of samples between the collaborating
institutions. In 2019, | hosted a 3-day conference that finalized the data sharing agreements,
set the grounds for data analysis and future directions for the ARK consortium in Kampala,

Uganda as part of leadership training in my PhD.
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1.0 Thesis design and structure
1.5 PhD work, associated publications and my contributions

1. Systematic review: June Fabian, Jaya A George, Harriet R Etheredge, Manuel van
Deventer, Robert Kalyesubula, Alisha N Wade, Laurie A Tomlinson, Stephen Tollman,
Saraladevi Naicker, on behalf of the African Research in Kidney Disease (ARK) Working
Group, Methods and reporting of kidney function: a systematic review of studies from sub-
Saharan Africa, Clinical Kidney Journal, Volume 12, Issue 6, December 2019, Pages 778—

787.
| participated in:
1. the retrieval of the systematic review of papers

2. review of full-text articles for the manuscript and scored them accordingly and

discussed data inconsistences with the team.
3. the analysis and interpretation of the data

4. the draft of the manuscript and responded to reviewer comments for the final

manuscript.

2. Baseline creatinine paper: Kalyesubula R, Hau JP, Asiki G, Billy Ssebunya, Sylvia

Kusemererwa, Janet Seeley, Liam Smeeth, Laurie Tomlinson, Robert Newton. Impaired renal

function in a rural Ugandan population cohort. Wellcome Open Res 2019, 3:149.
I led:

1. the study planning and design

2. the data collection

3. the data management

4. | participated in data analysis
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1.0 Thesis design and structure

5. I led the interpretation of the analysis
6. | led the writing of the first manuscript and subsequent editing

7. | submitted the final manuscript and did all correspondence with the editors and

reviewers.

3. Mortality Paper: Robert Kalyesubula, Isaac Sekitoleko, Keith Tomlin, Christian Hansen,
Billy Ssebunya, Ronald Makanga, Janet Seeley, Liam Smeeth, Robert Newton, Laurie
Tomlinson on behalf of the ARK study. Association of impaired kidney function with

mortality among rural Africans: results of a general population cohort study
1. | led the study planning and design

2. 1 did extensive data management and cleaning, which included generating and
resolving data queries and updating databases and review of case report forms

(CRF) copies, merging datasets and generating data bases for mortality outcomes.
3. | participated in data analysis
4. | led the interpretation of the analysis

5. I led the writing of the first manuscript and subsequent editing with feedback from

my supervisors and co-authors.

6. | submitted the final manuscript and will handle all correspondence with the

editors and reviewers.

4. lohexol methods paper: Kalyesubula R, Fabian J, Nakanga W, Newton R, Ssebunnya B,
Prynn J, George J, Wade AN, Seeley J, Nitsch D, Hansen C, Nyirenda M, Smeeth L, Naicker

S, Crampin AC, Tomlinson LA. How to estimate glomerular filtration rate in sub-Saharan
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Africa: design and methods of the African Research into Kidney Diseases (ARK) study.

BMC Nephrol. 2020 Jan 15;21(1):20.

| led:

1. the study planning and design

2. the interpretation

3. the writing of the first manuscript

4. the subsequent editing of the manuscript and

5. I submitted the final manuscript and did all correspondence with the editors and

reviewers.

5. Social Science study on understandings and perceptions of a diagnosis of kidney
dysfunction: Seeley J, Kabunga E, Ssembatya J, A Tomlinson L, Fabian J, Smeeth L,
Nyirenda M, Newton R, Kalyesubula R, Bukenya D; ARK Consortium. Understanding

kidney disease in rural central Uganda - Findings from a qualitative study. Glob Public

Health. 2020 Apr 30:1-12.

| participated in the:

1. study planning and design and oversaw the data collection.

2. data management

3. data analysis.

4. interpretation of the analysis.

5. writing of the first manuscript and subsequent editing.
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Musenge, Wisdom P Nakanga, Josephine E Prynn, Gavin Dreyer, Tracy Snyman, Billy
Ssebunnya, Michele Ramsay, Liam Smeeth, Stephen Tollman, Saraladevi Naicker, Amelia
Crampin, Robert Newton, Jaya A George, Laurie Tomlinson on behalf of the African
Research on Kidney Disease (ARK) Consortium

1. 1 led the study planning and design for Ugandan part of ARK
2. | led the data collection for Ugandan part of ARK

3. | participated in extensive data management and cleaning, which included
generating and resolving data queries and updating databases and review of case

report forms (CRF) copies and generating data bases from Uganda.
4. | participated in the development of the data analysis plan

5. I held regular face-to-face and later online meetings (for most of the COVID-19

era) with my supervisors and co-authors for regular feedback.
6. | participated in data analysis.
7. | participated in the interpretation of the analysis.

8. | participated in the writing of the first manuscript and subsequent editing.
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of Hygiene and Tropical Medicine

November 2020, Fall 2020 Epidemiologic Methods (EPI 203), University of California San

Francisco, USA

1.7 Conferences and workshop presentations

May 2016, | presented study proposals and protocols at the Collaborators meeting in

Johannesburg South Africa.

Feb 2017, | made an oral presentation, NCD consortium, Characterization of chronic kidney

disease in Uganda, Kampala, Uganda
June 2018; Support supervisory visit Malawi

April 2019, presented poster on how to estimate GFR in sub-Saharan Africa, Melbourne,

Australia.

July 2019, Oral Presentation, Johns Hopkins University, Chronic Kidney Disease of
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Jan 2020, Invited Lecture on How to measure Kidney function in Sub-Saharan Africa, Yale

school of Medicine, USA. Please refer to appendix of abstracts for more details.
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1.8 Statement of impact by COVID-19

1.8.1 Activities affected by COVID-19

| was rotating in London for the final write up with access to fast internet, seclusion from
other distractions that occur at home. My rotation in London was cut short and | had to return
to Uganda 2 months earlier than planned in March 2020. As a result of this | was put in
quarantine for 3 weeks which was quite unstructured and very traumatizing at the time when
very little was known about COVID-19. We were guarded by 15 soldiers and cared for by
one clinical officer and were not allowed to go outside of our hotel rooms which we paid for
out of pocket. We were not allowed to see any relatives at that time and we were actually
stigmatized by the public as well as the media. This took a great toll on my progress because
| could not concentrate on the PhD work while trying to survive this ordeal. When we were
finally accepted to go home, things never remained the same.

| was requested to be part of the task force for care of patients affected by kidney disease and
COVID-19 which took a lot of time. As a leading expert of nephrology in the country, | am
often called from time to time to support care of critically ill patients with kidney disease and
COVID-19 as well as contributing to development of management protocols. This is often
impromptu and takes from the academic time.

After leaving London, I could no longer hold regular face to face meetings with my
supervisors which had been scheduled to be on a weekly basis for three months to finalize the
PhD work. 1 no longer had access to both human and other resources at the LSHTM and UK
as a whole nor interact with other doctoral students for peer support and discussions.

My children that would normally be in school were now at home and | had to provide home

schooling which took quite a chunk of time and required a learning curve.
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Other problems were restrictions to resources in country due to rampant lock downs and
restrictions on movement within the night and lack of access to premises like
MRC/UVRI&LSHTM Research unit resources.

At one point we had internet and social media interference during election times that further
deprived me of time to focus on PhD work. Poor access to statistical programs for analysis of
the research work, write up of the thesis and layout support made this issue more acute.

We also had a lot of unrest during the presidential campaigns from September 2020 to
January 2021 with a lot of uncertainties about the future that disrupted concentration and
learning.

While we had some peace and quiet from January to April 2021, the second wave of the
pandemic hit us at the end of May through June 2021. This has been more devastating
affecting young people as well as requiring more attention for clinical support to the
emergency units. Our country virtually run out of oxygen and patients begun to have
cylinders of oxygen administered from the waiting areas and some from the back of their cars
as medical personnel tried to cope with the pandemic effects. With restrictions in movement
across districts, restricted access to the internet and Information and Technology (IT)
services, rampant power cuts as well as medical care for patients and relatives who have
fallen sick from COVID-19; the pandemic has had a great toll on my concentration and
ability to perform some of the work required for the thesis write up as explained earlier.
1.8.2 Remedial actions taken for COVID-19

| blocked out regular times for PhD

I held regular online meetings with supervisors which was such a great commitment from
their side.

| purchased large data packages to help with internet access while staying at home.
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| took leave from in-country duties as much as would be acceptable for me to create time for
the PhD work.

| also shared duties for home schooling with my wife which was a great relief.
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2.0 Introduction
2.1 Background

Non-communicable diseases (NCDs) are increasing in sub-Saharan Africa (sSA) and will
become the leading cause of death in Africa by 2030[1]. Chronic kidney disease (CKD) is
one of the NCDs that has received little attention over the last decade despite being both a
consequence and cause of other NCDs. Moreover, CKD prevalence in sSA is projected to
increase[2]. Despite this, there remains a paucity of data describing the current prevalence,
risk factors and the best way to estimate glomerular filtration rate (eGFR) among people from

sSA. This has impeded the development of appropriate prevention and treatment strategies.

The treatment of chronic kidney diseases depends on the stage of the kidney disease as well
as the cause of kidney disease when established. For the early stages of kidney disease
including stage one to stage two without any additional abnormalities of urine and kidney
structure, no active interventions are recommended beyond the treatment of concurrent risk
factors and cause of kidney disease. As the kidney disease progresses to stage three which is
a GFR < 60mls/min/1.73 m?, active interventions to delay kidney disease are employed.
Among the established methods of slowing kidney disease are interventions that target the
causes of kidney disease. The commonest cause of kidney disease world over is diabetes
mellitus and adequate control of blood sugar has been shown to delay diabetic nephropathy
according to the Diabetes Control and Complications Trial (DCCT) and the UK Prospective
Diabetes Study (UKPDS) trials [3, 4]. Management of diabetic kidney disease has its
peculiarities and the selection of drugs needs to be looked at critically because some drugs
like metformin may be contraindicated in severe kidney dysfunction while others like insulin
can cause more episodes of hypoglycemia and therefore need dose adjustments. In addition,
treatment of kidney disease involves appropriate blood pressure control. The care of patients

with kidney disease in SSA cannot be complete without addressing the management and care
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for patients with HIV which causes kidney disease directly or indirectly through opportunistic
infections and the drugs used to treat it [5]. While access to antiretroviral therapy (ART) has
improved in SSA, patients are living longer and are prone to developing CKD which may
progress to end stage kidney disease (ESKD). Irrespective of the cause once the patient
reaches ESKD, they will require either dialysis or kidney transplantation. Access to dialysis
in most African countries is very limited and most of those that have it require patients to pay
out of pocket. Moreover, the home managed form of peritoneal dialysis is not readily
available and patients often only have the choice of hemodialysis which is available in only
limited centers, largely capital cities. Kidney transplant, which is the ultimate solution for end
stage kidney failure is only available in 8 out of the 56 countries in Africa[2]. The rest of the
countries have to refer patients for kidney transplant at very prohibitive costs. Often less than

1% of patients who need kidney transplant have access to it[6].

It is therefore very important that proper ways to diagnose and treat CKD are delineated and
clear guidelines developed for management of CKD with particular attention to the specific

situation of sSA.

2.2 Kidney function and GFR

The kidneys are two bean shaped organs located in the retroperitoneal space of the abdomen.
Though small in size in comparison to other organs in the body like the lungs, the kidneys are
no less important. The kidneys are responsible for maintaining the internal environment of
the body constant, help in regulating blood pressure through the renin-angiotensin-
aldosterone system, supporting hemoglobin production through production of erythropoietin,
regulating acid base balance as well as ensuring electrolyte balance and production of vitamin
D. The kidney is also responsible for excretion of the by-products of metabolism through

production of urine. The kidney clears up to 180 liters of blood per day of toxic products [7].
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This brings us to the concept of glomerular filtration rate (GFR). The glomerular filtration
rate is used to measure the excretory function of the kidney and does not directly measure
renal blood flow. Glomerular filtration rate is used as one of the ways to estimate kidney
function[8]. We cannot directly measure GFR in humans. It is assessed from clearance
measurements or serum levels of filtration markers. These markers are either endogenous or

exogenous solutes that are mainly eliminated by glomerular filtration.

Clearance of a substance is defined as the volume of plasma cleared of a marker per unit
time. Clearance of substance y is the sum of the urinary and extrarenal clearance. Indeed,
substances that are eliminated by both renal and extrarenal routes, have higher plasma

clearance than their urinary clearance.

2.3 How to measure GFR — measured GFR

Measured glomerular filtration rate (MGFR) remains the gold standard for determining
kidney function [9, 10]. The big question is, what is the best marker for doing this? Inulin has
been recognized for many years as one of the best markers[11]. However, because of the
complex nature of the methods required for inulin, its cost and lack of availability, other
methods have been proposed and evaluated through a systematic review [12]. Central to this
debate, is that the ideal marker to measure GFR should have certain characteristics to provide
accurate results. It should be freely filtered at the glomeruli; not be metabolized; not be bound
to plasma proteins and be non-toxic. Additionally, the ideal marker should be excreted only
by the kidneys and should neither be reabsorbed nor secreted by the renal tubules. The
marker should easily be measured and should be stable in both blood and urine [13]. Thus,

finding an ideal marker is complicated.
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The proposed methods used to determine measured GFR in addition to inulin include:
measurement of clearance of iothalamate, iohexol, Diethylenetriamine Pentaacetic Acid
(DTPA), Ethylenediaminetetraacetic acid (EDTA) and 24-hour urinary creatinine collection
for estimation of creatinine clearance [13, 14]. However, all of these have their challenges.
DTPA and EDTA, like inulin, are expensive and not readily available in most African
countries. 24-hour urinary collection for creatinine clearance is often inaccurate due to
difficulty in ensuring a complete collection as well as tubular creatinine secretion which leads
to overestimates of measured GFR, especially at lower GFR levels [13-16]. lohexol on the
other hand presents a very good option that may address most of the issues faced with other
markers. Its advantages include ready availability, low cost, good safety profile, low protein
binding, low levels of toxicity at the dose used for measuring GFR, stability at room

temperature, and being able to provide an accurate measure of glomerular filtration [13, 14].

2.4 Evidence for iohexol as a gold standard for measured GFR

We elected to use serum iohexol to measure GFR and determine the optimal method to
estimate GFR. This selection is backed by evidence showing that iohexol meets the criteria to
be a gold standard for measured GFR as has been elaborated in a recent review by
Delanaye[14]. Results from two studies comparing serum iohexol and inulin have shown
good correlation between the two methods [17, 18]. lohexol has also been compared with
other markers: several studies showed excellent agreement between 51Cr-EDTA and serum
iohexol methods[19-22]; lohexol outperformed 99Tc-DTPA[23] and lothalamate[20, 24].

lothalamate overestimates GFR because it is secreted by the tubules.

2.5 Creatinine and cystatin C
Creatinine is an endogenous biomarker that results from the break-down of creatine

phosphate in muscle tissues. It has a molecular weight of 113.13g/mol. The normal range of
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creatinine in males varies from 0.6 - 1.2 mg/dl (53-106 umol/L) and 0.5-1.1 mg/dl (44-97
umol/L) in females using the kinetic (enzymatic) method[25]. Creatinine like other
physiological markers is not only affected by the GFR but by other factors often referred to as
non-GFR determinants. These include the rate of generation of creatinine, its reabsorption
and secretion by the tubules of the kidney as well as its elimination from other parts of the
body (extra-renal elimination)[26]. These physiological processes are not routinely measured

which brings in errors in creatinine measurements.

Creatinine therefore falls short of an ideal biomarker because it is secreted by the tubules and
is affected by other factors which are not related to GFR [27]. There are also significant
inaccuracies with creatinine measurement as an assay especially when measured by the Jaffe
method [28]. Serum creatinine levels vary substantially with ethnicity, age, sex, physical
activity and nutritional status [9, 27]. Several sources of variability in estimating GFR have
been described including biological variability in serum creatinine, laboratory induced errors
in creatinine measurement and choice of estimating equation [29, 30]. The imprecision of
creatinine measurement is more marked at values near the normal range where it is most

critical to determine earlier stages of CKD [29, 31, 32].

To overcome some of the challenges of using creatinine as a marker for eGFR, the National
Kidney Disease Education Program of the USA published comprehensive guidelines to
regulate creatinine measurement and reporting [33]. Key among these is that the creatinine
methods should be to a reference method for creatinine that is IDMS (isotope dilution mass
spectrometry) traceable. Secondly, after recalibration to IDMS, the total error allowable for

creatinine should be fixed at less than 10% error in eGFR [34].

The other biomarker used in measurement of kidney function is cystatin C. Cystatin C is a

protein with a molecular weight 13 Kilo Daltons and is expressed by all nucleated cells in the
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body. The normal range of serum cystatin is 0.6 to 1 mg/l. Cystatin C is freely filtered by
the glomerulus and fully reabsorbed and metabolized by the renal tubules for recycling within
the body. It is less affected by diet and muscle mass than creatinine. Cystatin C levels have
been noted to correlate better with GFR [35, 36]. However, Cystatin C levels are affected by
smoking and male sex and the levels may be raised in people with active inflammation and

high basal metabolic index [37].

2.6 Creatinine and estimation of GFR

Estimating equations use easily measurable major determinants of creatinine such as
demographic factors including age, sex and the black ethnicity as surrogate markers for non
eGFR determinants in combination with creatinine to calculate the GFR[26]. Creatinine has
been widely used to estimate GFR because it is easier to measure compared to other markers
such as cystatin C. There are several equations used to estimate GFR from serum creatinine,
correcting for factors such as age, sex, weight in use worldwide [38-43]. Because of earlier
studies done in African Americans, a correction coefficient is incorporated into some of the

equations to address the issue of ethnicity and creatinine variability[39].

The first equation to be developed was the Cockcroft-Gault (CG) equation largely based on
factors that can easily be determined including; age, gender, weight and body surface area

(BSA). The equation is expressed as:

Cockceroft-Gault equation: eGFR (mL/min/1.73m?) = [140-age (years) x weight (kg) x (0.85

if female) x 1.73m?)] / [S-Cr x BSA (m?)] (Where SCr- stands for serum creatinine)

The CG equation was used in many drug studies and most of the dosing schedules in CKD
are based on it. The fact that it is easy to calculate also lends it to easy use by clinicians from
developing countries where laboratories are not yet mandated to report eGFR [44]. The

challenge with CG is that it needs to be corrected for the body surface area, making direct
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laboratory reporting impossible, and it underestimates GFR [45]. This prompted researchers
to seek for alternatives [13, 46]. This led to the development of the Modification of Diet in
Renal Disease (MDRD) study equation[39]. This is a 4-variable equation adjusted for age,

sex, ethnicity and creatinine level:

IDMS traceable 4-v MDRD equation: eGFR (mL/min/1.73m?) = 175 x S-Cr 1% x age
(years) %% x (0.742 if female) x (1.1212 if African American)[39] ( where IDMS-isotope

dilution mass spectrometry)

However, the development of the MDRD equation was based on patients who had glomerular
filtration rates <60 mls/min/1.73m? and thus performs poorly in the general population when
the creatinine is normal or near normal levels. To address this issue Levey and his colleagues
devised the CKD-EPI equation, which determines GFR with more accuracy in patients who

have near normal kidney function [40].

CKD-EPI equation for creatinine: eGFR (mL/min/1.73m?) = 141 x min(S-Cr/x, 1) ® x

max(S-Cr/k, 1)12%° x 0.993%%® x 1.018 [if female] x 1.159 [if black]

There is evidence from several studies suggesting that cystatin C measurements either alone
or in combination with creatinine greatly improve the accuracy of eGFR and the prediction of
death, ESRD and cardiovascular disease [47, 48]. These have been endorsed by the 2012
Kidney Disease: Improving Global Outcomes (KDIGO) CKD guidelines to be used alone or
in combination with creatinine when eGFR accuracy is of high importance.[10] The

recommended CKD-EPI creatinine-cystatin C equation is shown below:

CKD-EPI equation for creatinine and cystatin C: eGFR (ml/min/1.73m?) = 135 x min(SCr/
K, 1)* x max(SCr/ r, 1) %%t x min(SCysC/0.8, 1)%37® x max(SCysC/0.8, 1)1 x 0.995%% x

0.969 [if female] x 1.08 [if black]
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where; SCr is serum creatinine, SCysC is serum cystatin C, « is 0.7 for females and 0.9 for
males, a is -0.248 for females and -0.207 for males, min(SCr/k,1) indicates the minimum of
SCr/x or 1, and max(SCr/x, 1) indicates the maximum of SCr/k or 1, min(SCysC/0.8,1)
indicates the minimum of SCysC/0.8 or 1 and max(SCysC/0.8,1) indicates the maximum of

SCysC/0.8 or 1[10].
Other equations have been developed in Europe and these include:
The Revised Lund-Malmg equation: ¢X—0.0158xAge+0.438xIn(Age)

Where Female Cr < 150 umol/L: X = 2.50+0.0121 x (150—Cr); Female Cr > 150 umol/L:
X =2.50-0.926 x In(Cr/150); Male Cr < 180 umol/L: X =2.56+0.00968 x (180-Cr);

Male Cr> 180 umol/L: X = 2.56-0.926 x In(Cr/180)[42] where Cr is serum creatinine

Full-Age Spectrum FAS (creatinine) Equation FAS-GFR: 107.3 /Creat/Q x 0.988A%¢-40) jf

>40 years

where Q-values are the mean or median SCr value for age-/sex-specific healthy

populations[43]

2.7 Overview of performance of GFR estimating equations

The performance of GFR estimating equations has evolved over time and adaptations are
being made to ensure that early diagnosis of kidney disease is made and decisions can be
made to delay progression as well as initiate appropriate therapies to affected individuals[26].
Creatinine variability and imprecisions in measurements makes its isolated use a poor
predictor of kidney function. According to the international guidelines it is recommended that
reporting eGFR should be done along with the creatinine level once the eGFR is
<60mls/min/1.73m? because the true GFR level is more precisely estimated by eGFR at this

level[10]. The performance of GFR estimating equations varies according to the population
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under investigation as well as the purpose and accuracy required for its use. CKD-Epi or

more accurate equations are recommended for use by KDIGO. Each of the equations has its
strength and limitations largely emanating from the population in which it was developed as
well as what has been done so far to validate its use in other populations. Below I outline the

estimating equations uses and limitations.

The CG equation has been used for the longest time and remains relevant because most of the
drug dosing studies were done using this equation [38, 49]. The CG uses four parameters of
age, weight, gender and creatinine serum level, it has to be standardized for 1.73m?, which is
a major limitation factor for its determination in the laboratory. Most of the studies using the
CG are also old and used the Jaffe method of creatinine measurement which may have errors

of overestimation [50].

The MDRD equation can be used as 4-variable equation (black race, gender, serum creatinine
and age) or as a 6-variable equation (gender, race, age, serum creatinine, blood urea nitrogen
and albumin). The 4-variable equation is used most and was developed using a population of
1,648 patients with previously diagnosed CKD[39]. The MDRD equation has been shown to

underestimate GFR among patients with preserved renal function [30, 51].

The African American ethnicity coefficient is included for all individuals of a black race
when estimating GFR using the MDRD and CKD-EPI equations. This is based on the MDRD
study where individuals of African origin had higher creatinine levels for the same value of
measured GFR compared to their non-black counterparts[39]. This was further confirmed in
the African American Study of Kidney Disease (AASK)[52]. However, there are growing
concerns on the use of the ethnicity coefficient factor as a form of discrimination against
individuals of black color further aggravating disparities in access to kidney care services.

The opponents argue that race is a dynamic characteristic and is not a reliable proxy for
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biological characteristics. Because of this and other issues there is a big call to drop the use of

the ethnicity coefficient when determining eGFR [53, 54].

The CKD-Epi was developed to address the shortcomings of the MDRD equation by
including participants with normal kidney function. This equation was developed in a
population of 8,254 individuals with a mean GFR of 68ml/min/1.73m? based on iothalamate
clearance. It is also based on four factors including ethnicity, age, sex and serum creatinine
level (CKD-Epicr) or serum cystatin C (CKD-Epicys)[40]. The CKD-Epi has been found to be
more accurate in determining GFR. This was confirmed in a meta-analysis of 11 general
population studies (90,750 participants) and 5 cohort studies of CKD patients (2960
participants) [55]. Sadly, all the studies used in the meta-analysis were from Europe and
North America and may not reflect the true picture among people in Africa. Moreover, some
of the cohorts used in the studies had variable methods of creatinine measurement and the
measurement of cystatin C was not standardized across the cohorts. Researchers note that,
eGFRcys is not more accurate than eGFR¢r but the combination eGFRcr-cys IS more accurate

than either of the equations alone[26, 56].

The Lund-Malmo is a relatively newly developed equation that depends on three factors
(gender, age and serum creatinine). In a study by Nyman among 2,847 adult Swedish
patients, the revised Lund-Malmo equation performed better than both the CKD-EPI and the
MDRD equations. It was noted that MDRD and CKD-EPI overestimated lohexol measured
GFR in patients with decreased kidney function, young adults and elderly[42]. The Lund-

Malmo equation has never been studied among people from Sub-Saharan Africa.

The FAS equation has the advantage of being developed in both children and adults. It was
developed from a European cohort to address the challenge of the transition between 16 to 18

years of age [43]. The modified FAS equation draws from the FAS and CKD-Epi equations
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with 11,251 participants from 7 studies for development and internal validation and 8,378
participants from 6 studies for external validation. The advantage is that it covers individuals
from two to ninety years with a wide range of serum creatinine (0.45 -5.54 mg/dL) and seems
to outperform the CKD-Epicr equation. The major limitation is that it included individuals of

European origin and had no black patients, nor inclusion of other minority groups [57].

2.8 Performance of eGFR equations in Sub-Saharan Africa

We undertook a systematic review with a purpose of establishing current literature on the
methods of assessment of kidney function in SSA (see appendix for publication). For the
purposes of this thesis, | will focus on the literature available to compare the accuracy of
eGFR to measured GFR (MGFR), overall and with reference to the impact of adjustments for
the ethnicity coefficient on estimating kidney function. We conducted the systematic review
in accordance with the PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) guidelines. The period selected for review included all original research
studies published from 31/01/2008 to 31/ 9/2018. We searched online databases of Pubmed,
African Journals Online (AJOL) and Web of Science using the relevant medical subject
headings. Based on the title and abstract, all studies from the sSA region that assessed kidney

function in adults were evaluated according to inclusion and exclusion criteria agreed upon.

In summary, we identified ten studies that measured GFR using a gold standard reference
method, four from South Africa and one each from Ivory Coast, Congo, Ghana, Kenya,
Seychelles and Sudan [58-63]. The Kenyan study and one study from South Africa focused
on adult participants with HIV infection [60, 64]. This was particularly relevant for the sSSA
region because of widespread use of tenofovir-containing antiretroviral therapy regimens as
first-line treatment. The methods used to measure GFR included iohexol on dried blood

spots, iohexol plasma clearance, technetium-99m diethylenetriamine penta-acetic acid
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(DTPA), chromium-51 ethylenediamine tetra-acetic acid (EDTA), inulin and 24-hour urinary
creatinine clearance. Six studies compared the performance of currently recommended eGFR

equations to a reference mGFR method.

The impact of using the ethnicity coefficient for the 4-v MDRD and CKD-EPI equations was
also evaluated. Overall, most studies demonstrated that when compared to the mGFR

method, inclusion of the ethnicity coefficient resulted in overestimation of eGFR in Africans.

The key finding from the review is that we still have few studies looking at measured GFR
from sSA. All of the studies used very small sample sizes of less than 150. In as much as the
studies followed the standard guidelines for measuring creatinine, which was considered for
estimating the values for eGFR; the majority excluded participants with CKD. It is therefore
not surprising that these studies showed low bias and good accuracy ranging from 73% to
93% (accuracy within 30% of the mGFR) when plasma iohexol clearance was used as the
gold standard. This is a reassurance that iohexol is good marker for mGFR in the general

population and can practically be used in sSA.

Moving on from this review, what our study will add is greater power as well as well as
including patients with chronic kidney disease or impaired renal function, and use of Cystatin
C in addition to creatinine. These were excluded from most of the studies outlined above. In
addition, all our creatinine measurements were standardized using an IDMS-traceable assay

to a standard reference material.

2.9 Impaired renal function and chronic kidney disease definitions and classification
Chronic kidney disease (CKD) has been defined by KDIGO as abnormalities of kidney

structure or function, present for more than 3 months [10].

The diagnosis requires the presence of either of the following for more than 3 months:
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. Decreased GFR: GFR <60 ml/min/1.73 m?
AND/OR

. Markers of kidney damage (one or more):

e Albuminuria [Albumin Excretion Ratio (AER) >30mg/24 hours; Albumin Creatinine
Ratio (ACR) >30mg/g or >3 mg/mmol]

e Urine sediment abnormalities

e Electrolyte and other abnormalities due to tubular disorders

e Abnormalities detected by histology

e Structural abnormalities detected by imaging

e History of kidney transplantation

Chronic kidney disease is classified by cause, level of GFR and albuminuria. It has been staged

according to level of GFR into five stages as shown in table 1 below recommended by KDIGO.

Table 1: KDIGO staging of kidney disease

Normal or high Gl> 90

Mildly decreased G2 60-89

Mild to moderately decreased G3a 45-59
Moderately to severely decreased G3b 3044
Severely decreased G4 15-29

Kidney failure G5 <15

Albuminuria categories ACR (mg/g) and related terms: A1 <30 (normal to mildly
increased); A2 30-300 (moderately increased); A3 >300 (severely increased)

Table 1. Abbreviations G- grade, A —Albuminuria, ACR- albumin creatinine ratio; eGFR-
estimated glomerular filtration rate
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On the other hand, impaired renal function is defined as any abnormality in kidney function
that has not been measured to be present for more than three months. This includes acute kidney
injury (2-7 days) and acute kidney diseases and disorders, which encompasses the all disorders
with reduced kidney function or kidney damage up to three months see Figure 1 [66, 67]. It is

important to note that acute kidney injury can be transient and reversible.

Figure 1: Acute Kidney injury, acute kidney disease and chronic kidney disease classification

0-7days ———» 7-90 days —»  >90 days

Recovery

Definitions: AKI- Acute kidney injury; AKD-Acute kidney disease, CKD-chronic kidney
disease; ESRD-End stage kidney disease (Adopted from Migizuki KA, 2018)

Diagnosis of impaired renal function also involves measurement of creatinine, urine volume,
microalbuminuria or other markers of kidney damage as above and can also be graded in

accordance with the KDIGO guidelines.

Measurement of urinary protein excretion is also an important marker of kidney disease.

The following measurements have been proposed for initial testing of proteinuria (in

descending order of preference (KDIGO)[10];

1. Urine albumin-to-creatinine ratio (ACR)
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2. Urine protein-to-creatinine ratio (PCR)

3. Reagent strip urinalysis for total protein with automated reading

4. Reagent strip urinalysis for total protein with manual reading

For all tests, an early morning urine is preferred. An ACR of 30 mg/g or greater (>3mg/mmol)

on a random untimed urine should be confirmed with a subsequent early morning urine sample.

2.10. How common is CKD in sSA?

Several studies have looked at the prevalence of kidney disease in Africa. These have largely
been cross-sectional in nature and the majority of them in high-risk populations. Community
and hospital-based studies have given differing prevalence rates of CKD in sSA ranging from
0.7% to 41.3% depending on the methods and population used [44, 68-73]. Most of the
studies are low quality and use inconsistent methods for assessing and defining kidney
disease [74].

Two systematic reviews have noted a prevalence of CKD of 4.6% to 13.9% [74, 75]. The
outstanding issues in the reported studies were around the quality of the data generated. Many
of the studies from sSA do not meet the KDIGO criteria of measuring creatinine at least 3
months apart, including other abnormalities such as albumin creatinine ratios, proteinuria or
structural abnormalities of the kidney. In a systematic review by Stanifer, only 3 out of 90,
(3.3%) studies were population based. Of the 21 studies included in the meta-analysis only
three (14%) were considered to be of high quality according to KDIGO criteria [10, 74].
Many of the studies used either a single creatinine based eGFR and or proteinuria alone to
define CKD. This is likely to overestimate the prevalence of CKD because it includes acute
cases and does not exclude cases of proteinuria or elevated albumin: creatinine ratios due to
non-renal causes [74, 76]. One of the robust studies; the Africa Wits-International Network

for the Demographic Evaluation of Populations and their Health Partnership for Genomic
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Studies (AWI-Gen), recruited participants from four rural communities (Burkina Faso, Ghana
and two from South Africa) and two urban communities (Nairobi, Kenya and Soweto, South
Africa). They defined kidney disease as either having an eGFR of <=60mls/min/1.73 m? and
or albuminuria (urine albumin creatinine ratio of >3mg/mmol). Among the 8110 participants
enrolled in the study, the mean age was 49.9 years and the age-standardized GFR
<=60mls/min/1.73 m? was 2.4%; 9.6% for albuminuria and 10.7% for both low GFR and
albuminuria (which they defined as CKD). They reported a higher prevalence in the South
African sites compared to the West African sites. The key risk factors for kidney dysfunction
were older age, hypertension, diabetes mellitus and HIV-infection among the participants
while male sex was found to be protective. This study was based on populations from the
four countries and illustrates some of the key challenges faced in determining kidney disease
prevalence in sSSA. As an example, the participants from Soweto, South Africa were missing
the ACR measurements and were therefore excluded from the analysis for risk factors.
Furthermore, all the participants in this study were aged restricted as 40-60 years in
accordance with the study protocols. Even in these well-established cohorts, up to 2592
participants out of 10,702 (24.2%) had missing data on crucial variables for the study. There
was no second measurement of neither creatinine nor albuminuria and serum creatinine was
measured according to the Jaffe’s kinetic method which is less robust than the enzymatic
method due to interfering substances [77, 78]. Due to poor validation of all existing GFR
estimating equations; the authors reported their findings based on both MDRD and CKD-Epi
equations with and without the ethnicity coefficient adjustments.

The utility, feasibility and additional value of a second creatinine measurement along with the
additional diagnostic and prognostic value of proteinuria or albumin creatinine ratio (ACR)
has not been well evaluated in sSSA. However, there are indications that we may be

overestimating the prevalence of CKD. In a study from the general population in Morocco
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with a follow up of participants with baseline abnormal kidney function at three, six and
twelve months, a decrease of close to 50% in the prevalence of CKD was noted when
confirmation of “proteinuria’hematuria and chronicity” of eGFR were included in accordance
with the KDIGO guidelines[79]. Conversely, there was an underdiagnoses (false negatives)
of CKD in younger individuals with an eGFR >60 ml/min/1.73 m2. This has major
implications for SSA where the majority of the population is less than 45 years of age.

There is conflicting information on the leading risk factors for kidney disease in SSA with
some studies such as AWI-Gen and systematic review on global burden of disease
emphasizing the leading role of the traditional risk factors such as hypertension, diabetes
mellitus and HIV-infection [80] while other studies note that there may be other key drivers
of kidney disease in sSSA. In the studies from East Africa, between 49.1% and 66% of kidney
disease is not explained by hypertension, HIV-infection or diabetes mellitus [44, 81, 82]
implying that there may be other key drivers of kidney disease in this population. Given the
limited understanding of the causes and factors for progression of kidney disease, other
factors (which are less common in high-income countries) such as sickle cell disease, herbal
and traditional medicine use, glomerulonephritis and infections such as schistosomiasis and
malaria may play a major role in the causation and progression of CKD in sub-Saharan
Africa [83-85]. Overall, CKD is associated with poorer health status in LMICs and end stage

kidney disease (ESRD) has a greater negative health impact in those affected [86].

2.11 Mortality associated with chronic kidney disease

The leading causes of death among patients with chronic kidney diseases include
cardiovascular complications, infections and end stage kidney disease [87-89]. In developed
countries, end stage kidney disease (ESKD) is a chronic manageable disease often treated
with either dialysis or kidney transplant. There is a paucity of data on kidney disease and
mortality in general populations in sub-Saharan Africa. A review of the literature from 2012
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(GPC mortality study inception) to 2019 from PubMed, African Journals online and Scopus
using the term impaired renal function AND sub-Saharan Africa (SSA) AND mortality
without language restriction identified 144 articles. Our review noted that all the studies were
medium to low quality with the majority hospital based 133 (92%), cross sectional (90%) and
with prospective studies largely in children with an average follow up of 18 months. The few
prospective studies in adults are largely hospital based, with substantial loss to follow up or
were largely in disease specific populations which may not be applicable to the general

population in SSA [90-94].

There is low inclusion of kidney disease patients in the few cohorts that exist on the African
continent [1, 80, 95]. Most of the current studies have had a single measure of creatinine and
or microalbuminuria and follow up has not been achieved [74, 96, 97]. In a study among
HIV-infected individuals in Zambia baseline renal dysfunction was associated with increased
risk of mortality with an adjusted hazard ratio of up to 3.6 (95% CI, 2.4-5.5) after 90 days as
compared to those with normal renal function[70]. Among patients with acute heart failure
kidney dysfunction (low EGFR or high blood urea nitrogen) with or without proteinuria has
been associated with increased risk of mortality [91, 93, 98]. For example, in a study of 558
adults from Tanzania, patients discharged with heart failure and combination of low eGFR
(<60mls/min/1.73m?)/proteinuria (+ dipstick) died within 12months of follow up compared to
those without renal abnormality where the mortality rate was lower at 50% [93]. These
studies demonstrate that among patients with pre-existing conditions, renal dysfunction is
associated with increased risk of mortality. What has not been clearly established in most of
Africa is what proportion of patients with abnormal kidney function die as compared to those

with normal kidney function in the general population.
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ABSTRACT

Globally, chronic kidney disease (CKD) is an emerging public health challenge but accurate data on its true prevalence are
scarce, particularly in poorly resourced regions such as sub-Saharan Africa (SSA). Limited funding for population-based
studies, poor laboratory infrastructure and the absence of a validated estimating equation for kidney function in Africans
are contributing factors. Consequently, most available studies used to estimate population prevalence are hospital-based,
with small samples of participants who are at high risk for kidney disease. While serum creatinine is most commonly used
to estimate glomerular filtration, there is considerable potential bias in the measurement of creatinine that might lead to
inaccurate estimates of kidney disease at individual and population level To address this, the Laboratory Working Group of
the National Kidney Disease Education Program published recommendations in 2006 to standardize the laboratory
measurement of creatinine. The primary objective of this review was to appraise implementation of these
recommendations in studies conducted in SSA after 2006. Secondary objectives were to assess bias relating to choice of
estimating equations for assessing glomerular function in Africans and to evaluate use of recommended diagnostic criteria
for CKD. This study was registered with Prospero (CRD42017068151), and using PubMed, African Journals Online and Web of
Science, 5845 abstracts were reviewed and 252 full-text articles included for narrative analysis. Overall, two-thirds of studies
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did not report laboratory methods for creatinine measurement and just over 80% did not report whether their creatinine
measurement was isotope dilution mass spectroscopy (IDMS) traceable. For those reporting a method, Jaffe was the most
common (93%). The four-variable Modification of Dietin Renal Disease (4-v MDRD) equation was most frequently used (42%),
followed by the CKD Epidemiology Collaboration (CKD-EPI) equation for creatinine (26%). For the 4-v MDRD equation and CKD-EPI
equations, respectively, one-third to one half of studies clarified use of the coefficient for African-American (AA) ethnicity. When
reporting CKD prevalence, <15% of studies fulfilled Kidney Disease: Improving Global Outcomes criteria and even fewer used a
population-based sample. Six studies compared performance of estimating equations to measured glomerular filtration rate
(GFR) demonstrating that coefficients for AA ethnidty used in the 4-v MDRD and the CKD-EPI equations overestimated GFR in
Africans. To improve on reporting in future studies, we propose an ‘easy to use’ checklist that will standardize reporting of kidney
function and improve the quality of studies in the region. This research contributes some understanding of the factors requiring
attention to ensure accurate assessment of the burden of kidney disease in SSA. Many of these factors are difficult to address and

extend beyond individual researchers to health systems and governmental policy, but understanding the burden of kidney
disease is a critical first step to informing an integrated public health response that would provide appropriate screening,
prevention and management of kidney disease in countries from SSA. This is particularly relevant as CKD is a common pathway
in both infectious and non-communicable diseases, and multimorbidity is now commonplace, and even more so when those
living with severe kidney disease have limited or no access to renal replacement therapy.

Keywords: albuminuria, chronic kidney disease, creatinine, estimated and measured glomerular filtration rate, prevalence,

systematic review

INTRODUCTION

In sub-Saharan Africa (SSA), a double burden of infectious and
non-communicable diseases contributes to a potentially high
risk for chronic kidney disease (CKD). However, the true preva-
lence of CKD remains difficult to quantify [1, 2]. A systematic re-
view of the epidemiology of CKD in SSA concluded that most
studies were of medium to low quality due to poor sampling
methods and unreliable laboratory measurements of kidney
function [1]. Many of these studies were conducted in urban
hospitals with participants who had multiple risk factors for
CKD, and proteinuria was the most common measure of kidney
function [1]. Given that convenience sampling may lead to over-
estimating the burden of CKD at population level, and that the
diagnostic criteria used to define CKD were sub-optimal in
many of the studies from the review, the reasons for this low re-
search quality merit consideration.

First, the funding and infrastructure required for population-
based CKD prevalence studies is substantial and, even in the most
well-resourced environments, conducting these studies is chal-
lenging [2]. Second, in the absence of validated, affordable, point of
care diagnostics for kidney disease, for studies to conform to the
internationally accepted Kidney Disease: Improving Global
Outcomes (KDIGO) guidelines requires (i) laboratory measurement
of serum creatinine using an isotope dilution mass spectroscopy
(IDMS)- traceable standard reference material for creatinine; (ii) cal-
culation of the glomerular filtration rate (GFR) using the serum cre-
atinine; (iii) measurement of urine protein or albumin from a spot
urine sample, preferably laboratory quantified as an albumin:crea-
tinine ratio; and (iv) in the absence of clinical evidence that con-
firms chronicity, repeating these serum and urine measurements
after a minimum period of 3 months [3, 4]. These requirements im-
pose substantial logistic, infrastructural and financial hurdles for
clinical researchers, particularly in resource-limited settings where
the burden of CKD is projected to be highest.

For any study using KDIGO criteria, access to accurate diag-
nostic laboratory services is essential as even small variations
in creatinine measurement can impact on population preva-
lence estimates [2]. This is underappreciated by clinician scien-
tists and may reflect poor interdisciplinary collaboration with
chemical pathologists. For example, the older colorimetric picric
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acid (Jaffe) method is less accurate but cheaper than the recently
developed enzymatic method. While the enzymatic method is
recommended, in SSA most laboratories use the Jaffe method, for
which a correction factor should be applied [1]. To reduce inter-
laboratory measurement bias, the Laboratory Working Group of
the National Kidney Disease Education Program (NKDEF) in the
USA published guidelines in 2006 that recommended use of an
IDMS-traceable standard reference material for creatinine mea-
surement [5]. Consequently, the four-variable Modification of
Diet in Renal Disease (4-v MDRD) equation was re-expressed for
IDMS-traceability and the CKD Epidemiology Collaboration (CKD-
EP]) equations are based on the use of an IDMS-traceable method
[6, 7]. Adherence to standard internal and external quality assur-
ance procedures are additional obligatory steps that mitigate
laboratory-induced bias. In SSA and other low and middle income
settings, reliable diagnostic laboratory infrastructure cannot be
assumed. The lack of study-specific standardization in sampling
and measurement of creatinine is considered the greatest obsta-
cle to determining the global prevalence of CKD [2, 8].

Further bias may be introduced through the choice of esti-
mating equation for GFR. Initially, the National Kidney
Foundation guidelines recommended the 4-v MDRD equation
for estimating GFR [3]. This equation was derived from a rela-
tively small study sample in the USA with a coefficient that cor-
rected for a higher creatinine observed in African-Americans
(AAs). A similar correction coefficient for AA ethnicity was de-
rived for use with the CKD-EPI equation, which is now the pre-
ferred equation in the revised KDIGO guidelines for 2014 [4]. In
studies from SSA, when the coefficients for AA ethnicity are
used for either of these two equations, they consistently overes-
timate GFR [9-15]. In the absence of appropriate, validated esti-
mating equations for African populations, some studies have
omitted the coefficients for AA ethnicity when using the 4-v
MDRD and CKD-EPI equations [16, 17]. Researchers need to be
cognizant of the limitations imposed by these equations and
the bias that could be introduced into their results.

The primary objective of this review was to appraise report-
ing of laboratory methods for creatinine measurement in stud-
ies utilizing creatinine to assess kidney function in SSA. The
secondary objectives were to assess bias relating to: choice of
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equations used to estimate GFR; use of coefficients for AA eth-
nicity for the 4-v MDRD and CKD-EPI equations; criteria used to
diagnose CKD; and study design and sampling strategies.

MATERIALS AND METHODS
Search strategy and selection criteria

This narrative systematic review was registered with the
International Prospective Register of Systematic Reviews
(PROSPERO) (CRD42017068151) and completed according to the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) together with the revised quality assessment
of diagnostic accuracy studies (QUADAS-2) guidelines [18-20].
The period selected for review included all original research
studies published from 31 January 2008 to 31 December 2018.
This was based on the assumption that after the NKDEP guide-
lines were published in 2006, this would set the standard for the
widespread implementation of IDMS-traceable creatinine
assays in diagnostic laboratories by 2008—and we would see a
similar trend in studies from SSA [5]. For studies that deter-
mined the prevalence of CKD, the recommended criteria for di-
agnosis of CKD were first published in 2002 and subsequently
updated in 2012 [3, 4]. Likewise, we anticipated that these guide-
lines would inform the choice of criteria for clinical studies.

The online databases for PubMed, African Journals Online and
Web of Science were searched using the relevant medical sub-
ject headings (Supplementary data, Appendix S1). Based on the
title and abstract, all studies from the S5A region that assessed
kidney function in adults were evaluated according to inclusion
and exclusion criteria agreed upon by the team conducting the
systematic review (Supplementary data, Appendix 51). Only
those abstracts with studies with full-text articles, available in
English, were selected for the final analysis.

Quality assessment and data extraction

The online database search generated abstracts for screening
J.A.G. and Mv.D. independently screened abstracts from African
Journals Online and Web of Science. There were no additional refer-
ences identified through bibliography searches. Results were com-
pared and differences of opinion referred to J.F. or H.RE. Similarly,
J.F.and HR.E. independently screened abstracts from PubMed and
followed the same process with differences referred to JA.G. and
M.v.D. Duplicates were removed and the team agreed on a list of
eligible abstracts for which full-text articles were sourced by J.A.G.
and H.RE. For each full-text article, data were extracted by two
authors who worked independently (J.F., JA.G,, HR.E, Mwv.D. and
R.K.). Each author then compared their data extraction to the sec-
ond author and discrepancies were resolved or referred to the
remaining authors for review. If needed, J.F. contacted authors via
email for clarification of study-specific information and incorpo-
rated the feedback for those who responded.

The QUADAS-2 assessment sheet (Supplementary data,
Appendix 52) was used as a template by the team to pilot the
data extraction process. After conducting the pilot, a revised
form, adapted for the specific needs of this study, was gener-
ated and accepted by the group for use. This was formulated
into a study-specific data extraction sheet (Supplementary data,
Appendix 53). In summary, where appropriate for each full-text
study, the data were abstracted as follows: (i) was GFR mea-
sured or estimated, and by which method; (i) was creatinine
measured, and by which method, and was the method IDMS-
traceable to a standard reference material for creatinine; (iii)
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was cystatin C measured; (iv) did the study determine CKD
prevalence—if so, by which criteria, was chronicity confirmed
with repeat measurements; and (v) study design, sample selec-
tion and sample size. The estimating equations for creatinine,
cystatin and creatinine-cystatin, and CKD criteria are defined in
Supplementary data, Appendix 54. Data were analyzed using
simple descriptive statistics including frequency and percent-
age tabulation for continuous variables. A narrative analysis
was considered more appropriate for the aim of this systematic
review and a meta-analysis was therefore not conducted.

Performance of eGFR equations

For those studies with measured GFR (mGFR) and comparisons
of performance of the different estimated GFR (eGFR) equations,
the relative performance of these equations was assessed using
(i) bias: median of difference between estimated and mGFR; 95%
confidence interval (CI), when available; and (ii) P30: percentage
of eGFR values within 30% of the (gold standard) mGFR; 95% CI,
when available.

RESULTS

From the online database searches, there were 5845 records
published during the review period. The procedure followed for
study identification and selection is summarized in Figure 1
The final number of full-text articles assessed as eligible for in-
clusion into this systematic review totaled 252 (Supplementary
data, Appendix 55). The results are presented as follows: (i) lab-
oratory method for creatinine measurement; (i) estimating
equations for eGFR; (iii) mGFR using a gold standard method,
comparison of the performance of eGFR equations in relation to
mGFR and the impact of coefficients for AA ethnicity; (iv) diag-
nostic criteria for CKD; and (v) quality of the studies.

Laboratory method for creatinine measurement

The laboratory method for creatinine measurement was not
reported in two-thirds of studies (159/252; 63.1%). For those that
included a method, the Jaffe method was by far the most com-
mon (80/86; 93.0%). Only six studies described an enzymatic
method. Most studies (206/252; 81.7%) did not state whether their
laboratory was using an IDMS-traceable standard reference ma-
terial for creatinine measurement. When stipulated, IDMS-
traceable assays were more common (34/39; 87.2%) than non-
IDMS traceable assays, of which there were only five (Table 1).

Estimating equations for GFR

Most studies used an estimating equation to assess kidney func-
tion (231/252; 91.6%) and some used more than one, so that eGFR
equations were used in 363 instances. Of the available equations,
the 4-v MDRD was most frequently used (146/363; 40.2%), fol-
lowed by the CKD-EPI equation for creatinine (94/363; 25.9%) and
Cockcroft-Gault (85/363; 23.4%). When the 4-v MDRD equation
was used, one-third used the 4v MDRD re-expressed for IDMS
traceability (46/146; 31.5%), half did not stipulate which version
was used (74/146; 50.7%) and the remainder used the original 4-v
MDRD (prior to the introduction of an IDMS-traceable standard
reference material for creatinine). The AA coefficient was used
for a third of the 4-v MDRD equations (45/146; 30.8%) and almost
half (72/146; 49.3%) did not stipulate if this was used. For the
CKD-EPI creatinine equation, more studies used the AA coeffi-
clent (39/94; 41.5%) and a quarter did not clarify if this was used
(23/94; 24.5%) (Table 1 and Supplementary data, Appendix 54).
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Searching of databases identified 5845 records (59 from African Journals Online; 1595
from Web of Science; 4191 from Pubmed). No records identified from other sources

‘ 5845 titles/abstracts screened ‘

‘ 5423 titles/abstracts excluded ‘

‘ 422 abstracts identified for review ‘

‘ 87 duplicates removed ‘

335 full text articles obtained and evaluated for eligibility

83 excluded
3 were poor study quality
3 countries were not in sub-Saharan Africa
2 conducted before the time-frame of study
10 did not meet inclusion criteria for review
23 did not measure kidney function directly
12 full-text not available in english
7 studies not designed to measure kidney disease

22 not original research articles (letter,abstract,
review, conference proceeding, protocol,
dissertation)

1 original article could not be sourced

v

252 full text articles selected for
systematic review

FIGURE 1: Flowchart for study identification and selection.

mGFR using a gold standard method, comparison of the
performance of eGFR equations in relation to mGFR and
the impact of coefficients for AA ethnicity

There were 10 studies that measured GFR using a gold stan-
dard reference method, 4 from South Africa and 1 each from
the Democratic Republic of the Congo, Ghana, Ivory Coast,
Kenya, Seychelles and Sudan [9-13, 15, 22-25]. The Kenyan
study and one study from South Africa focused on adult par-
ticipants with HIV infection [12, 13]. This was particularly rele-
vant for the SSA region because of widespread use of
tenofovir-containing antiretroviral therapy regimens as first-
line treatment. The methods used to measure GFR included
iohexol on dried blood spots, iohexol plasma excretion,
technetium-99m diethylenetriamine penta-acetic acid (DTPA),
chromium-51 ethylenediamine tetra-acetic acid (EDTA), inulin
and 24-h urinary creatinine clearance. Six studies compared
the performance of currently recommended eGFR equations to
a reference mGFR method. The impact of using the coefficient
for AA ethnicity for the 4-v MDRD and CKD-EPI equations was
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also evaluated. Overall, most studies demonstrated that when
compared with the mGFR method that was used, inclusion of
the coefficient for AA ethnicity resulted in overestimation of
eGFR in Africans (Table 2). Some studies compared the
relative performance of one or more eGFR equations without
reference to a gold standard mGFR. Since the scientific validity
of this practice is unsubstantiated, no further analysis was
conducted.

Diagnostic criteria for CKD

Most studies (162/252; 64.5%) defined CKD using a broad range
of criteria that have been summarized in Table 3. Fewer than
15% of studies confirmed chronicity by repeating the out of
range test for eGFR and/or albuminuria/proteinuria after the
minimum recommended period of 3months, a requirement
for diagnosing CKD as per KDIGO guidelines. Notably, most
studies that fulfilled the KDIGO requirements were published in
the latter half of the period under review [26-38].
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Table 1. Reporting of laboratory creatinine measurement and eGFR
equations

Laboratory creatinine measurement (n = 252 studies®)
Creatinine method Jaffe/enzymatic 80 (31.7%)/6 (2.4%)
Not stated 159 (63.1%)
Notmeasured 7 (2.8%)
IDMS-traceable 34 (13.5%)
Non-1DMS-traceable 5 (2.0%)
Not stated 206 (81.7%)
Notmeasured 7 (2.8%)
eGFR equations® (n = 363 eGFR equations?)
Creatinine clearance BSA® normalized (4/9)

(n=9; 2.5%) BSA not normalized (3/9)
BSA not stated (2/9)
BSA normalized (29/85)
BSA not normalized (28/85)
BSA not stated (28/85)
+ Coeflicient for AA ethnicity (14/26)
— Coefficient for AA ethnicity (5/26)
Coefficient not stated (7/26)
+ Coeflicient for AA ethnicity (23/46)
— Coeflicient for AA ethnicity (15/46)
Coefficient not stated (8/46)
+ Coefficient for AA ethnicity (8/74)
— Coefficient for AA ethnicity (9/74)
Coefficient not stated (57/74)
+ Coeflicient for AA ethnicity (39/94)
— Coeflicient for AA ethnicity (32/94)
Coefficient not stated (23/94)
+ Coeflicient for AA ethnicity (3/6)
— Coeflicient for AA ethnicity (3/6)

Creatinine method

Cockcroft-Gault
(n=85; 23.4%)

Non-IDMS-traceable 4-v
MDRD (n = 26; 7.2%)

IDMS-traceable 4-v
MDRD (n=46; 12.7%)

4-v MDRD (not stated)
(n=74;20.4%)

CKD-EPI® (creatinine)
(n=594; 25.9%)

CKD-EPI* (creatinine +
cystatin C)
(n="6; 1.7%)

Other (n=23; 6.3%) eGFR equation not specified (17/23)

Different eGFR equation used (6/23)

“Percentages rounded to one decimal point and may not sum to 100%.

Bof 252 studies, 21 did not use an eGFR method. Of the remaining studies (231),
some evaluated more than one eGFR method, thus totaling 363 eGFR equations.
“CKD-EPI equation for creatinine alone, or aeatinine and cystatin C, or cystatin
C alone.

4B5A (body surface area), normalized to 1.73 m? [21].

Quality of studies

Most study designs were cross-sectional (172/252; 68.3%), fewer
were case-controlled (41/252; 16.3%) and the methodology was
unclear in the remainder (39/252; 15.4%). Many studies reported
‘prevalent’ CKD, but this was restricted to hospital- or clinic-
based convenience samples and often focused on participants
at high risk for kidney disease, for example, those with sickle
cell disease, diabetes, hypertension, obesity, HIV and cardiac
failure. For true population prevalence of CKD, there were eight
randomly sampled population-based studies that determined
prevalent CKD [10, 17, 39-44]. None of the population-based
studies reported incident CKD.

DISCUSSION

There is scope for improving the quality of studies on kidney
function in SSA. This includes aspects of study design and
sampling, reporting of laboratory methods for creatinine mea-
surement and IDMS traceability, detailing choices for GFR equa-
tions that include coefficients for AA ethnicity, and diagnosing
CKD using appropriate criteria. While this is the first review of
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its kind for SSA, similar findings have been reported in Europe,
Mexico, Uruguay and India [8, 45].

There are published NKDEP guidelines for the laboratory
reporting of creatinine; however, two-thirds of our studies did
not report the method of creatinine measurement and even
fewer reported whether the method was IDMS-traceable to a
standard reference material for creatinine. This limited insights
into the extent of implementation of laboratory standards for
creatinine-based testing of kidney function, but our findings re-
flect a need for better study-specific interdisciplinary collabora-
tion between chemical pathologists, epidemiologists, public
health and clinical scientists. Collaboration would deepen the
scientific rationale and strengthen the methodological compo-
nents of studies that characterize kidney disease, particularly at
population level.

Many studies applied an estimating equation for GFR, but it
is noteworthy that Cockcroft-Gault was still relatively fre-
quently used, despite its omission from clinical practice guide-
lines since 2002. Perhaps this is due to the long history of this
equation and its ease of use in clinical settings. Because of the
time period for this review, it would be expected, as we have
confirmed, that the 4-v MDRD equation was the most fre-
quently used equation, but most studies did not identify which
version of the equation was used in relation to IDMS traceabil-
ity. Depending on which equation was used [CKD-EPI(serum
creatinine, SCr) and/or 4-v MDRD], up to half of studies did not
state whether the coefficients for AA ethnicity were used. In
this regard, two recent studies from the Democratic Republic of
the Congo and Ivory Coast (both using iohexol plasma excre-
tion to measure GFR) deserve mention. The former, supporting
prior findings from South and Eastern Africa, confirmed that
omitting coefficients for AA ethnicity with CKD-EPI(SCr) and 4-
v MDRD equations improved accuracy. Together, these studies
highlight the critical importance of validating eGFR equations
in populations in which they are recommended for use [9, 12,
13, 15]. The Ivorian study goes a few steps further, where for
the first time in West Africans, normal reference ranges for
GFR are now available and the performance of the Full Age
Spectrum for creatinine (FAScreat) equation was validated.
Criginally derived from northern Caucasian populations, the
FAScreat equation incorporates adjustment for age and gender
as a Q value. In the Ivorian study, using Q values derived for
West Africans, the performance of FAScreat was better than
CKE-EPI(SCr) and requires no adjustment for ethnicity [25, 46].
If the FAScreat equation is validated in other regions of SSA
and proven to be superior to the currently recommended CKD-
EPI(SCr) equation, this provides strong support for changing
current eGFR equations recommended for use in KDIGO clinical
practice guidelines [4]. More broadly, remembering that perfor-
mance of CKD-EPI(SCr) has been questioned in Asia, it is in-
cumbent on policy makers—including KDIGO, to prioritize use
of validated population-appropriate eGFR equations particu-
larly when relating to diagnosis of CKD—given the global
health implications [46, 47].

The gold standard reference methods used for mGFR also re-
quire some reflection due to the potential biases that might
arise from their use [49-51]. In Europe, iohexol is the preferred
method while in the USA, iothalamate is most commonly used.
Recently, it has been suggested that iohexol may be the most
practical and accurate measure of GFR for a few reasons: it is
stable at a wide range of temperatures and has a very good clini-
cal safety profile; iochexol is more accurate than iothalamate
(which can systematically overestimate GFR by 10-15% due to
tubular secretion); there is very little difference between
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Table 3. Studies evaluating CKD in SSA (n= 162)

Number of

studies®® n =162, n (%) Parameter used to define CKD

Concordance with KDIGO definition of CKD

Creatinine-based
eGFR equation

Confirmation
of chronicity

Urine protein
or albumin

4(2.5) Serum creatinine

1(0.6) Serum creatinine + urine protein

67 (41.3) Serum creatinine-based eGFR

8(4.9) Serum creatinine-based eGFR + follow up mea-
surement at >3months

22(13.6) Serum creatinine-based eGFR + urine albumin

38(23.5) Serum creatinine-based eGFR + urine protein

1(0.6) Serum creatinine-based eGFR + urine albumin +
urine protein

12(7.4) Serum creatinine-based eGFR. + urine protein +
follow up measurement/s at =3 months

3(1.9) Urine albumin

5(3.0) Urine protein

1(0.6) Urine protein + follow up measurement at

>3 months

DOOOOOOOO®®
OOOOOOOOOO®
ODOODOOOOLO®

*One study was excluded as the definition used for CKD was unclear.

PPercentages have been munded to one decimal point and might not sum to 100%.

laboratory techniques for measuring iohexol, for example when
comparing high-performance liquid chromatography with
ultraviolet detection and liquid chromatography-tandem mass
spectrometry, whereas differences have been demonstrated
with iothalamate; and there is an external quality control pro-
gram for ichexol to aid standardizing interlaboratory variation in
measurements which does not exist for iothalamate [48]. It is
critical to contextualize this for SSA, as the 4-v MDRD and CKD-
EPI eGFR equations were all developed using iothalamate and
the coefficient for AA ethnicity would further overestimate GFR.
For the few studies in this review that compared mGFR with
eGFR, the reference methods differed, but none used iothala-
mate and three used iohexol (two intravenously for measure-
ment of plasma excretion and one with dried blood spots)
[12, 15]. While iohexol blood spots may be relatively inferior to
intravenous administration of ichexol, the use of dried blood
spots was possibly the most pragmatic, on the assumption that
access to laboratory support was unlikely in rural Kenya.

This systematic review highlights potential sources of bias
inherent in the assessment of kidney function in clinical studies
in SSA. This has created the opportunity to increase awareness
of the requirements for laboratory-based creatinine assays, the
appropriate choice of estimating equations for calculating GFR
and the appropriate use of diagnostic criteria for CKD. In re-
sponse, we propose an ‘easy to use’ checklist for researchers as
a guide for the reporting of kidney function in SSA (Table 4). We
hope this will minimize bias and strengthen future studies con-
ducted in the region. In addition, inferring population preva-
lence of CKD in SSA from small convenience samples of
individuals at high risk for developing CKD must be cautioned,
as the risk of overestimating CKD is substantial.

While the focus of this systematic review has been clinical
research, the implications of our findings have much broader
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application for the management of kidney disease in SSA. This
encompasses individual patient care in the setting of acute and
chronic kidney disease, home-based monitoring of CKD as a
component of an integrated care model for chronic disease
management, and public health policy for screening and pre-
vention of CKD in SSA. None of this can be realized without af-
fordable and accurate diagnostics for kidney disease. To achieve
this, validated population-appropriate estimating equations for
glomerular function need to be prioritized, as well as innovative
approaches to accurate and affordable point of care diagnostics
for assessing kidney function and diagnoesing CKD.

SUPPLEMENTARY DATA

Supplementary data are available at ckj online.

FUNDING

There was no spedfic funding to conduct this systematic
review. However, this research was undertaken as part of
a broader multicenter collaborative study between South
Africa, Uganda, Malawi and the London School of Hygiene and
Tropical Medicine, which is collectively identified as the
African Research in Kidney Disease (ARK) Network. This is
jointly funded by the South African Medical Research Coundil,
with funding from the South African National Department of
Health, MRC UK (via the Newton Fund) and GlaxoSmithKline
Africa Non-Communicable Disease Open Lab Grant [Project
Number: 8111 (Uganda and Malawi) and 074 (South Africa)).
The funder had no role in study design, data collection and
analysis or decision to publish. Authors retained control of the
final content of the publication.
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Table 4. Recommendations for reporting kidney function in SSA populations: the African Research of Kidney Disease (ARK) checklist for

researchers

mGFR (gold standard reference method)—method and biomarker (**Cr-EDTA; **mTc-DTPA; inulin, ichexodl, iothalamate)

* Urinary clearance of biomarker, state which biomarker; OR
* Plasma clearance of biomarker, state which biomarker

Laboratory creatinine method—include all the following:
* Enzymatic

* Jaffe (alkaline picrate): modified or compensated

¢ IDMS traceable to a standard reference materal

* The external quality control program used by the laboratory for creatinine

Estimating equations for GFR—state which equation was used:
4-v MDRD equation
Original 4-v MDRD equation

[eGFR (mL/min/1.73m? = 186 x SCr *** x age (years) 2% x (0.742 if female) x (1.1212 if AA)] [53]

Use if laboratory method for creatinine was not IDMS-traceable
State whether the coefficient for AA ethnicity was used
Re-expressed” 4-v MDRD equation

[eGFR (mL/min/1.73m" = 175 x SCr ''** x age (years) **"® x (0.742 if female) x (1.1212 if AA)] [6]

Use if laboratory method for creatinine was IDMS-traceable
State whether the coefficient for AA ethnicity was used

CKD-EPIl equation for creatinine
CKD-EPI equation

[2GFR (mL/min/1.73m? — 141 » min(SCr/x, 1) * » max(SCr/x, 1) 129 » 0.993°%  1.018 (if female) » 1.159 (if black)] [21]

Laboratory method for creatinine measurement must be IDMS-traceable

State whether the coefficient for AA ethnicity was used

Cockcroft-Gault equation

In its original form, this equation does not adjust forbody surface area (BSA). To compare this equation to 4-v MDRD or CKD-EFI equations,
which are adjusted for BSA, 1t1s necessary to use the duBois formula and adjust for BSA [21]

Cockcroft-Gault equation

{eGFR (mL/min) = [140 — age (years) = weight (kg) = (0.85 if female)]/S-Cr}[54]

Cockeroft-Gault equation with BSA normalized to 1.73m?

{eGFR (mL/min/1.73m? = [140 — age (years) x weight (kg) = (0.85 if female) x 1.73m"|/[S-Cr = BSA (m?)]}

Full Age Spectrum (FAS) equation for creatinine

FAScrea = 107 3/(SCr/Qcrea) = {[0.988(Age — 40) when age =40 years]] [25]

Qcrea = derived from reference healthy population

Diagnosis of CKD using KDIGO criteria [4}—include the following:

True prevalence requires a randomized population-based sample: describe the sampling strategy
KDIGO Clinical Practice Guidelines (2012) are recommended for diagnosis of CKD and require testing for:
* Urine albumin/protein—if qualitative, confirm with quantitative test, preferably albumin:creatinine ratio AND

* Serum creatinine: use CKD-EPI equation® for calculation of eGFR

* In the absence of prior testing or additional supporting evidence® that confirms chronicity, demonstrate chronicity with a repeat of the ab-

normal diagnostic test after a minimum 12 weeks.

Recommendation: In SSA, for CKD-EPI equation—omit coefficient for AA ethnicity [9-13, 24]

“Re-expressed using an IDMS-traceable assay to a standard reference material
*Use of 4-v MDRD and Cockeroft-Gault equations not recommended.

“Supporting evidence can be findings on renal ultrasound; and/or proof of pre-existing kidney disease from medical records or prior urine and serum test results.
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3.0 Problem statement, aim, hypothesis, objectives and methods
3.1 Introduction

In this chapter | summarize the Statement of the problem, hypothesis, rationale, aim, and
methods for the studies in the PhD thesis. The methods paper which was published outlines the
details of how we conducted the studies in the three countries (Malawi, Uganda and South
Africa) involved in the African Research on Kidney Disease (ARK) study. | have however
included an additional section focused on the estimation of GFR from iohexol sampling that
was not included in the methods paper. | also use this chapter to explain in detail how data were
cleaned up and how errors were minimized as well as the derivation of some of the tables that
where eventually published. Most of this additional detailed explanation was not included in
the published methods paper. Please also find the approvals for the study attached in the

appendix at the end of the chapter.

3.2 Problem Statement

One in ten people have kidney disease worldwide. The worst stage of kidney disease is end
stage kidney disease (ESKD) and up to 70% of individuals affected reside in low-income
countries such as those in sSA [1]. Proper management of kidney disease requires accurate
diagnosis and staging of kidney function. However, all the recommended equations for
estimating kidney function based on creatinine and cystatin C originated from high income
countries with limited validation in SSA. Moreover, creatinine (the most used marker of kidney
function) varies with age, sex, muscle mass, physical activity and possibly ethnicity. This
creates a challenge in determining the current burden of kidney disease in this part of the world.
There remains a paucity of data describing the current prevalence, risk factors and the best way
to estimate glomerular filtration rate (eGFR) among people from sSA. This has impeded the

development of appropriate prevention and treatment strategies.
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3.3 Study Rationale

While methods to measure kidney function are well established in Western populations, there
are good reasons to believe these methods may not translate well to SSA, meaning the overall
burden of CKD is uncertain, and making it difficult to identify individuals who warrant

interventions.

In addition, the published prevalence of kidney disease varies widely across sSA. This is
largely attributed to the population under study as well as the way in which kidney disease is
defined. There are multiple equations used to determine kidney function across the world, but
these have not been well validated in SSA. There are several imprecisions and estimation
errors that arise out of the markers used to measure kidney function as well as the ethnicity
coefficients that have been used in an attempt to ‘correct’ for the black race. Since most of
these equations were developed in high income countries, their performance in SSA needs to
be verified. Therefore, we designed the study to determine the population prevalence of
impaired kidney function using creatinine, elucidate on how to measure GFR on a large
sample of our cohort and to generate information on the mortality related to kidney function
in sub-Saharan Africa. The information generated was planned to guide further use of
ethnicity factors in sSA as well as provide valuable insight into the best equations to use

when determining GFR among people of sSA.

3.4 Thesis aim
The aim of this thesis was to determine the prevalence and mortality associated with impaired
renal function in the general population and assess how to best measure renal function among

adults in sub-Saharan Africa (SSA).

63
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3.4.1 Research Hypothesis
We hypothesize that there will be substantial imprecision in currently used equations for

estimating GFR within the sub-Saharan population.

3.4.2 Thesis objectives
Objective one: To determine the estimated prevalence of, and factors associated with, impaired

renal function within the general population cohort (GPC) in Uganda.

Obijective two: To determine the association between kidney function and all-cause mortality

in the GPC in Uganda.

Objective three: To assess the most accurate way to determine kidney function in sub-Saharan

Africa (Uganda, Malawi and South Africa).

3.5 Research Paper 1: Methods paper

The methods paper published in BMC Nephrology gives details on the three cohorts from
Malawi, South Africa and Uganda from which the studies were conducted. | explain in detail
the study settings, how each site selects participants, calculation of sample size and plans for

statistical analysis as well as ethical approvals.
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thesis.

SECTION A — Student Details

Student 1D Number 1604453/REPH Tite | Dr.

First Name(s) Robert

Surname/Family Name | Kalyesubula

Thesis Title Characterization of kidney disease in sub-Saharan Africa
Primary Supervisor Dr Laurie Tomlinson

If the Research Paper has previously been published, please complete Section B, if not please
move to Section C.

SECTION B — Paper already published

Where was the work published? BMC Nephrology

When was the work published? January 2020

If the work was published prior to
registration for your research degree, give a N/A
brief rationale for its inclusion

Have you retained the copyright for the

work?* No
Was the work subject to academic peer

; Yes
review?

*If yes, please attach evidence of retention. If no, or if the work is being included in its published
format, please attach evidence of permission from the copyright holder (publisher or other author) to
include this work.

SECTION C — Prepared for publication, but not yet published

Where is the work intended to be
published?

Please list the paper’s authors in the
intended authorship order:

65



3.0 Problem statement, aim, hypothesis, objectives and methods

Stage of publication

SECTION D — Multi-authored work

lti-authored work. give full detail | collected the data, participated in data analysis,
;?r g;l: ::;{Zu;[n%i r:\éggr(’:r?% ihlj de deitr?utr?e drafted the first manuscript, submitted the
y manuscript as first author and did all

aper and in the preparation of the paper. . .
?A?tach a flurtherihepet iflnecessary)p P correspondence with the reviewers and the
editors.

SECTION E

Student Signature —

Date 28 June 2021
Supervisor Signature -
Date 28 June 2021

Research paper 1: How to estimate glomerular filtration rate in sub-Saharan Africa:
Designs and methods of the African Research into Kidney Diseases (ARK) study.
https://bmcnephrol.biomedcentral.com/track/pdf/10.1186/s12882-020-1688-0.pdf

66


https://bmcnephrol.biomedcentral.com/track/pdf/10.1186/s12882-020-1688-0.pdf

3.0 Problem statement, aim, hypothesis, objectives and methods

Kalyesubula et al. BMC Nephrology (2020) 21:20

https://doi.org/10.1186/51 2882-020-1688-0 BMC Neph rOIOgy'

STUDY PROTOCOL Open Access

How to estimate glomerular filtration rate @W
in sub-Saharan Africa: design and methods

of the African Research into Kidney

Diseases (ARK) study

Robert Kalyesubula'**" '@, June Fabian®**, Wisdom Nakanga®, Robert Newton', Billy Ssebunnya’,
Josephine Prynn®, Jaya George’, Alisha N. Wade®, Janet Seeley'?, Dorothea Nitsch® Christian Hansen'?,
Moffat Nyirenda'*, Liam Smeeth®, Saraladevi Naicker®, Amelia C. Crampin®® and Laurie A. Tomlinson®

Abstract

Background: Chronic kidney disease (CKD) is a substantial cause of morbidity and mortality worldwide with
disproportionate effects in sub-Saharan Africa (SSA). The optimal methods to estimate glomerular filtration rate
(GFR) and therefore to determine the presence of CKD in SSA are uncertain. We plan to measure iohexol excretion
to accurately determine GFR in Malawi, South Africa and Uganda. We will then assess the performance of existing
equations to estimate GFR and determine whether a modified equation can better improve estimation of GFR in
sub-Saharan Africa.

Methods: The African Research on Kidney Disease (ARK) study is a three-country study embedded within existing
cohorts. We seek to enrol 3000 adults > 18 years based on baseline serum creatinine. Study procedures include
questionnaires on socio-demographics and established risk factors for kidney disease along with anthropometry,
body composition, blood pressure, blood chemistry and urine microscopy and albuminuria. We will measure GFR
(MGFR) by plasma clearance of iohexol at 120, 180 and 240 min. We will compare eGFR determined by established
equations with mGFR using Bland-Altman plots. We will use regression methods to estimate GFR and compare the
newly derived model with existing equations.

Discussion: Through the ARK study, we aim to establish the optimal approach to estimate GFR in SSA. The study
has the advantage of drawing participants from three countries, which will increase the applicability of the findings
across the region. It is also embedded within established cohorts that have longitudinal information and serial
measures that can be used to characterize kidney disease over a period of time. This will help to overcome the
limitations of previous research, including small numbers, selected population sub-groups, and lack of data on
proteinuria.

The ARK collaboration provides an opportunity for close working partnerships across different centres, using
standardized protocols and measurements, and shared bio-repositories. We plan to build on the collaboration for
this study for future work on kidney disease in sub-Saharan Africa, and welcome additional partners from across the
continent.
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Background

Chronic kidney disease (CKD) is a substantial cause of
morbidity and mortality worldwide with an estimated
prevalence of 8-16% [1]. A recent systematic review esti-
mated the prevalence of CKD in sub-Saharan Africa to
be around 14% [2]. However, the optimal equation to ac-
curately estimate glomerular filtration rate (GFR) among
sub-Saharan African populations is uncertain. This un-
certainty is a major barrier to identifying individuals
with CKD and to estimation of disease burden.

Worldwide, several equations have been used to esti-
mate GFR from serum creatinine [3-7]. Unfortunately,
most of these have been derived from high-income
countries with minimal validation in sub-Saharan Afri-
can populations. Their accuracy at an individual level is
limited, particularly in relation to the adjustments for
African-American ethnicity, which might be related to
variations in muscle mass. Serum creatinine levels at a
given level of renal function vary substantially with eth-
nicity, age, sex, physical activity and nutritional status
[8-14]. Several sources of inaccuracy in estimating GFR
have been described, including biological variability in
serum creatinine, laboratory induced errors in creatinine
measurement and choice of estimating equation [15, 16].
The imprecision of creatinine measurement is more
marked at values near the normal range where it is most
critical to determine earlier stages of CKD [17-19]. Sev-
eral methods for direct measurement of GFR are avail-
able through measurement of clearance of inulin,
iothalamate, iohexol, and radio-active agents such as
technetium-99 m diethylenetriamine penta-acetic acid
(DTPA) and chromium-51 ethylene diamine tetra-acetic
acid (EDTA), and 24-h urinary creatinine collection for
estimation of creatinine clearance [20]. However, all of
these have their challenges. DTPA, EDTA and inulin are
expensive and not readily available in most African
countries, while 24-h urinary collection is often inaccur-
ate due to difficulty in ensuring a complete sample,
coupled with the additional limitation of tubular creatin-
ine secretion [20-22].

Iohexol is a readily available compound, which can be
used to measure the GFR. Its advantages include low
cost, excellent safety profile, low protein binding, low
levels of toxicity at the dose used for measuring GFR,
stability at room temperature (20 to 25°C), and being
able to provide an accurate measure of glomerular filtra-
tion [20, 23]. Previous studies using iohexol to measure
GFR in sub-Saharan Africa have included few people
with CKD [13, 24, 25]. The largest study to date con-
ducted in the Democratic Republic of Congo and Ivory
Coast used plasma iohexol to measure GFR in 494 par-
ticipants. They noted that the African-American race co-
efficient did not improve the performance of creatinine-
based GFR estimates of iohexol GER. In particular, the
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Chronic Kidney Disease Epidemiology (CKD-EPI) and
Modification of Diet in Renal Disease (MDRD) equa-
tions performed better without the race coefficient in
participants with GFR 260 mL/min/1.73m> The authors
also evaluated the Full Age Spectrum (FAS) equation
and found it to be as accurate as CKD-EPI for GFR 260
mL/min/1.73m” but better for those with creatinine
based GFR < 60 mL/min/1.73m? Addition of cystatin C
did not improve performance of the equations among
this study group [25].

In the proposed study, we will use iohexol excretion in
a population sample of 3000 participants with and with-
out CKD to measure GFR and determine the optimal
equation to estimate GFR in Uganda, Malawi and South
Africa.

Methods
Primary objectives

1. To measure GFR using plasma clearance of iohexol

2. To assess the performance of existing eGFR
equations, namely Cockcroft -Gault (CG),
Modification of Diet in Renal Disease (4-v MDRD)
and Chronic Kidney Disease-Epidemiology
collaboration (CKD-EPI) by comparing these to
measured GER, among sub-Saharan Africans.

Secondary objectives
In a Ugandan sub-sample, to assess the feasibility of
using dry blood spot collection of iohexol in the deter-
mination of GFR.

In a Ugandan sub-sample to explore the current com-
munity understanding of kidney disease and available
treatments from traditional healers and herbalists.

Study organization and sites

We will have three participant countries across SSA
(Fig. 1) and these centres have formed a new collabora-
tive group, African Research on Kidney Disease (ARK)
around this initial study.

A working committee will review the protocols for the
design, conduct, progress and data collection and ana-
lysis plan. The committee will meet in person on several
occasions to review protocols and measurement tools
and to agree on a minimum dataset. The three centres
have unique characteristics that will enrich the study
with diversity among participants. The details of each of
the different cohorts in which the current study will be
nested are described below:

Uganda

In Uganda, the study will be based in the General Popu-
lation Cohort (GPC), originally established in 1989 [26].
The study area is located in rural south-western Uganda
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Kalungu district 6 Lilongwe-urban
Agincourt Cohort

by Helmut Kraus

Fig. 1 Map of Africa showing the ARK centres from Malawi, South Africa and Uganda. The general population cohort is run by the Medical
Research Council-Uganda virus Institute and the London School of Hygiene and tropical Medicine (MRC-UVRI-LSHTM, Uganda). The Malawi
Epidemiology and Intervention Research Unit (MEIRU) runs the MEIRU cohort in Malawi and the Medical Research Council/Wits University Rural
Public Health and Health Transitions Research Unit runs the Agincourt Unit in South Africa. Map proposed by Robert Kalyesubula and illustrated

Mpumalanga Province

in one sub-county of Kalungu district, approximately
120km from Entebbe town. The cohort comprises all
residents of 25 adjacent villages, approximately 22,000
people with men and women in equal proportions, and
52% older than 13years. The study population for the
general population cohort is recruited through annual
house-to-house rounds of the census where study partic-
ipants are selected. Medical care is available through an
established general clinic.

Malawi

The Malawi Epidemiology and Intervention Research Unit
(MEIRU) conducts ongoing epidemiological studies based
at two sites, which will be used for recruiting participants
for this study. The first is Karonga District in rural north-
ern Malawi, predominantly subsistence farmers, fishermen

and informal traders. The second site is Area 25 of
Lilongwe, the capital city of Malawi. The urban area is
socio-economically mixed and includes government and
industry employees, traders and those in casual employ-
ment. We will enrol participants from both sites, provid-
ing a true population-wide sample and enabling urban:
rural comparisons.

The stratified study sample was drawn from a pool of
over 5000 individuals who were tested for serum creatin-
ine as part of a larger survey (n = 33,000) of chronic con-
ditions. Medical care is available through an established
chronic care Non-Communicable Disease (NCD) clinic.

South Africa
In South Africa, the study will be located within the Med-
ical Research Council/University of the Witwatersrand
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Rural Public Health and Health Transitions Research Unit
in Agincourt, Bushbuckridge sub-district of Mpumalanga
province. The area includes a high-functioning health and
socio-demographic surveillance system (HDSS) which
covers approximately 115,000 people based on an annual
update of resident status and vital events. The study set-
ting also serves as a national pilot site for the development
of integrated chronic disease care. The population still has
gaps in access to electricity, water and tarred roads and
unemployment rates are high, leading to high rates of
labour migration. Patients will be managed through the
primary health care system consisting of six clinics, two
health centres and three district hospitals. The HDSS has
a central clinic with advanced laboratory capacity, which
will be used for this study.

Study design

This will consist of cross-sectional studies embedded
within ongoing cohorts in Malawi and Uganda and a
longitudinal study in South Africa, all with serial bio-
banking.

Data collection, sample size and selection of sample
We intend to recruit 3000 participants in total. We have
based the power calculation is based on the number of
study participants needed to examine the accuracy of
GER estimating equations for ‘true’ GER, at each of the
three study sites separately. We have specified this as
having 90% power to detect whether eGFR is within 5%
of the iohexol value at an eGFR of 60mls/min, assuming
a standard deviation of 25mls/min [9] and with a two-
sided alpha of 0.05. This gives an estimated required
sample size of 730 participants. Allowing for participants
who do not wish to participate in this element of the
study, and technical failures, we intend to recruit 1000
participants in each country.

In order to fulfil the aims of the study, a structured ap-
proach is needed. This will differ between South Africa
and the other two sites (Malawi and Uganda).

Details of site recruitment

We plan to recruit from each of the sites guided by the
previous recruitment protocols. Each of the sites will
however, have two phases of recruitment.

For the Uganda GPC, the first phase will consist of
measurement of creatinine from stored sera.

Participant selection for this part of the study has been
described elsewhere [27]. Briefly, participants were se-
lected from the general population cohort, which is a
community-based open cohort study of residents of 25
neighbouring villages. The participants are selected
through house-to-house mobilisation and community
surveys conducted through village-based hubs. For
Uganda, 5979 individuals were identified for baseline
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creatinine measurement, which included all the adults
surveyed in that round. We will use creatinine levels
from the stored samples to stratify participants for the
second phase of the study. Here, we will select partici-
pants according to eGFR cut offs of normal (>90mls/
mjnfl.73m2); impaired renal function (60-90mls/min/
1.73m? and low GFR (<60mls/min/1.73m?), all addition-
ally stratified by age and sex. Selected participants will
be approached by the community engagement lead
(community mobilizer) for each village. Once partici-
pants assemble, the study team will take time to explain
the details of the study to them, after which individual
informed consent will be obtained. Participants will
undertake a questionnaire to collect demographic data
as well as history of known risk factors for kidney dis-
ease. Participants will also undergo detailed biophysical
measurements and blood draws as detailed in the next
sections. We will give participants an appointment to at-
tend the medical clinic at the central Research Station,
where iohexol measurements and other study tests will
be performed.

For Malawi, for the first phase of the study, we will
use creatinine assays from a previous survey to guide the
selection of participants for the second phase of the
study using a similar approach to that of Uganda. How-
ever, we will recruit participants 18 years and above from
Malawi through household visits where similar proce-
dures to those outlined above will be undertaken. We
will carry out iohexol testing and other physical tests at
a research clinic (phase 2). Details of participant recruit-
ment have been detailed elsewhere [28].

In South Africa, we will determine baseline creatinine
and the prevalence of CKD using an age and gender
stratified random sample of 2250 members of the rural
Agincourt HDSS. The number of participants sampled
in each stratum will be determined in order to ensure
proportional allocation, based on the population demo-
graphic distribution. We will visit participants in their
homes for the first phase of the study where the ques-
tionnaires, biophysical measurements and take blood
draws to determine Human immunodeficiency virus
(HIV) status, blood sugar level, lipid profile as well as
the baseline creatinine level. We will repeat creatinine
and urine albumin measures after a minimum period of
3 months to confirm CKD. For the second phase of the
study, we will recruit participants from Phase 1 through
household visits and give them a referral date to the
clinic for iohexol measurement along with other tests
(See Table 1 and Fig. 2 for details).

Inclusion criteria

o Adults aged 18 years and above from the three
population cohorts
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Type of information Equipment Field procedures Participant type Definition of variable Site participation
Malawi  S. Africa  Ugandi
Demographics Questionnaire Face-to-face interview all Sex, age, education status, % % X
marital status
Chronic disease history  Questionnaire / Face-to-face interview all HTN, DM, CKD, Stroke, heart  x X X
and family history medical records disease
Treatment history Patient report/ Face-to-face interview all HTN, DM, CKD, Stroke, ® X X
records HIV,TB, Heart disease,
Cancer, Backache
Health behaviours Patient report Face-to-face interview all Tobacco use, alcohol % X
consumption, Physical
activity, vegetable, fruits,
salt and water intake
Traditional medicine Questionnaire Face-to-face interview all Use of herbs and % % X
use traditional medicines
Physical examination Omron® Clinical Examination all BP (mmHg), waist and ® X X
SECA® in the field, machines hip circumferences (cms),
Flexible tape calibrated weekly height (m), weight (Kgs)
SECAD scales
ABPM ABPM spacelabs® 24h BP, 30 min interval ~ Sample per BP wake periods and % X
day, 1 h interval night eGFR quarter sleep pericds
BlA Bodystat® Tested in the field or all Fat mass (kg), Lean mass b X X
clinic with participant, {ka), Dry lean massikg),
calibration weekly Total body water (L),
Impedance at 50 KHZ (()
DA SCAN Hologic Discovery A, Whole body scan all Lean Mass (g), Fat mass x
QDR 4500 Series performed in clinical (g) Fat % and BMI
research clinic during
ichexol testing
Ultra sound scan Logig e Performed at dinic all Probe 4c for kidneys and x
bladder and probel2L
CIMT probe
ECG ECG 3004°%/ ECG protocol followed  all LVH using the Sokolow- % % X
MACE00® Lyon criteria
CBC BC® Venous blood draw all Total cell count, HB, ® X
MCV
24 HR URINE Cobas Roche® urine using small Select patients Volume (mils) Protein X
bucket. for 24 h proteinuria,  (mg)
salt and feasibility Creatinine (mmol/L)
Na* mmal/L
Malaria screen Malaria RDT* Done in the all Malaria infection % b
community
CRP Cobas® & BC* Blood draw all CRP % %
Hepatitis B Cobas® Blood draw all HepB SAg % % %
ABBOTT (110005R)
He patitis C Cobas® (Uganda), Blood draw all HepC Ab b X
HQV antibody
rapid test (Malawi)
ASOT Cobas* & BC* Blood draw All »>300 X
HIV screen Alere Dertemine-Stat-  MOH serial testing all HIV status % % X
pak-Bio line & Abbott  algorithm
Determine
Schistosomiasis Microscopy Examination of all Schistosema % % %
centrifuged urine hematobiurm
Microalbuminuria CLINITEK® + analyser ACR all Urine ACR X X X
& Cobas® & BC*
Urine analysis Clinitek® & UroColor Early morning urine all Protein, blood, % % X
glucose, WBCs,
Quickvue Hcg Urine
for pregnancy
Lipid profile Cobas® & BC* Blood draw all Cholesterol, LDL, x X
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Table 1 Clinical and Laboratory measurements within the ARK study, by country (Continued)
Type of information Equipment Field procedures Participant type Definition of variable Site participation
Malawi  S. Africa  Uganda

HDL, TGs
RBS BC* Point of care testing all Diabetes >11.1 or X X X
(Uganda $ SA) on medical treatment
HBAIC Cobas® & BC* Blood draw All 6.5% or on treatment X 24
Creatinine Cobas® & BC® Jaffe and IDMS all For eGFR estimation X X X
Cystatin-C Cobas® all For eGFR estimation X X >3
lohexol Omnipaque Clinic based blood all Measured GFR X ¥ X
300mg I/ml draws at 5, 120, 180
Healthcare® and 240 min after
HPLC® administration
lohexol, DBS DBS®* DBS by finger prick 300 selected Validation of measured X
at 120 and 240 min by eGFR GFR technique
Aldosterone/Renin Cobas Roche® Selected X X

population

All biochemistry was tested using Cobas equipment in Uganda and South Africa and Beckman Coulter equipment in Malawi

Abbreviations: ABPM Ambulatory Blood Pressure Monitor, ACR Albumin Creatinine Ratio, ASOT Antistreptococcal antibody titres, BC* Beckman Coulter®, BIA
Bioimpedance Analysis, BP Blood Pressure, CBC Cell blood count, CKD Chronic Kidney Disease, CRP C-Reactive protein, CIMT Carotid intima-medial
thickness, DBS Dry blood sample, DM Diabetes Mellitus, ECG Electrocardiography, eGFR Estimated glomerular filtration rate, H8 Haemoglobin, HTN
Hypertension, HPLC High liquid pressure chromatography, IDMS Isotope dilution mass spectrometry, LVH Left ventricular hypertrophy, MCV Mean
corpuscular volume, MOH Ministry of Health, RBS Random blood sugar, SA South Africa, TB Tuberculosis

CKD Purposeful selection and the rest eGFR, age/ sex stratified random
selection for Uganda and Malawi, SA screened baseline and 3 months

Fig. 2 Recruitment flowchart for ARK. ABPM- Ambulatory Blood Pressure Monitor; ACR- Albumin: creatinine Ratio; ASOT- Antistreptococcal
antibody titres; BIA- Bioimpedance Analysis; BP-Blood Pressure; CBC- Cell blood count; GFR- glomerular filtration rate; CKD- Chronic kidney disease;
HB-Haemoglobin; NCD-Non-communicable diseases; SA-South Africa. Credit for the ARK study map and copyright go to Helmut Kraus
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e Able to give informed consent
Exclusion criteria

¢ Blood pressure > 180/110mmhg

e Pregnancy

o Breast-feeding mothers

e Known allergy to iodine-containing substances

e Uncontrolled seizures (defined as a seizure within
the last 12 months).

o Acute febrile illness

Demographic factors

We will collect data on demographic factors including age,
sex, place of residence, education, occupation and liveli-
hood, tobacco use, alcohol use, dietary history, physical ac-
tivity. We will also take a medical history and treatment for
chronic diseases including HIV, diabetes mellitus, hyperten-
sion, heart disease and CKD as well as previous and current
use of traditional medicine and drugs.

Physical examination

We will measure height, weight, waist circumference
and hip circumference and calculate the body mass
index (BMI) and the waist hip ratio accordingly. We will
classify BMI according to WHO categories (weight/
height”: kg/m?): underweight (<18.5kg/m’), normal
weight (18.5—24.99kglm2), overweight (25.0-29.99 kg/
mg) and obese (> 30.0 kg/mg].

We will undertake cardiovascular assessment through
blood pressure and 24-h ambulatory blood pressure (BP)
measurements (ABPM) on a sub-sample of participants
(Malawi and Uganda), and electrocardiography (ECG).
We will measure BP using Omron® M6 (for small,
medium and large participants) and Omron HBP 110
machines (for obese participants). We will measure BP
in triplicate after at least 5 min of rest and take the mean
of the last two readings as the true blood pressure. We
will derive BP classification from the National Institute
of Health guidelines: where participants with a systolic
BP greater than 120 mmHg but less than 140 mmHg,
and/or a diastolic BP greater than 80 mmHg but less
than 90 mmHg will be classified as pre-hypertensive. We
defined hypertension as having a diastolic BP greater
than or equal to 90 mmHg, systolic BP greater than or
equal to 140 mmHg or being on treatment for high
blood pressure. 24-h ambulatory blood pressure will be
undertaken on a selected number of participants with no
hypertension, pre-hypertension and hypertension across
the spectrum of eGFR ranges and will capture wake and
sleep periods. We will use the ECG for assessment of
LVH using the Sokolow-Lyon criteria [29].

We will perform bioimpedance analysis (BIA) using
the Bodystat® machine to measure body fat in relation to
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lean body mass for parameters outlined in Table 1. We
will also perform a Dual-energy X-ray absorptiometry
(DXA) scan for body composition in South Africa and
use it to examine validity of the BIA measurements
across countries.

Laboratory investigations

The key laboratory measurement for this study will be
iohexol (Omnipaque 300 and 350 mg I/mL, GE Health-
care) clearance. The iohexol measured GFR will serve as
the gold standard for comparison with other methods.

Using aseptic technique study nurses will insert an IV
line into the non-dominant arm of the participant and
use the line for subsequent blood draws. We will admin-
ister a single dose of 5ml of iohexol over 30s through
an intravenous cannula inserted in the dominant arm
contralateral to the established IV line, followed by a 10
ml normal saline flush. We will weigh the iohexol dose
in grams to a specificity of 0.01 g by weighing the syringe
before and after administration of the iohexol. The re-
search nurses will draw four milliliters of blood for the
iohexol assay again at approximately 5, 120, 180 and
240 min after injection of ichexol, and record the exact
time. We will calculate the GFR using a single compart-
ment model based on ichexol clearance between 120
and 240 min.

In Uganda at the time points of 120 and 240 min, we
will also collect a capillary sample of dried blood spots
to compare to intravenous sampling of iohexol GER as a
modification from previous studies [11, 30]. Should this
method prove to be accurate, it will greatly facilitate fur-
ther studies in resource-limited settings. In order to
avoid inter-laboratory variations, all plasma and blood
spot samples of iohexol will be measured at the National
Health Laboratory, Johannesburg, South Africa by ultra-
pressure liquid chromatography-tandem mass spectrom-
etry with identification and quantitation based on MRM
transitions. The laboratory is accredited for the Inter-
national Organization for Standardization (ISO) stand-
ard 15,189 and also participates in the internal quality
control run at a high and a low level every 20 samples.
The laboratory has participated in Equalis external con-
trol since 2017.

We will measure creatinine using the enzymatic method
in Uganda and Jaffe for South Africa and Malawi standard-
ized against an isotope dilution mass spectrometry (IDMS)
method across all sites. We will adopt the recommended
estimation and reporting format or measured renal func-
tion proposed by Fabian et al [31]. We will measure serum
cystatin C to determine the accuracy of the cystatin-based
CKD-EPI equations. We will measure Cystatin C using the
standardized Roche Gen2 assay, which has been standard-
ized against certified reference material (ERM-DA471/
IFCC). To minimise batch variation, samples will be
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analysed at the end of the study at one central laboratory at
MRC/UCRI&LSHTM for Uganda and Malawi while the
samples in South Africa will be analysed at the National
Health Laboratory, Johannesburg, South Africa. To under-
stand laboratory differences and enable calibration we will
cross-validate and measure 50-paired samples for creatinine
in Uganda, Malawi and South Africa, and cystatin between
South Africa and Uganda. Additional tests include full
blood count (including haemoglobin level), tests for screen-
ing of infections (malaria, streptococcal infections, Hepatitis
B, Hepatitis C and HIV Infection), C-reactive protein, ran-
dom blood glucose, HbAlc and the fasting lipid profile as
markers of metabolic risk.

We will perform four urine tests. We will take an early
morning spot urine sample for quantitative urine albu-
min: creatinine ratio, an early morning urine dipstick
analysis to qualitatively assess haematuria, leucocyturia
and proteinuria, and microscopy will be performed on
the centrifuged urine to screen for urinary schistosomia-
sis within 1-2 h of collection. We will take a 24-h urine
collection for urinary albumin excretion, sodium and 24-
h creatinine clearance in a sample of 300 participants
from Uganda during the second phase of the study.

Details of the equipment used for the measurements
are outlined in Table 1 below.

Qualitative sub-study in Uganda

The qualitative sub-study in Uganda will have two com-
ponents: a study of people with abnormal renal function,
and an enquiry into medicinal product supply and use
sourced from traditional healers and herbalists.

This sub-study of people with abnormal renal function
will include up to 50 participants found to have CKD
during the recruitment of the 1000 participants for the
overarching study. In order to recruit a comparator
group for the 50 CKD participants, a further 50 partici-
pants without CKD of a similar age living in a neighbor-
ing house to each case will be invited to take part. Data
from both cases and ‘controls’ will be collected through
two in-depth interviews. These selections were made on
an estimated sample to reach saturation.

For the sub-study with traditional healers/herbalists,
we will approach ten traditional healers and herbalists
and invite them to participate in one or more interviews
to discuss the common ailments they treat and the types
of herbal and other preparations that they use in their
practice.

Bio-banking

Serum, plasma and urine samples will be collected, proc-
essed and frozen and transported to the central labora-
tory for additional tests that cannot be conducted at the
originating laboratory. All three centers have quality as-
surance systems for processing, sample transportation
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and sample storage management systems [26, 32, 33].
All sites have received ethical approval for testing of
specimens for genetic studies and exploration of new
markers of CKD.

Data management

Data management will follow local established proce-
dures ensuring quality, confidentiality and proper use of
abnormal results to guide patient care when needed.
Electronic data capture allows automatic data checks
such as double entry of numbers and range checks. We
will enter anonymized data into compatible statistical
databases from centres in all three countries to for shar-
ing between all investigators.

Quality assurance

All three centres have quality assurance procedures that
support the studies at different levels. Study staff are
trained and certified according to national and inter-
national guidelines governing research. The ARK team
holds regular meetings to ensure that study protocols
and research standards are adhered to. We will follow
standard sample storage protocols for the biorepository.

Statistical and qualitative analysis plan

We will tabulate baseline characteristics stratified by
country. We will perform initial analyses in a sample of
1500 participants selected to represent all centres, ages,
sex, and eGFR categories for modification of the equa-
tion, and allow for subsequent validation using the
remaining data. We plan to recombine the training and
test sets for fitting a final model. We are also open to al-
ternatives to data-splitting such as re-sampling tech-
niques (cross-validation and bootstrapping), that would
allow us to develop the model on the whole dataset and
still validate predictive accuracy. Evidence from previous
derivation of eGFR equations suggests that errors are
multiplicative, so we will do analysis on the log (ioxehol-
GIR) scale. To determine the measured GFR (iohexol-
GER); we will calculate the slope from the 3 samples at
120, 180 and 240 min points using the exact time of col-
lection turn these into a GFR normalised to BSA using
standard methods [13, 34]. We will also put in the R-
value of the fit, which will be used to exclude ones
where the fit is particularly poor. In our primary analysis
we will evaluate the performance of the CockCroft
Gault, 4v-MDRD, CKD-EPIcr, CKD-EPIcyst, CKD-
EPlIcr/cyst equations with and without ethnic correction
factor by calculating the bias, precision and accuracy at
10% (P10) and 30% (P30) compared to iohexol GFR as
done by previous studies [13]. Derivation of GFR esti-
mating equations is rapidly developing and we will also
consider evaluation against newly developed methods in-
cluding the full age spectrum (FAS) and the Lund-
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Malmo GEFR estimating equations [35, 36]. We will as-
sess the performance of the different equations for
eGFRs with and without ethnic factors using Lin's Con-
cordance Correlation Coefficient and Spearman correl-
ation coefficients to evaluate the degree to which pairs
of observations fall on the 45° line through the origin.
We will calculate bias and relative bias. We will evaluate
precision by the standard deviation of the bias (random
error) and root-mean-square error. We will test the dif-
ference in P30 accuracy between eGFRs with the exact
McNemar test.

We will use Bland-Altman plots to investigate the
measurement error of existing equations of log(MDRD-
eGFR), log(CKD-EPI-eGFR), log(CG-eGFR) and log(cys-
tatin C-eGFR) compared to log(ioxehol-GFR). If needed,
to develop modified correction factors for the setting, we
will carry out regressions to predict log(ioxehol-GFR) as
a function of age, gender, and creatinine/cystatin C. Pre-
dicted eGFRs will subsequently be compared with mea-
sured GERs in the validation sample. We will investigate
what happens if information on weight, height, and
bioimpedance measures are added to the regression
model and use computed R> values to investigate
whether anthropometry adds relevant information over
and above existing equations.

All statistical analyses will be performed using STATA
15 SE (Stata Corp, Texas, USA).

For the qualitative study, we will record interviews
with permission from the participant and transcribe and
translate them. We will revise the interview guidance
after the initial interviews in order to collect greater
depth of data on emerging themes. We will review tran-
scripts for accuracy and enter these into Dedoose, quali-
tative data analysis software. We will conduct data
analysis using an iterative coding process, during the
interview period. After data collection, we will perform
open coding, and move to more refined codes, sub-
themes, and then themes. We will analyze themes and
code them using a constant comparison method. We
will apply the codes to interview transcripts and sum-
mary statements with representative quotes developed
for each theme.

Ethical considerations
We have obtained ethical approvals from the Uganda
Virus Research Institute, Research Ethics Committee
(UVRI-REC-#HS 1978) the Uganda National Council for
Science and Technology (UNCST-#SS 4283), from the
Malawi National Health Sciences Research Committee
(#1072) and the University of Witwatersrand Human Re-
search Ethics Committee (# M160938).

We will obtain written informed consent from partici-
pants for the collection and analysis of genetic samples
as well as iohexol testing and for the use of their clinical
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records for research purposes. We will seek approval for
all study procedures including material transfer agree-
ments from the respective ethical review boards. In case
we diagnose medical conditions through study screening,
we will refer the participants to appropriate medical fa-
cilities. We will refer participants found to have ad-
vanced CKD to appropriate nephrology services as
directed by the study physicians in each centre.

Discussion

This study aims to establish the optimal approach to es-
timate GFR in sub-Saharan Africa. Our study has the ad-
vantage of drawing participants from three countries
and both rural and urban settings within sub-Saharan
Africa, which will increase the applicability of the find-
ings across the region. Furthermore, we embedded the
ARK study within established cohorts that have back-
ground data and longitudinal serial measures that we
can use to characterize kidney disease over a period. The
study will seek to overcome a number of the limitations
of previous research.

There are challenges with measuring iohexol GER,
with the major one being accuracy of measurement of
iohexol [23, 37]. Stringent measures, shared standard op-
erating procedures across the centres, and analysis in
one certified laboratory will help minimise errors.

Measurement of creatinine is another challenge. Cre-
atinine is influenced by many factors and these can
greatly influence the estimation, particularly at low eGFR
[19, 37, 38]. It is particularly important that the methods
used for creatinine measurements are the same across
sites and are validated across the centres. We opted to
use the Jaffe method for South Africa and Malawi and
enzymatic method in Uganda, standardized against an
isotope dilution mass spectrometry method across all
sites to improve the accuracy in measurement. We will
measure Cystatin C in order to assess whether the
addition of cystatin C by itself or in combination with
creatinine assays further refines the accuracy of estimat-
ing GFR within SSA. Several studies have shown that the
addition of cystatin C to the estimation formula im-
proves its accuracy [39, 40] and using CKD-EPI-
creatinine/cystatin C improved the accuracy in a study
from Congo [13]. Using a unified approach, these issues
will be addressed by this study. We also plan to measure
bioimpedance to define body composition and its contri-
bution to measured GFR variation across the sites, and
to assess the correlation of body composition measured
by BIA with the gold standard, DXA - which will be
done in South Africa [41]. Bioimpedance measurement
was included in this study for measurement of lean mass
and total body water and we hope to use it to optimize
GER estimation on an individual patient basis, for ex-
ample in a patient with significant oedema. While this
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has not proven useful in high-income settings, such
technologies may be useful in low-resource settings [42].
Bio-impedance will help in incorporating more parame-
ters allowing more flexibility to work with the data to
get the best formula.

Assessment of risk factors for CKD in sub-Saharan Af-
rica has previously been hampered by inaccurate meas-
urement of GFR. Although, not exhaustive, we included
a number of risk factors for CKD in our study. We will
examine the role of traditional cardiovascular risk factors
including diabetes mellitus, obesity and lipid profiles
along with conventional and ambulatory blood pressure
monitoring. In addition we will measure the impact of
infections which may be of great importance in this re-
gion where infectious diseases are common and may
play a major role in disease causation alongside genetic
factors [43—-49].

However, there are limitations. Prolonged blood sam-
pling for iohexol excretion may help to define GFR in
patients with very poor renal function [23]. We chose
not to include this in our protocol to minimize partici-
pant burden. In addition, we do not include participants
from other regions of sub-Saharan Africa, including
Central and West Africa but we welcome data-sharing
with studies in other regions.

The African Research into Kidney disease (ARK) col-
laboration will provide definitive information about opti-
mal measurement of renal function in sub-Saharan
Africa, and is an opportunity for establishing close work-
ing relationships across different centres, using standard-
ized protocols and measurements, and shared bio-
repositories. We plan to build on the collaboration for
this study and for future work on kidney disease in sub-
Saharan Africa, and welcome additional partners from
across the region including North African and Arab
populations.
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3.6 Estimation of GFR from iohexol sampling and making sense of individual results.

To measure GFR we used the excretion of iohexol following intravenous injection. We
calculated iohexol plasma clearance as the ratio of the injected amount of the iohexol and the
area under the disappearance curve. The total area is the sum of the fast decay due to
distribution from the blood space and the slow decay which is related to renal clearance from
filtration or tubular secretion. Early blood samples, were taken at 5 minutes to confirm
intravascular delivery of iohexol. We used three venous blood samples at 120, 180 and 240
minutes, to compute the slow phase. We recorded the exact time periods at which the blood
was drawn in our computations to accurately plot the graph of decline of iohexol level. We
assumed a two-compartment model but only directly calculated iohexol excretion in the slow
decay phase. The fast phase was estimated by the Brochner-Mortensen equation[2]. The solid
blue line represents the iohexol plasma concentration levels over time and the green line
represents fast curve while the red line represents the slow decay curves (see Figure 2 adopted

from Levey AS, 2017)[3].

Figure 2: GFR measurement using plasma clearance of iohexol
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We used the Bland-Altman plots (discussed in more detail below) to evaluate agreement
between mGFR and the different GFR estimating equations including; Cockroft Gault (CG),
Four variable Modification of Diet for End stage Renal Disease(4-v MDRD): with, and without
the ethnicity coefficient; Revised Lund-Malmé, Full-Age Spectrum FAS (creatinine) and
CKD-Epicr: with, and without ethnicity coefficient as well as CKD-Epi with cystatin C and a
combination of both creatinine and cystatin C (CKD-Epi cr+cysc)-

We assessed the performance of GFR estimating equations compared to reference mGFR,

stratified by stage of CKD, by comparing:

e absolute bias (median/median of the difference between eGFR-mGFR);

o relative bias (median of the difference, expressed as a percent)

e precision (root mean square error, the standard deviation of the residuals)-(IQR
mean/median difference)

e accuracy (P1o; P3o), the proportion of estimates that differ from mGFR by less than 10%

and less than 30%.

We also determined the proportion of participants whose CKD staging was incorrectly
classified when compared to mGFR.

To determine the robustness of our results to measurement error, we conducted a number of
sensitivity analyses. These were (i) R >0.985; all participants with (ii) Volume of distribution
(\Vd) that fall within sex-specific normal values (11.0-17.0 litres for women); (13.0-20.0 litres
for men), and (iii) using both (i) and (ii) above. These parameters were based on
recommendations from the British Nuclear Medicine Society (BNMS) guidelines[4]. The

volume of distribution range is calculated using +/- 25% of 8 x BSA as the check.
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3.6.1 Making sense of the results from iohexol testing to mGFR

I will now use the information from an individual in the study, a 42-year-old female, to
explain the way the mGFR was determined and what this may mean to the individual patient.
I will show how mGFR compares with eGFR calculated from CKD-Epi with and without
ethnicity coefficient and cystatin C. | then use the pooled Uganda data to illustrate the use of

the Bland-Altman plot and how bias was estimated for all the equations we studied.
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Table 2 showing patient results and subsequent calculations based on either real-time or

planned time of iohexol sample collection.

Characteristics and measurements

Sex Female
Age (years) 42
Height (cm) 151.5
Weight (Kg) 64.0
lohexol weight (1+S- Syringe 5.14
wt)

lohexol 5 (5mins) 639.3
lohexol 120 (actual 125mins) 154.5
lohexol 180 (actual 189mins) 116.1
lohexol 240 (actual 247mins) 94.4

Calculations for derivation of
measured GFR

Result calculated
using correct blood
sampling times

Result calculated
using planned blood
sampling times

Intercept 269.8 264.7
RZ-exp 0.996 0.993
I-rate (lambda) 0.00431 0.00437
Dose of iohexol 3877 3877
Volume of distribution (\Vd) 14.36 14.65
Slow phase (SI) GFR 61.89 64.06
BSA (Haycock formula) 1.66 1.66
S| GFR BSA (corrected) 64.49 66.70
Final GFR corrected for phase 1 | 58.83 60.20
Creatinine (umol/L) 66.67 66.67
Cystatin C 1.04 1.04
CKD-Epi Cr (No ethnicity) 105.21 105.21
CKD-Epi Cr (with ethnicity) 121.94 121.94
CKD-Epi cys 65.64 65.64

The GFR is determined by using the area under the curve for the different plasma

concentrations.

e Slow intercept (SI) GFR = Q/AUC

where Q is the volume of iohexol injected in the patient and AUC is the area under the plasma

concentration curve.

We used the measured iohexol at the exact times of 125, 189 and 247 minutes to get the

intercept for the second phase (phase 2-slow phase).
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e Intercept = log (154.5:116.1:94.4,125:189:247),2) = 269.8

e Lambda (Slope/min) estimated from linear regression analysis of Ioge Pi (iohexol
plasma concentration) against t (time)

Multiple exponential regression of (154.5:94.4, 94.4,125125:247),2)) = 0.00431

The volume of distribution which is interpreted as the combined volumes of the vascular and
extravascular spaces in which the iohexol is diluted is calculated based on intercept and the
amount of iohexol administered in litres.

This is critical because the volume of distribution is used to determine the slow intercept GFR.
Table 2 above and Figure 2 below illustrate the need to record the real time of correction of
the sample of iohexol. If not recorded properly, this would lead to the wrong estimation of the

intercept points (269.8 vs 264.7), the VVd, and subsequently the measured GFR.
e Slow intercept GFR = Vd(L) x Slope (min™)
SI GFR =14.36x 0.00431 x 1000 (for conversion to per liter (L))
= 61.89ml/min

Correcting for BSA

It is necessary to correct the SI GFR to body surface area (BSA) before the figure can be
compared with reference data GFR as recommended by the BNMS because a larger person
would be expected to have a higher GFR than a smaller one due to greater nephron mass. In
order to make a fair comparison between different sizes of people we would need to standardize
their size. The reference used is the BSA of an average person of 70 kilograms which is 1.73m?,
The BSA correction is done before correcting for the first phase. The SI GFR has to be
corrected for the body surface area to be standardized. We corrected for the estimated body

surface area of this participant from 1.66m? to 1.73 m? which is standard-thus
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e S1GFR corr = SI-GFR* (1.73/BSA)

e BSA(Haycock)= 0.024265*Weight(Kg)®**"8*Height (cm)?-39%4
=0.024265*64%5378*151 50394 = 1 66
Therefore, S1 GFR corr = 61.89* (1.73/1.66) = 64.49 mls/min/1.73m?

Absolute mGFR corrected for rapid phase

Of note, the phase 2 GFR (SI GFR) estimated by using the slope intercept is inaccurate because
it ignores the fast exponential contribution to the total AUC. It therefore overestimates the true
value of GFR especially for patients with normal GFR[3]. In order to account for the first phase
(rapid phase) we used the Brochner-Mortensen (BM) correction for adults, to account for

iohexol clearance in the first (rapid) exponential phase as
e GFR-BM = (0.9908*64.49) — (0.001218*64.49%)}[1].

= 58.8mls/min/1.73m?
In our example the correctly measurement GFR would be 58.8mls/min/1.73m? which would
place our patient in CKD stage 3 as opposed to incorrectly measured GFR of
60.2mls/min/1.73 m? which would be stage 2. From a clinical perspective, the different
classifications would lead to different recommendations in the care and follow up of the
patient. From a research perspective, if the times of blood sampling are later than planned but
not recorded correctly, this would add a degree of inaccuracy: if they were late for multiple
participants this would lead to systematic error. We used the exact times to negate this.
Figure 3 is a plot of iohexol levels at both planned accurate times illustrating errors from

time of iohexol collection on intercept and r-value.
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Figure 3: Graph illustrating errors from time of iohexol collection and influence on intercept

and r-value
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From Table 2, the measured GFR from iohexol is 58.8mls/min/1.73m?, close to that of

cystatin C at 65.64mls/min/1.73m? while that of CKD-Epi is 105.2mls/min/1.73m? without

ethnicity coefficient and 121.94mls/min/1.73m? with ethnicity coefficient. The patient met all

the criteria that we selected to determine an adequate quality measurement for the iohexol

analysis: known syringe weight and therefore volume of iohexol infused, sequential decline

in iohexol at subsequent times and an appropriate volume of distribution of 14.6 liters.
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3.6.2 Sensitivity analysis

Sensitivity analysis based on volumes of distribution (\Vd)

Abnormal volumes of distribution (very large or small) suggest an error in the measurement
of the GFR. Unfortunately, we have no validated normal values of VVd for SSA. We
performed sensitivity analysis, restricting the population to those within the sex-specific
limits suggested in the BNMS guidelines notwithstanding the associated uncertainties of its
validity in our study population, and that they are also not validated for people with abnormal
kidney function (Figures 4, 5 and 6).

Figure 4 shows unrestricted volumes of distribution from Uganda. These anomalous Vds
from Uganda appear to have originated from among those without syringe weight (the first
200 trial sets we did). Their intercepts had large values of >800 and were excluded in the

main analysis (See highlight in red in the blue histogram)

Figure 4: Histogram for unrestricted volumes of distribution from Uganda
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Figure 5 (red bar chart) Below shows the sensitivity analysis for all iohexol patients after excluding
those without syringe weights before and after iohexol administration. In the early stages of the study,
we did not have the before and after weights of the syringes used for iohexol administration. This

made it difficult to determine the total amount of iohexol administered.
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Figure 5: Histogram for unrestricted volumes excluding participants with no syringe weight
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Figure 6 below (grey bar chart) shows sensitivity analysis excluding all females with Vd outside [11;

Density

17] and all males with Vd outside [13; 20] which normalized the volumes of distribution for the

Ugandan sub-population.

Figure 6: Histogram for restricted volumes for females and males
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Sensitivity analysis based on correlation coefficient-r

Figure 7 below shows the cumulative distribution plot overall and by country for sensitivity
analysis based on correlation coefficient r which is the line of best fit for the three iohexol
measurements. Notice that about 60% of the population had correlation coefficients (r) above
0.985. The BNMS guideline indicate that r values greater than 0.985 among participants with
a normal GFR are likely to indicate a higher quality measurement. There is no clear guidance

of R values for those with abnormal GFR.

Figure 7 Cumulative distribution plot: correlation coefficient (r) for the slope-intercept

iohexol GFR derivation overall and by country

Cumulative distribution plot for r - Overall - Gumulative distribution plot for r - Malawi

Cumulative distribution plot for r - SA Cumulative distribution plot for - Uganda

Correlation and regression studies could be used to determine the relationship between eGFR

and mGFR. This would only tell us about the relationship between the two methods of
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determining kidney function, which falls short of telling us the differences between these two
methods. The best way would be to assess the comparability between the two methods. In
order to do this, the Bland-Altman analysis which quantifies the agreement between eGFR
and mGFR measurements by analyzing the mean difference and constructing limits of
agreement around it would be the best option. The Bland-Altman method employs a
graphical method of a scatter plot on the X and Y-axis. Where Y-axis shows the difference
between eGFR-mGFR and the X-axis represents the average of the two measurements
(mGFR+eGFR/2). It is recommended that 95% of the data points should lie within +2
standard deviations (SD) of the mean difference, often represented by two dotted lines. See as
an example of how we generated the Bland-Alman plots for mGFR and eGFR comparisons
for Ugandan restricted data using CKD-Epi with and without the ethnicity correlation
coefficient in Figure 8 below. The plot without the ethnicity coefficient (Panel A) has
minimal bias of 2.8mls/min/1.73m? (solid black line) and less scatter beyond 2SD limits of 66
and -50 (beyond dotted lines) while in those with ethnicity factor (Panel B) the bias and

scatter are much more pronounced at 21.6mls/min/1.73m2 and 76 and -40 respectively.
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Figure 8 Bland-Altman plot for CKD-Epi eGFR with and without ethnicity coefficient and

MGFR for Uganda
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Performance of eGFR equations compared to iohexol mGFR for Uganda
The final stage of the analysis from individual iohexol measurement to measured GFR was to

compare these values to those of the GFR estimating equations. Table 3 below shows the
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performance of GFR estimating equations compared to reference mGFR for 733 participants

from Uganda.

Table 3: Performance of eGFR equations compared to iohexol mGFR for Uganda

GFR estimating equation !Absolute | Relative | °Precision | “*P1o %P3
bias bias (RMSE)
Cockroft Gault (adjusted for BSA) 0.0 1.00 32.2 0.24 0.65
MDRD 3.0 1.03 31.3 0.25 0.65
MDRD ethnicity coefficient 224 1.25 34.4 0.20 0.50
FAS (creatinine) -0.4 0.99 29.7 0.26 0.68
Lund-Malmé (revised) -3.0 0.97 27.5 0.27 0.72
CKD-EPI (creatinine) 2.8 1.02 28.0 0.27 0.68
CKD-EPI (creatinine) ethnicity coefficient 21.6 124 29.2 0.21 0.52
CKD-EPI (creatinine + cystatin C) -0.5 0.99 25.8 0.32 0.74
CKD-EPI (cystatin C) -6.7 0.92 26.9 0.29 0.72

1Absolute bias: median of the difference between (estimated GFR - iohexol GFR)

“Relative bias: median of the difference between ([estimated GFR - iohexol GFR]/iohexol GFR)
3Precision RMSE (Root Mean Square Error): standard deviation of (estimated GFR - iohexol GFR)
“Precision IQR (Interquartile Range): IQR for (estimated GFR - iohexol GFR)

Accuracy: proportion of eGFR results within 10% (P10) and 30% (P3o) of iohexol GFR

N=733 for creatinine-based equations; N=620 for cystatin C-based equations

In Figure 9 we compare the iohexol mMGFR stage to the GFR stage estimated by CKD-Epi
without the ethnicity coefficient showing the mismatch between the two at each stage of
kidney function across the different countries of ARK. Though this is not a true population
prevalence because we oversampled participants with GFR <60mls/min/1.73m? in all the
three countries, it gives a good comparison of the performance of CKD-Epi across the
different stages. In particular, among patients with normal eGFR, the CKD-Epi over
estimates GFR while in the rest of the stages CKD-Epi underestimates the number of
participants with abnormal kidney function. These results will be explored in detail in

Chapter 7.

Figure 9: lohexol GFR stage compared to GFR stage estimated by the CKD-EPI (creatinine)

equation without ethnicity coefficient, overall and by country
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3.7 Appendix for methods chapter: Research approvals

Uganda Virus Research Institute

Plot 51-59, Nakiwogo Road, Entebbe
P.O. Box 49, Entebbe-Uganda
Tel: +256 414 320 385 /6
Fax: +256 414 320 483

Uganda National Hoalth Email: directoruvi@@uvr.go.ug
Research Organisation

Our Ref: GC/127/15/12/543
Your Ref:

REPUBLIC OF LIGANDA

17" December 2015

Dr. Anatoli Kamali

RE: UVRI REC review of protocol titled “Identification and Characterization of Chronic Kidney
Disease in Uganda.”

Thank you for submitting the response to the queries addressed to you by the UVRI REC.

This is to inform you that your response dated 15" December 2015 was reviewed and met the requirements
of the UVRI REC,

UVRI REC annual approval has been given for you to conduct your research up to 17" December 2016.
Annual progress report and request for extension should be submitted to UVRI REC prior to the expiry
date, to allow timely review.

The reviewed and approved documents included;

UVRI REC Application form

Study Protocol: version 1.0 dated 9" November 2015

Questionnaire: version 1.0 dated 9" November 2015

Information and Consent forms: version 1.0 dated 9" November 2015
Applicants® CVs

Wb WN -

You can now continue with your study after registration with the Uganda National Council for Science and
Technology (UNCST).

Note: UWVRI REC requires you to submit a copy of the UNCST approval letter for the above study before
commencement.

. Tom Lutalo
Chair, UVRI REC
c.c Secretary, UVRI REC
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Bganda National Council for Science and Technology

(Established by Act of Parliament of the Republic of Uganda)

Our Ref: HS 2231 25" September 2018

Dr. Robert Kalyesubula

Principal Investigator

MRC/UVRI and LSHTM Uganda Research Unit
ENTEBBE

RE: APPROVAL OF MATERIAL TRANSFER AGREEMENT (MTA)
BETWEEN MRC/UVRI AND LSHTM UGANDA RESEARCH UNIT-UGANDA
AND UNIVERSITY OF WITWATERSRAND-SOUTH AFRICA

We refer to the request for approval of MTA in a letter dated 4" September 2018 for the
transfer of samples obtained in the research project titled, ‘Identification and
Characterization of Chronic Kidney Disease in Uganda (CKD Study)’

The UNCST on 14/09/2018 approved your MTA valid until 2019 of the approved study.
The approval is granted to transfer stored plasma and DBS samples in 3 batches of 800.
1600 and 1600 samples through Entebbe International Airport to University of
Witwatersrand-South Africa.

The approval is subject to the terms and conditions of the MTA between MRC/UVRI AND
LSHTM Uganda Research Unit-Uganda and University of Witwatersrand-South Africa.

The Institutions should observe the conditions set by the Uganda-National Guidelines for
Research Involving Humans as Research Participants on the use of the human materials.
We also request that you submit to UNCST reports of analysis done on the specimens.

The Commissioner Customs, Uganda Revenue Authority is duly informed by copy of this
letter and is kindly requested to give you the necessary assistance to facilitate the transfer
of the specimens within the terms of this agreement.

Yours sincerely,

Beth Mutumba
FOR: EXECUTIVE SECRETARY

cc The Secretary, Office of the President

cc The Commissioner Customs, Uganda Revenue Authority
LOCATION/CORRESPONDENCE COMMUNICATION

Plot 6 Kimera Road, Ntinda TEL: (256) 414 705500

P. 0. Box 6884 FAX: (256) 414-234579

KAMPALA, UGANDA EMALIL: info@uncst.go.ug

WEBSITE: http://www.uncst.go.ug
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Uganda Virus Research Institute

Plot 51-59, Nakiwogo Road, Entebbe
P.O. Box 49, Entebbe-Uganda

—_— Tel: +256 414 32038576

uNHRO Fax: +256 414 320 483

——
Uganda National Health Email: directoruvri@uvri.go.ug
Research Organisation

REPUBLIC OF UGANDA

Our Ref: GC/127/16/11/543
Your Ref: MRCU/16/0914

November 29, 2016

Dr. Robert Kalyesubula,

RE: UVRI REC review of progress report titled «Identification and Characterization of Chronic Kidney
Disease (CKD) in Uganda and Malawi.”

Thank you for submitting your progress report for the above study dated November 8™ 2016 to
the UVRI Research Ethics Committee (REC).

This is to inform you that after review of your report, UVRI REC continuation approval has been granted
for you to continue with this study up to December 177, 2017.

At that time, REC would expect you to submit a progress report and request for renewal, prior to the expiry
date, to allow timely review.

Yours sincerely,
Dr. Alice Namale

Vice Chair, UVRI REC
e Secretary, UVRI REC
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London School of Hygiene & Tropical Medicine
Keppel Street, London WC1E 7HT

United Kingdom

Switchboard: +44 (0)20 7636 8636

LONDON
SCHOOL of
HYGIENE
STROPICAL
MEDICINE

www.lshtm.ac.uk

Observational / Interventions Research Ethics Committee

Dr Robert Kalyesubula
LSHTM

24 August 2020
Dear Robert,
Study Title: Charactenization of Kidney Disease in Sub-Saharan Africa

LSHTM Ethics Ref: 21802

Thank you for responding to the Observational Committee’s request for further information on the above research and itting revised d

The further information has been considered on behalf of the Committee by the Chair.

Confirmation of ethical opinion

On behalf of the Committee, I am pleased to confirm a favourable ethical opinion for the above research on the basis described in the application form, protocol and supperting documentation
as revised, subject to the conditions specified below.

Conditions of the favourable opinion
Approval is dependent on local ethical approval having been received, where relevant.
Approved documents

The final list of decuments reviewed and approved by the Committee is as follows:

Document Type File Name Date Version
Lacal Approval CKD UVRIREC Approval-1 17/12/2015 1

Laocal Approval APROVAL LETTER FROM UNCST - Feb 2016-1 17/02/2016 1
Consent form CKD ICF_cument sample storage_eng 17/12/2017 2
Consent form CKD CF_IOHEXOL testing_eng 17/12/2017 2
Consent form CKD-PIS& ICF-English 17/12/2017 2
Consent form CKD PIS-ICF Lug_stamped_dec2017 20/12/2017 2
Protocol / Proposal Protocol for PhD 2019 08/08/2019 1
Tnvestigator CV LSHTM CV 2019 12/03/2020 1
Investigator CV CV Prof Liam Smeeth 12/03/2020 1
Investigator CV Launie Tomlnson CV for NIHE. 12/03/2020 1
Other GCP_Certificate_Kalyesubula 2020 new (1) 13/03/2020 1
Protocol / Proposal Protocol for PhD 2019 version 2 dated 28th July 2020 28/07/2020 2
Covenng Letter Cover Letter 2 LSHTM Ethucs Kalyesubula 21/08/2020 version 3
After ethical review

The Chief Investigator (CI) or delegate is responsible for informing the ethics committee of any subsequent changes to the application. These must be submitted to the Committee for review
using an d form. A must not be initiated before receipt of written favourable opinion from the committee,

The Cl or delegate is also required to notify the ethics committee of any protocol viclations and/or Suspected Unexpected Serious Adverse Reactions (SUSARs) which eccur during the project
by submitting a Serious Adverse Event form.

An annual report should be submitted to the committee using an Annual Report form on the anniversary of the approval of the study during the lifetime of the study.

At the end of the study, the CI or delegate must notify the committee using an End of Study form.
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4.0 Research paper 2: Impaired renal function in a rural population
cohort in Uganda

4.1 Introduction

In order to appreciate the current status of kidney disease in Uganda, we needed to conduct a
robust baseline study. While several studies existed on the prevalence of kidney disease in
Uganda, the majority of these where in high-risk populations such as patients with HIV-AIDS

or hospital-based patients or were limited by small sample size [1-3].

In this study we set out to establish the prevalence of impaired renal function using standardized
creatinine measurements and calculating the estimated glomerular kidney function according
to internationally approved measurement standards. Though we were not able to do a repeat
creatinine nor the micro-albumin level, we were able to recruit up to 5,979 participants with
Isotope-dilution mass spectrometry (IDMS) standardized measurements. We used the CKD-
Epi equation without the ethnicity factor to estimate GFR and noted the factors associated with

this abnormal kidney function.
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4.2 Box 1 Summary of key findings from prevalence study

e The overall prevalence of eGFR <60 ml/min per 1.73 m? was 1.6% (95% Cl 1.34—
1.99) with up to 1,089 (18.2%) having an eGFR <90 ml/min per 1.73 m?in a

predominantly young population in Uganda.

e Older age, hypertension and anaemia were independently associated with eGFR

<60 ml/min per 1.73 m?

e The traditional risk factors for CKD like diabetes mellitus, hypertension, obesity,

alcohol intake and smoking were low in the general population.
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.Z757:) Amendments from Version 2

In this version of the paper we have tried again to highlight the
difference between impaired renal function and chronic kidney
disease, and why this distinction is not made in the majority of
epidemiological studies, and why the utility of the concept of CKD
may be different in sub-Saharan Africa. We have also added more
details on the selection criteria of the study population.

See referee reports

Introduction

Chronic kidney disease (CKD) is an under-recognized non-
communicable disease, associated with a high morbidity and
mortality. It is estimated that one in ten people are living with
kidney disease worldwide and the prevalence may be higher in
low-income countries such as Uganda'”. However, as shown in a
recent systematic review the quality of data is often poor.
frequently using convenience samples in high-risk populations-.
Furthermore, only 2% of the studies included in this review used
the CKD-EPI equation for calculation of estimated glomerular
filtration rate (eGFR) which, based on limited data, has been
found to be the best estimate of population CKD prevalence’.
There is little distinction between impaired renal function
and chronic kidney diseases in most of the studies from sub-
Saharan Africa where these two are used interchangeably”. It is
thus more appropriate to use impaired renal function rather
than CKD when creatinine and albuminuria are meas-
ured once with no repeated measure to comfirm chronicity.
Community-based studies of the prevalence of impaired renal
function have shown marked variation in results. Among peo-
ple living with HIV/AIDS, estimates range from 0.7% in Rakai,
Central Uganda, 14.4% in Gulu, Northern Uganda, 26.5% in
Zambia to 41.3% in Tanzania™®. Among HIV-negative popula-
tions, estimates range from 2.5% in Wakiso, Central Uganda to
26.5% in Tanzania®’. Hospital-based studies from a National
Referral Hospital in Uganda show that most patients with kidney
disease are young and have advanced disease by the time of
presentation'”. Thus, in sub-Saharan Africa estimates of kidney
disease prevalence vary widely depending on the methods
used to determine renal function and the population studied, in
particular the age distribution®'-"".

Globally, among the known key risk factors for CKD are
diabetes mellitus, hypertension and infections such as HIV.
Hypertension and HIV are important problems in Uganda with
hypertension prevalence estimated to be 26.4%” and rising
among those with HIV-infection’'. However, the prevalence of
diabetes mellitus is low compared to high-income countries at
2%*. Moreover, some studies have also highlighted differences
in the prevalence of impaired renal function between urban
and rural areas in Alrica. A study from Cameroon found the
overall prevalence of CKD to be 13.2%: 14.1% and 10.9% among
rural and urban dwellers, respectively”. Late diagnosis, along
with limited health care leading to poor control of hypertension
and diabetes may be possible drivers of a higher prevalence in
rural populations.

Therefore, we aimed to determine the prevalence and associa-
tions of impaired renal function among a representative sample

Wellcome Open Research 2019, 3:149 Last updated: 22 APR 2020

of a rural area of Uganda, within an existing population cohort
using high quality sampling methods.

Methods

Study design and setting

The General Population Cohort (GPC) was established in 1989,
by the United Kingdom Medical Research Council and the
Uganda Virus Research Institute, in Kalungu District, South-
western Uganda™. The cohort was initially established to
examine prevalence, incidence, risk factors and trends of infec-
tion with HIV in a rural African population. More recently,
research activity has broadened to include the epidemiology
and genetics of other communicable and of non-communicable
diseases, including cancer, cardiovascular disease and diabetes™.
In brief, the GPC is a community-based open cohort study
of residents of 25 neighbouring villages within one-half
of a sub-county, lying about 40 km from Lake Victoria.
The population is scattered across the countryside in villages
defined by administrative boundaries, with a few concentrated
in small trading centres. The population under survey includes
approximately 22,000 people, less than half of whom are more
than 13 years of age. The cohort is dynamic with new births,
deaths and migration reported at each round of follow-up. Data
are collected through an annual census, an annual question-
naire and serological survey from 1989-2011 and a biennial
questionnaire and serological survey thereafter. Details of sexual
behaviour, medical, sociodemographic and geographic factors
are recorded. Blood specimens are obtained at each biennial
survey. Serum is tested for HIV-1 and the remainder is stored at
-80°C. Since 1989, the seroprevalence of HIV has remained
relatively stable in this population, with about 8% of participants
infected: in recent years, prevalence has risen slightly, with the
roll out of antiretroviral therapy and consequent improvements
in survival.

All eligible participants were evaluated for the study with an
acceptance rate of 98%. A total of 6,397 participants were indenti-
fied in the two rounds of the GPC (2011-2012 and 2014-2015)
with 5,979 (93.5%) individuals having valid creatinine results.
The 418 who did not have valid creatinine did not differ
significantly from those selected. Variables used for analysis
were extracted from two rounds, and participants’ information
gathered from questionnaire and laboratory data of the survey
rounds were linked by unique identifiers. For adults (18+ years
for males and 16+ years for females), variables used to develop
a socioeconomic score (SES), smoking status, alcohol consump-
tion, fruit and vegetable intake and results of Hepatitis B and C
tests were derived from the 2011-2012 survey round. Variables
associated with participant’s eGFR, age, maximum education level,
current marital status, history of stroke, body mass index (BMI)
and HIV status were based on the 2014-2015 survey round.

Data collection

Data collected from the GPC questionnaire regarding sexual
behaviour and lifestyle factors were self-reported (Supplementary
File 1). Anthropometric measurements and blood tests were
performed by trained interviewers/nurses using calibrated instru-
ments and following standard operating procedures. We adapted
the World Health Organization (WHO) STEP-wise approach
to surveillance questionnaire to obtain socio-demographic
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characteristics, lifestyle (diet, tobacco, and alcohol consump-
tion), medical history and biophysical measurements. Blood
pressure was measured using a digital sphygmomanometer
(Omron M4-1). The participant had to be in a sitting position
and the mean of the second and third readings taken at 5-minute
intervals was used for analysis. Body weight was measured using
the Seca 761 mechanical scales and body height was measured
using a stadiometer to the nearest 1 kg and 0.1 cm, respectively.
Both scales were calibrated according to manufacturer guidelines
weekly.

Laboratory tests

Blood tests for haemoglobin, HIV screening, HbAlc, hepatitis
B and C viruses, as well as the creatinine level were performed.
Venous blood was tested for haemoglobin level using CT -5
Coulter Ac.T 5diff AL (Autoloader) [Beckman Coulter, North
America]. HIV testing was performed using an approved national
algorithm™. Hepatitis B surface antigen, Hepatitis C antibody
and creatinine level were tested using a Cobas e 601 Auto
Analyzer (Roche Diagnostics, North America). Creatinine was
measured using the Jaffe method traceable to an isotope dilu-
tion mass spectrometry method”’. The MRC/UVRI Entebbe
laboratories currently have laboratory accreditation through ISO
15189 of the Kenya Accreditation Service, and are enrolled in
external quality control programs for South Africa, America,
Australia and the United Kingdom.

Definitions and classification

Each participant’s SES was derived from conducting principal
component analysis (PCA) using variables relating to household
infrastructure and property ownership. Urbanicity score used
in this study was derived from a previous study using informa-
tion from the Round 22 survey”, BMI was classified accord-
ing to WHO categories (weight/height®: kg/m?): underweight
(<18.5 kg/m?), normal weight (18.5-24.9 kg/m?), overweight
(25.0-29.9 kg/m?) and obese (>30.0 kg/m?). Blood pressure (BP)
classification was derived from the National Institute of Health
guidelines: Pre-Hypertension was defined as having a systolic BP
greater than 120mmHg but less than 140 mmHg, and a diastolic
BP greater than 80 mmHg but less than 90 mmHg. Hyperten-
sion was defined as having a diastolic BP greater than or equal
to 90 mmHg, systolic BP greater than or equal to 140 mmHg or
being on treatment for high BP. Anaemia was defined as hav-
ing haemoglobin levels less than 130 g/l in men, 120 g/l in non-
pregnant women, and 110 g/l in pregnant women. Diabetes
mellitus was diagnosed by either having HbAlc >6.5%, through
self-reported measures of being previously diagnosed with
diabetes, or by current treatment for diabetes.

Classification of renal function

The estimated glomerular filtration rate (eGFR) was calculated
using the CKD-Epi equation, without use of the coefficient
for African Americans”. Impaired renal function was divided into
five categories analogous to CKD stages, based on the National
Kidney Foundation guidelines (without including proteinuria)
as: normal eGFR (200 ml/min/1.73 m?); low eGFR (60-80 ml/
min/1.73 m’); moderately reduced eGFR (30-59 ml/min/1.73 m");
severely reduced eGFR (15-29 ml/min/1.73 m?); and kidney
failure (eGFR <15 ml/min/1.73 m?)". We have used impaired
renal function for the study because we did not have a second
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creatinine after 3 or more months or measures of urinary protein
excretion to comfirm CKD.

Statistical analysis

Baseline characteristics were tabulated stratified by sex. The
prevalence of impaired renal function was also age standardised
using the WHO world population as the reference.

We used logistic regression to estimate odd ratios (OR), along
with its 95% confidence intervals (95% Cls), to identify potential
factors independently associated with CKD. A forward step-
wise approach was used in developing our multivariable model
adjusting for age, sex, and all independent predictors of CKD.

We also conducted a secondary analysis to compare partici-
pants with eGFR<60 ml/min/1.73 m? to those with normal renal
function excluding individuals in the low eGFR category. The
population attributable fraction (PAF) of impaired renal function
was estimated for hypertension, and anaemia using the adjusted
odds ratios from the final multivariable model.

All statistical analyses were performed using STATA 13 SE
(Stata Corp, Texas, USA).

Ethical considerations

All study participants gave written informed consent to
participate in the study. The study was approved by Uganda Virus
Research Institute Research and Ethics Committee (UVRI-REC)
and the Uganda National Council for Science and Technology
(UNCST).

Results

Baseline characteristics of study participants

A total of 6,397 individuals participated in the Round 24 GPC
survey in 2014-2015 and 5.979 (93.5%) individuals had valid
creatinine test results. The average age of study participants
was 39 years (range: 16 years to 103 years), consisting of 3.626
(60.7%) females. The majority of patients had primary-level
education (60.4%). HIV prevalence was 9.7% (males: 8.4%,
females: 10.5%) within this study population, and about 40% of
the population was classified as pre-hypertensive. The mean serum
creatinine level of the study population was 66.3 mmol/l (95%
CI 65.4-66.3), and using the CKD-EPI equation, the average
eGFR was 109.3 ml/min/1.73 m? (95% CI 108.8-109.9) (Table 1).

Prevalence of impaired renal function

The overall prevalence of eGFR <60 ml/min per 1.73 m® was
1.6% (95% CI 1.34-1.99). Of the respondents, 4,792 (80.2%) were
classified as normal, 1.089 (18.2%) as low eGFR, 91 (1.5%) as
moderately reduced eGFR. 4 (0.1%) as severely reduced eGFR,
and 3 (0.1%) classified as having kidney failure (Figure 1, Table 2).
The prevalence of impaired renal function among those over the age
of 16, age-standardised to the WHO population, was 1.8%.

Factors associated with eGFR <60 ml/min per 1.73 m?

Age and sex adjusted associations with the presence of eGFR
<60 ml/min per 1.73 m? are shown in Supplementary Table 1. In
multivariable analysis, older age, hypertension (OR 2.86; 95%
CI 1.15-7.08) and anaemia (OR 2.14 ; 95% CI 1.12-4.09) were
independently associated with eGFR <60 ml/min per 1.73 m? (Table 3).
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Table 1. Characteristics of participants with creatinine results
from Survey round 24 among a general population cohort in
rural Uganda (N=5,979).

Variable

Age Group
<35

35-44

45-54

55-64

B5-74

75+

Max Education
MNone

Primary
Secondary
Higher Level
Currently Married™*
No

Yes
Urbanicity™’
Quartile 1
Quartile 2
Quartile 3
Quartile 4
SES*

Lower

Middle

Upper

BMI***

Normal weight
Underweight
Overweight
Obese

Blood Pressure**
MNormal
Pre-Hypertension

Hypertension

Male, n (%)

1,033 (43.90)
460 (19.55)
378 (16.02)
244 (10.37)
138 (5.86)
101 (4.29)

137 (5.82)

1,488 (63.24)
570 (24.21)
158 (6.71)

357 (20.62)
1,373 (79.36)

513 (28.71)
468 (26.19)
436 (24.40)
370 (20.71)

565 (35.76)
521 (33.04)
493 (31.20)

1,786 (76.47)

407 (17.42)
122 (5.22)
21(0.90)

668 (40.44)
719 (43.52)
265 (16.04)

Female,
n (%)

1,703 (46.97)
721(19.88)
507 (13.98)
336 (9.27)
231 (6.37)
128 (3.53)

394 (10.67)
2,122 (58.52)
046 (26.09)
164 (4.52)

1,075 (36.68)
1,856 (63.32)

756 (26.31)
733 (25.66)
BO7 (24.59)
659 (23.25)

819 (32.79)
833 (33.35)
846 (33.87)

2,290 (65.84)
302 (8.68)
648 (18.63)
238 (6.84)

1,235 (48.82)

944 (37.28)
352 (13.90)

Total, n (%)

2,736 (45.77)

1,181 (19.74)
884 (14.79)
580 (9.70)
369 (6.17)
229 (3.83)

531 (8.88)

3,610 (60.38)

1,516 (25.35)
322 (5.38)

1,432 (30.72)
3,229 (69.28)

1,259 (27.24)
1,201 (25.98)
1,133 (24.51)
1,029 (22.26)

1,384 (33.94)
1,354 (33.23)
1,339 (32.83)

4,076 (70.11)
709 (12.19)
770 (13.24)

259 (4.45)

1,903 (45.51)
1,663 (39.75)
617 (14.75)
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Variable Male, n (%) Female, Total, n (%)
n (%)

HIV Status**

Negative 2,150 (91.57) 3,242 (89.51) 5,392 (90.32)

Positive 198 (8.43) 380 (10.49) 578 (9.68)

Hepatitis B*

Negative 1,588 (96.48) 2,479 (98.10) 4,067 (97.46)

Positive 58 (3.52) 48 (1.90) 106 (2.54)

Hepatitis C*

Negative 1,582 (96.17) 2,439 (96.52) 4,021 (96.38)

Positive 63 (3.83) 88 (3.48) 151 (3.62)

Anaemia™®

Negative 1,078 (86.87) 1,583 (83.40) 2,661 (84.77)

Positive 163(13.13)  315(16.60) 478(15.23)

Diabetes™

No 1,603 (97.74) 2467 (97.94) 4,070 (97.53)

Yes 37 (2.26) 52 (2.06) 89 (2.14)

Current smoking status®

Not current smoker 1,301 (78.80) 2,478 (97.87) 3,779 (90.34)

Non-daily smoker 83 (5.03) 17 (0.67) 100 (2.39)

Daily smoker 267 (16.17) 37 (1.46) 304 (7.27)

Alcohol consumption*

Never drinkers 831(54.84) 1,580 (69.27) 2,420 (63.43)

No alcohol in past 90 (5.92) 250 (10.90) 340 (8.91)

30 days

Alcohol in past 600 (39.45) = 455(19.83) 1,055 (27.65)

30 days

“Wariables from a previous round (R22) of the GPC where total number of
participants may vary: Urbanicity (n=4,622), SES (n=4,077), Blood Pressure
(BP) (n=4,184), Hepatitis B (n=4,173), Hepatitis C (n=4,172), smoking
status (n=4,183), alcohol consumption in the last 30 days (n=3,815), and
anaemia (n=3,139). 'Urbanicity score derived from Riha ef al. (2014).
“Socio-economic Score (SES) derived from conducting Principle Component
Analysis (PCA) on a statistical software using variables relating to household
infrastructure and property ownership *Body Mass Index (BMI) Classification
according to WHO (weight/height® kg/m?): Underweight (< 18.5 kg/m?),
Normal weight (18.5-24.99 kg/m?), Overweight (25.0-29.99 kg/m?), Obese
(>30.0 kg/m?). “BP classification derived from the National Institute of Health
guidelines: Pre-Hypertension was defined as having a systolic BP =120
mmHg but <140 mmHg, and a diastolic BP >80 mmHg but <90 mmHg.
Hypertension was defined as having a systolic BP 290 mmHg, diastolic BP
=140 mmHg. sAnaemia was defined as having haemogloblin levels less than
130 g/L in men, 120 g/L in non-pregnant women, and 110 g/L in pregnant
women. Only 2,064 individuals had anaemia results from the R24 of the GPC
“Diabetes was defined as having HbA1C >6.5%, or being previously
diagnosed with diabetes, or are currently on treatment for diabetes.
“*Wariables in R24 with missing individuals: Currently Married (n=4,661), BMI
(n=5,814), HIV (n=5,970)
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Figure 1. Prevalence of estimated glomerular filtration rate <60 ml/min/1.73 m? by age group among a rural Ugandan cohort.

Table 2. Mean serum creatinine and categories of estimated glomerular
filtration rate (eGFR) in the general population cohort.

Variables

Measurements

Serum creatinine (mg/dl)

eGFR (ml/min/1.73m?)
CKD-EPI equation™!
MDRD equation*

Category of level of eGFR
Normal eGFR (=90 mi/min per 1.73 m?)
Low eGFR (60-89 ml/min per 1.73 m?)

Mean (95% Cl)
0.75 (0.74-0.75)
109.3 (108.8-109.9)
106.2 (105.4-107.1)

Individuals n(%)

4,792 (80.15)
1,089 (18.21)

Moderately reduced eGFR (30-59 mi/min per 1.73 m?) 91 (1.52)
Severely reduced eGFR (15-29 mi/min per 1.73 m?) 4(0.07)
Kidney Failure (eGFR <15 ml/min per 1.73 m?) 3(0.05)

*The CKD-EPI eGFR calculations were used as the primary outcomes in this study; the
MDRD equation was used to contrast the difference between the two equations. 'The
coefficient for black race was omitted while using this equation.

Age and sex adjusted associations of variables with the presence
of eGFR of <90 mls/min/1.73m* are shown in Supplementary
Table 2. In multivariable analysis, female sex (OR 1.56, 95%
CI 1.27-1.93); older age, higher urbanicity score, being overweight
or obese; having hypertension (OR 1.60, 95 % CI 1.22-2.11) and

HIV-positive status (OR 1.55, 95% CI 1.13-2.04) were associated
with impaired kidney function (Supplementary Table 3).

Comparison of participants with eGFR <60 ml/min/1.73m? to
those with eGFR >90 ml/min/1.73m? revealed that older age,
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majority of the studies were conducted among patients with
known risk factors for renal disease such as diabetes mellitus,
HIV infection and hypertension. Furthermore, only 2% of the
included studies used the CKD-EPI equation for calculation of

Table 3. Final multivariable model of factors
independently associated with estimated glomerular
filtration rate <60 ml/min per 1.73m?2.

Variable Adjusted OR (95% CI)' eGFR although, based on limited data, it has been found to be the
Sex P=0.56 best estimate of population CKD prevalence™. The age structure
of population varies widely between countries in sub-Saharan
Male Reference Africa making standardisation to a reference ulation crucial
g pop
Female 1.19 (0.64-2.24) for comparisons between regions or countries. In addition, the
Age Group P<0.001 prevalence of risk factors such as HIV infection vary substan-
<35 Refarence tially across and within countries. We found a lower prevalence
of of eGFR <60 mL/min per 1.73 m? in this rural setting than
35-44 0.53(0.05-5.14) would be expected according to previous studies’”. This unex-
A5-K4 3.49 (0.86-14.09) pected finding could be explained by the characteristics of the
55 64 573 (1.47-22.95) population under study. Over 66% of our study pal:l]mpams were
less than 45 years of age yet CKD prevalence increases with
65-74 12.24(3.27-45.82) age. The traditional risk factors for CKD like diabetes mellitus,
75+ 29.68 (7.99-110.19) hypertension, obesity, alcohol intake and smoking were low in
BlontiPrasnuar P=0.05 our population (see Table 1).
Normal Reference

Pre-Hypertension

Hypertension

1.92 (0.81-4.57)
2.86 (1.15-7.08)

We found that older age, hypertension and anaemia were associ-
ated with impaired renal function. Age is known to be strongly
associated with eGFR***". Hypertension is both a cause and
a consequence of kidney disease, and in this cross-sectional

Anaemia® P=0.02

) survey it was not possible to tell whether the participants had
Negative Reference hypertension as a cause or consequence of the kidney disease.
Positive 2.14 (1.12-4.09) However there has been a rise in reported levels of hyperten-

“Variables from a previous round (R22) of the GPC where total
number of participants may vary: Blood Pressure (n=3,039)
Multivariable model adjusted for age, sex and all independent
predictors of eGFR <80mls/min per 1.73 m®. OR, odds ratio; 25% CI,
95% confidence interval. *Blood pressure classification derived from
the National Institute of Health guidelines: Pre-Hypeartension was
defined as having a systolic blood pressure greater than 120 mmHg
but less than 140 mmHg, and a diastolic blood pressure greater
than 80 mmHg but less than 90 mmHg. Hypertension was defined
as having a systolic blood pressure (BP) greater than or equal to
90mmHg, diastolic BP greater than or equal to 140mmHg. *Anaemia
was defined as having haesmoglobin levels less than 130 g/l in men,
120 g/L in non-pregnant women, and 110 g/l in pregnant women.
Only 2,064 individuals had anaemia results from the R24 of the GPC

hypertension and anaemia were independently associated with
impaired renal function (Supplementary Table 4).

The adjusted population attributable fraction of decreased
renal function attributable to hypertension and anaemia was
26.4% and 12.8%, respectively.

Discussion

We found a prevalence of eGFR <60 mL/min per 1.73 m? of
1.64% in this predominantly young rural community of Uganda
with more than one-fifth of the study participants having eGFR
<90 mL/min per 1.73 m’. Impaired renal function was strongly
associated with age, high blood pressure and anaemia.

Comparing different prevalence estimates of impaired renal
function from studies across sub-Saharan Africa is challeng-
ing for many reasons. In a meta-analysis of CKD in sub-Saharan
Africa by Stanifer ef al.” the overall prevalence was 13.9% but the

sion in Uganda, from 13.7%" in 1969 to 26.4% in 2015
Anaemia is also often a consequence of kidney disease, or may
be due to shared risk-factors such as other chronic diseases. We
found that anaemia was associated with kidney disease, even
for patients with eGFR <90 ml/min/1.73m? a level of kidney
function at which a direct causal effect would not be anticipated.

We only measured creatinine on one occasion while two results
of eGFR <60 mL/min per 1.73 m*> more than 3 months apart
are required for the formal definition of CKD. This may have
led to an overestimate of the prevalence of impaired renal func-
tion. However, most large scale epidemiological surveys have
also used one measurement of creatinine™. In addition, our study
was prospectively sampled from well people and are thus
likely to be affected by a transient fall in eGFR associated with
acute illness. This is in contrast to many studies using routinely
collected data to define renal function where misclassification
is likely if blood tests are measured during when patients are
unwell”. Even if we had two measures of creatinine we would
not have been able to confidently assert that patients with eGFR
<60 mL/min per 1.73 m* had ‘chronic kidney disease’ as the
estimating equations are not validated in sub-Saharan Alrica
and the long-term outcome implications, on which the CKD
categorisation was defined, are not yet understood in this set-
ting. From the multivariable analysis hypertension and anae-
mia are likely manifestations of chronic kidney disease, so it
is not unreasonable to presume that impaired kidney function
is an estimate of CKD. It is also very difficult to have a repeat
creatinine and urinalysis in community studies. More studies are
needed to establish the utility of the second creatinine/urinary
protein in establishing chronicity of kidney disease. There is
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also need to put this in the context of poorly resourced coun-
tries where patients are likely to be lost to follow up. The initial
contact may be the only opportunity to diagnose them and put
them into formal care with the aim of reducing progression to
serious complications'’.

Factors which have been traditionally associated with kidney
disease in high-income countries such as smoking, alcohol
intake and obesity were not associated with the presence of
eGFR <60 mL/min per 1.73 m? in this population. This may be
because of the low prevalence of these factors in the community,
or may suggest that the risk factors for CKD are different in this
region. Indeed, other researchers have found that the majority
of kidney disease in sub-Saharan Africa is not explained by tradi-
tional risk factors™.

Study strengths and limitations

This was a large community-based study conducted within a
well-characterized population cohort. We used the CKD-Epi
equation to determine eGFR, which is thought to be the best
estimate of true GFR in sub-Saharan Africa. We measured
a wide range of social and anthropometric factors, chronic
diseases and biochemical measurements in a structured and
validated manner. In addition, our prevalence estimates have
been standardized to the WHO population to enable comparability
with other studies across the world.

However, there were limitations, including lack of screening for
urine abnormalities (proteinuria and hematuria) which could have
led us to underestimate the prevalence of kidney disease. Newer
classifications of CKD require measurement of proteinuria to
define kidney disease’. We only measured creatinine on one occa-
sion while two results of eGFR <60 mL/min per 1.73 m* more than
3 months apart are required for the formal definition of CKD.
This may have led to an overestimate of the prevalence of
impaired renal function.

Implications of the study

Interventions for end-stage renal disease are currently limited for
most countries in sub-Saharan Africa with very poor access to
dialysis and kidney transplantation”. This study has established
a significant prevalence of impaired renal function, highlighting

Supplementary material
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the need to focus efforts on preventive strategies to delay
onset and slow progression of renal disease. However, marked
uncertainty remains about how best to estimate GFR in black
Africans. This highlights the importance of our ongoing
prospective study to determine the best way to measure renal
function in sub-Saharan Africa: hitp://blogs.Ishtm.ac.uk/ark/.

Conclusions

We found that approximately one in five adults in rural Uganda
had abnormal function despite a low prevalence of diabetes and
obesity. More population based studies are needed to further
characterize kidney disease in sub-Saharan Africa.

Data availability

Owing to data prolection concerns, there are restrictions on
access (o the underlying data. The GPC database contains
25 years of longitudinal data sets on demographics and disease
surveillance. All data (census, survey and laboratory) generated
through the cohort are stored and curated at the MRC/UVRI and
the LSHTM Research Unit. Data access for specific research
purposes is possible and has been granted previously. For any
data access inquiries, you may contact the director, MRC/UVRI
and the LSHTM Research Unit or by email to mrc@mrcuganda.org
or the corresponding author.
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Supplementary Table 1: Factors associated with eGFR <60 mL/min per 1.73 m? among a general
population cohort from rural Uganda (N=5,979)

Individuals with

Total Individuals ?nGL'eri;?f 73 m?2 Unadjusted OR Age and sex adjusted

n (%) n (%) (95% CI)! OR (95% CI)*
Sex P=0.37 P=0.16
Male 2,353 (39.35) 34 (1.45) Reference Reference
Female 3,626 (60.65) 64 (1.76) 1.20 (0.79-1.83) 1.35 (0.87-2.08)
Age Group P<0.001 P<0.001
<35 2,736 (45.77) 6 (0.22) Reference Reference
35-44 1,181 (19.74) 6 (0.51) 2.32 (0.74-7.22) 2.33 (0.75-7.25)
45-54 884 (14.79) 13 (1.47) 6.79 (2.57-17.92) 6.89 (2.61-18.19)
55-64 580 (9.70) 16 (2.76) 12.90 (5.02-33.13) 13.07 (5.09-33.58)
65-74 369 (6.17) 24 (6.50) 31.65 (12.84-77.97) 31.66 (12.85-78.01)
75+ 229 (3.83) 33 (14.41) 76.60 (31.71-185.03) 78.28 (32.38-189.26)
Max Education™ P<0.001 P=0.007
None 531 (8.88) 15 (2.82) Reference Reference
Primary 3,610 (60.38) 76 (2.10) 0.73 (0.42-1.29) 2.00(1.10-3.62)
Secondary 1,516 (25.35) 3(0.20) 0.04 (0.01-0.19) 0.56 (0.15-2.10)
Higher Level 322 (5.38) 4 (1.24) 0.43 (0.14-1.31) 2.66 (0.82-8.65)
Currently Married™ P<0.001 P=0.49
No 1,432 (30.72) 55 (3.84) Reference Reference
Yes 3,229 (69.28) 40 (1.24) 0.32 (0.21-0.48) 0.84 (0.51-1.37)
Urbanicity*? P=0.35 P=0.59
Quartile 1 1,259 (27.24) 26 (2.07) Reference Reference
Quartile 2 1,201 (25.98) 17 (1.42) 0.68 (0.36-1.26) 0.69 (0.37-1.31)
Quartile 3 1,133 (24.51) 25(2.21) 1.07 (0.61-1.86) 1.04 (0.59-1.86)
Quartile 4 1,029 (22.26) 15 (1.46) 0.70 (0.26-1.33) 0.96 (0.49-1.87)
SES*3 P=0.64 P=0.29
Lower 1,384 (33.94) 24 (1.73) Reference Reference
Middle 1,354 (33.23) 30 (2.21) 1.28 (0.74-2.20) 1.54 (0.88-2.71)
Upper 1,339 (32.83) 25(1.87) 1.07 (0.61-1.89) 1.33(0.74-2.39)
BMI#™ P=0.05 P=0.33
Normal weight 4,076 (70.11) 56 (1.37) Reference Reference
Underweight 709 (12.19) 19 (2.68) 2.01(1.18-3.41) 0.93 (0.53-1.62)
Overweight 770 (13.24) 17 (2.21) 1.65 (0.93-2.85) 1.72 (0.95-3.10)
Obese 259 (4.45) 4 (1.54) 1.14 (0.41-3.19) 1.10 (0.38-3.18)
Blood Pressure*® P<0.001 P=0.005
Normal 1,903 (45.51) 12 (0.63) Reference Reference
Pre-Hypertension 1,663 (39.75) 33 (1.98) 3.19 (1.64-6.20) 2.10 (1.06-4.16)
Hypertension 617 (14.75) 39 (6.32) 10.63 (5.53-20.45) 2.98 (1.47-6.02)
HIV Status™ P=0.83 P=0.12
Negative 5,392 (90.32) 88 (1.63) Reference Reference
Positive 578 (9.68) 10 (1.73) 1.07 (0.55-2.07) 1.78 (0.88-3.58)
Hepatitis B* P=0.92 P=0.60
Negative 4,067 (97.46) 82 (2.02) Reference Reference
Positive 106 (2.54) 2(1.89) 0.93 (0.22-3.85) 1.49 (0.34-6.48)
Hepatitis C* P=0.51 P=0.12
Negative 4,021 (96.38) 82 (2.04) Reference Reference
Positive 151 (3.62) 2(1.32) 0.64 (0.15-2.64) 0.37 (0.08-1.59)
Anaemia® P<0.001 P=0.003
Negative 2,661 (84.77) 33(1.24) Reference Reference
Positive 478 (15.23) 21 (4.39) 3.65 (2.09-6.38) 2.47 (1.37-4.42)
Diabetes’ P=0.14 P=0.42
No 4,070 (97.53) 80 (1.97) Reference Reference
Yes 89 (2.14) 4 (4.49) 2.34 (0.84-6.55) 1.59 (0.54-4.65)
Current Smoking Status* P=0.16 P=0.51
Not current smoker 3,779 (90.34) 71 (1.88) Reference Reference
Non-daily smoker 100 (2.39) 2(2.00) 1.06 (0.25-4.40) 0.62 (0.14-2.72)
Daily smoker 304 (7.27) 11 (3.62) 1.96 (1.02-3.74) 1.37 (0.66-2.81)
Alcohol Consumption* P=0.12 P=0.74
Never drinkers 2,420 (63.43) 34 (1.40) Reference Reference
No alcohol in past 30 days 340 (8.91) 9 (2.65) 1.90 (0.90-4.01) 1.11 (0.51-2.42)
Alcohol in past 30 days 1,055 (27.65) 23(2.18) 1.56 (0.91-2.66) 0.83 (0.46-1.50)
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“Variables from a previous round (R22) of the GPC where total number of participants may vary: Urbanicity (n=4,622), SES (n=4,077),
Blood Pressure (BP) (n=4,184), Hepatitis B (n=4,173), Hepatitis C (n=4,172), smoking status (n=4,183), alcohol consumption in the last 30
days (n=3,815), and anaemia (n=3,139). *Urbanicity score derived from Riha et al (2014). 2Socio-economic Score (SES) derived from
conducting Principle Component Analysis (PCA) on a statistical software using variables relating to household infrastructure and property
ownership

3Body Mass Index (BMI) Classification according to WHO (weight/height? kg/m2): Underweight (<18.5 kg/m?), Normal weight (18.5 —
24.99 kg/m?), Overweight (25.0 — 29.99 kg/m?), Obese (>30.0 kg/m?). “BP classification derived from the National Institute of Health
guidelines: Pre-Hypertension was defined as having a systolic BP >120mmHg but <140 mmHg, and a diastolic BP >80 mmHg but <90
mmHg. Hypertension was defined as having a systolic BP >90mmHg, diastolic BP >140mmHg. *Anaemia was defined as having
haemogloblin levels less than 130 g/L in men, 120 g/L in non-pregnant women, and 110 g/L in pregnant women. Only 2,064 individuals had
anaemia results from the R24 of the GPC

®Diabetes was defined as having HbAL1C >6.5%, or being previously diagnosed with diabetes, or are currently on treatment for diabetes.
“Variables in R24 with missing individuals: Currently Married (n=4,661), BMI (n=5,814), HIV (n=5,970)
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Supplementary Table 2: Factors associated with eGFR <90 mL/min per 1.73 m? among a general
population cohort from rural Uganda

Individuals with

-Irno(:?\}i duals eGFR <90 Unadjusted OR Age and sex adjusted
N(%) mL/min/1.73 m? (95% CI)! OR (95% CI)*
N(%0)
Sex P<0.001 P<0.001
Male 2,352 (39.34) 400 (17.01) Reference Reference
Female 3,627 (60.66) 787 (21.70) 1.35(1.18,1.54) 1.71 (1.46,2.01)
Age Group P<0.001 P<0.001
<35 2,736 (45.77) 94 (3.44) Reference Reference
35-44 1,181 (19.74) 186 (15.75) 5.25 (4.05,6.80) 5.32 (4.11,6.90)
45-54 884 (14.79) 231 (26.13) 9.94 (7.07,12.82) 10.34 (8.01,13.36)
55-64 580 (9.70) 248 (42.76) 20.99 (16.13,27.32) 22.03 (16.90,28.73)
65-74 369 (6.17) 255 (60.98) 43.91 (32.75,58.88) 45,51 (33.86,61.16)
75+ 229 (3.83) 203 (88.65) 219.44 240.87 (151,381.85)
(138.92,346.63)

Max Education™ P<0.001 P=0.002
None 531 (8.88) 205 (38.61) Reference Reference
Primary 3,610 (60.38) 778 (21.56) 0.43 (0.36,0.52) 1.21 (0.95,1.55)
Secondary 1,516 (25.35) 147 (9.69) 0.17 (0.13,0.21) 1.29 (0.95,1.75)
Higher Level 322 (5.38) 57 (17.70) 0.34 (0.24,0.47) 2.21 (1.47,3.33)
Currently Married™ P<0.001 P=0.61
No 1,432 (30.72) 529 (36.94) Reference Reference
Yes 3,229 (69.28) 612 (18.95) 0.39 (0.34,0.45) 1.04 (0.87,1.24)
Urbanicity*? P<0.001 P=0.018
Quartile 1 1,259 (27.24) 264 (20.97) Reference Reference
Quartile 2 1,201 (25.98) 241 (20.05) 0.94 (0.77,1.14) 0.96 (0.76,1.22)
Quartile 3 1,133 (24.51) 294 (25.95) 1.32 (1.09,1.59) 1.34 (1.06,1.68)
Quartile 4 1,029 (22.26) 182 (17.67) 0.80 (0.65,0.99) 1.18 (0.91,1.52)
SES*3 P=0.69 P=0.20
Lower 1,384 (33.94) 314 (22.69) Reference Reference
Middle 1,354 (33.23) 289 (21.34) 0.92 (0.77,1.10) 1.08 (0.87,1.35)
Upper 1,339 (32.83) 297 (22.20) 0.97 (0.81,1.16) 1.22 (0.98,1.51)
BMI4™ P<0.001 P<0.001
Normal weight 4,076 (70.11) 714 (17.52) Reference Reference
Underweight 709 (12.19) 176 (24.82) 1.55(1.28,1.87) 0.68 (0.53,0.87)
Overweight 770 (13.24) 193 (25.06) 1.57 (1.31,1.88) 1.45 (1.17,1.80)
Obese 259 (4.45) 86 (33.20) 2.34(1.78,3.06) 1.97 (1.44,2.70)
Blood Pressure*® P<0.001 P<0.001
Normal 1,903 (45.51) 290 (15.24) Reference Reference
Pre-Hypertension 1,663 (39.75) 402 (24.17) 1.77 (1.49,2.09) 1.31 (1.08,1.59)
Hypertension 617 (14.75) 281 (45.47) 4.63(3.79,5.67) 1.56 (1.22,2.00)
HIV Status™ P=0.046 P=0.001
Negative 5,392 (90.32) 1,050 (19.47) Reference Reference
Positive 578 (9.68) 133 (23.01) 1.23 (1.00,1.51) 1.47 (1.17,1.86)
Hepatitis B* P=0.11 P=0.63
Negative 4,067 (97.46) 949 (23.33) Reference Reference
Positive 106 (2.54) 18 (16.98) 0.67 (0.40,1.12) 0.87 (0.49,1.53)
Hepatitis C* P=0.084 P=0.70
Negative 4,021 (96.38) 923 (22.95) Reference Reference
Positive 151 (3.62) 44 (29.14) 1.38 (0.96,1.97) 0.91 (0.58,1.43)
Anaemia® P<0.001 P=0.83
Negative 2,661 (84.77) 504 (18.94) Reference Reference
Positive 478 (15.23) 123 (25.73) 1.48 (1.18,1.86) 0.97 (0.73,1.27)
Diabetes’ P=0.40 P=0.17
No 4,070 (97.53) 940 (21.10) Reference Reference
Yes 89 (2.14) 24 (26.97) 1.22 (0.76,1.97) 0.69 (0.39,1.19)
Current Smoking Status* P=0.024 P=0.23
Not current smoker 3,779 (90.34) 859 (22.73) Reference Reference
Non-daily smoker 100 (2.39) 33(33.00) 1.67 (1.09,2.55) 0.95 (0.57,1.58)
Daily smoker 304 (7.27) 81 (26.64) 1.23(0.94,1.61) 0.75 (0.54,1.04)
Alcohol Consumption* P<0.001 P=0.082
Never drinkers 2,420 (63.43) 441 (18.22) Reference Reference
No alcohol in past 30 days 340 (8.91) 107 (31.47) 2.06 (1.60,2.65) 1.39(1.02,1.88)

Alcohol in past 30 days 1,055 (27.65) 302 (28.65) 1.80 (1.52,2.13) 0.97 (0.79,1.20)

“Variables from a previous round (R22) of the GPC where total number of participants may vary: Urbanicity (n=4,622), SES (n=4,077),
Blood Pressure (BP) (n=4,184), Hepatitis B (n=4,173), Hepatitis C (n=4,172), smoking status (n=4,183), alcohol consumption in the last 30
days (n=3,815), and anaemia (n=3,139). *Urbanicity score derived from Riha et al (2014). 2Socio-economic Score (SES) derived from
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conducting Principle Component Analysis (PCA) on a statistical software using variables relating to household infrastructure and property
ownership

Body Mass Index (BMI) Classification according to WHO (weight/height?: kg/m2): Underweight (<18.5 kg/m?), Normal weight (18.5 —
24.99 kg/m?), Overweight (25.0 — 29.99 kg/m?), Obese (>30.0 kg/m?). *BP classification derived from the National Institute of Health
guidelines: Pre-Hypertension was defined as having a systolic BP >120mmHg but <140 mmHg, and a diastolic BP >80 mmHg but <90
mmHg. Hypertension was defined as having a systolic BP >90mmHg, diastolic BP >140mmHg. *Anaemia was defined as having
haemogloblin levels less than 130 g/L in men, 120 g/L in non-pregnant women, and 110 g/L in pregnant women. Only 2,064 individuals had
anaemia results from the R24 of the GPC

®Diabetes was defined as having HbA1C >6.5%, or being previously diagnosed with diabetes, or are currently on treatment for diabetes.
“Variables in R24 with missing individuals: Currently Married (n=4,661), BMI (n=5,814), HIV (n=5,970)
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Supplementary Table 3: Final multivariable model of factors independently associated with eGFR<90
mL/min per 1.73 m? among a general population cohort from rural Uganda

Variable Adjusted OR (95% ClI)*
Sex P<0.001

Male Reference

Female 1.56 (1.27-1.93)
Age Group P<0.001

<35 Reference

35-44 4.35 (3.00-6.31)
45-54 8.77 (6.14-12.54)
55-64 16.95 (11.70-24.57)
65-74 36.63 (24.45-54.89)
75 + 278.15 (148.28-521.79)
Urbanicity*? P=0.013

Quiartile 1 Reference

Quartile 2 0.96 (0.74-1.25)
Quartile 3 1.41 (1.09-1.82)
Quartile 4 1.18 (0.88-1.57)
BMI®™ P<0.001

Normal weight Reference
Underweight 0.74 (0.55-0.99)
Overweight 1.47 (1.13-1.91)
Obese 1.78 (1.21-2.63)
Blood Pressure* P=0.002

Normal Reference
Pre-Hypertension 1.19 (0.96-1.48)
Hypertension 1.60 (1.22-2.11)
HIV Status™ P=0.006

Negative Reference

Positive 1.55 (1.13-2.04)

“Variables in R24 with missing individuals: Currently Married (n=4-661)- BMI (n=5-814)- HIV (n=5-970) * Variables from a previous
round (R22) of the GPC where total number of participants may vary: Urbanicity (n=4-622)-SES (n=4-077)- Blood Pressure (n=4-184)
10OR denotes odds ratio; 95% CI denotes 95% confidence interval. 2Urbanicity score derived from Riha et al (2014). *Body Mass Index
(BMI) Classification according to WHO (weight/height?: kg/m?): Underweight (<18.5 kg/m?)- Normal weight (18.5 — 24.99 kg/m?)-
Overweight (25.0 — 29.99 kg/m?)- Obese (>30.0 kg/m?). “Blood pressure classification derived from the National Institute of Health
guidelines: Pre-Hypertension was defined as having a systolic blood pressure greater than 120mmHg but less than 140 mmHg and a
diastolic blood pressure greater than 80 mmHg but less than 90 mmHg. Hypertension was defined as having a systolic blood pressure (BP)
greater than or equal to 90mmHg, diastolic BP greater than or equal to 140mmHg.
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Questionnaire appendix

PERSONAL IDENTIFIER INFORMATION

1. Consent obtained? |__| CONS
1=yes,2=n0

If no, do not continue
DDEXAM MDEXAM YDEXAM

2. Interviewer name & code no............... | | |INTCODE 3.Dateofinterview: || | ||| ||| | |
dd mm yyvy

STICKER with participant’s personal identifier information

Residence code: ||| VNO |__|_|BNO || JHNO | _|_|ST™M

4. PARTICIPANT NAME: ....ciiiiiiririnininireeesees e NAMEC ||| | | |IDNO

5 SEX |_| 6.DOB|_|_|l_l_Ill_|L_|_|_I Ifyear of birth unknown, ask or estimate age (years) |_|_ | AGE

1=M,2=F dd mm vy

6. What is your ethnicity?
a. Muganda |__|ETN1
b. Rwandese/ Barundi |__|ETN2
c. Other |__|ETN3

7. What is your tribe? (use code list) |__|TRB

Information for survey clerks and data manager:

If person listed on Enumeration List, indicate any differences in age, name etc.

8.8  RevIiSed Name:........c.ouiiiiiniiiii RVNAME

b. Revised date of birth:|_| |DDOB|_| |MDOB|_| | _|YDOBor|_ | |AGER

REIMATKS: .t e

EDUCATION, OCCUPATION AND LIVELIHOOD

9. Are you in full-time education? |__|PSCH

1 =yes, 2 =no, 3 = don’t know

If yes,

10. What level of education? |__|FTED

1 = pre-primary school; 2 = primary school; 3 = secondary school; 4 = higher education (e.g. college, university)
5 = vocational college

If no,

11. What is your source of livelihood? (use code list L) |__|_|OoCCuPrl
|__|__|OoCccup2
|__|_|OCCcuP3
|_|_|OoCCuP4
||| OCCuP5
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12. What level of education are you at (if still in education) or did you reach (if finished education)? |__| |LEV
99 = nil; 18 = preprimary; 1-7 = P1-P7; 8-10 = J1-J3; 11-16 = S1- S6; 17 = college/university; 19 = vocational college

MARITAL STATUS
I’'m going to ask you about your marital status. This means if you have ever regarded someone as your spouse.

13. Have you ever been married, that is, have you ever had someone you called your wife/husband? |__|[EVM

1 =yes, 2 =no, 3 =don’t know
If no, go to question 17

If yes,
14. How old were you when you first got married? State age (years) |_|_| AGEMG

PREGNANCY - for all female participants aged 13-49 (for male and 50+ female participants, go to question
20) FEMALE PARTICIPANTS

15. In the past 12 months, have you become pregnant? |_|PREGYR
1 =yes, 2 =no, 3 =don’t know, 4 = not applicable
If no, go to question 20

If yes,
16. Did you attend antenatal clinic? 1 = yes, 2 =no, 3 = don’t know, 4 = not applicable |_| ANCP
17. Have you ever had high blood pressure in pregnancy? |__| BPP

1 =yes, 2 =no, 3 =don’t know

18. Have you ever had diabetes in pregnancy? |_| DMP
1 =yes, 2 =no, 3 =don’t know

19. Have you ever had a miscarriage and or still birth? || MSB
1 =yes, 2 =no, 3 = don’t know

HEALTH —for all participants
Interviewer: Please read this to the participant.
MRC has mainly been finding out about HIV. However it’s also important to know about some other conditions in

this community. So I’m now going to ask about some other conditions.

I am now going to ask you some questions about your health and lifestyle behaviours. This includes things like
smoking, drinking alcohol, eating fruit and vegetables and physical activity. Let’s start with tobacco.

TOBACCO USE

20. Do you currently smoke any tobacco products, such as cigarettes, cigars or pipes? |_|TOBAC1
1 =yes, 2=no,
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If no, go to question 22
21. Do you currently smoke tobacco products daily? |__|TOBAC2

1 =yes, 2=no,
If yes go to question 23

22. In the past, did you ever smoke daily? |__|TOBAC3

1=yes,2=n0
If no, go to question 25

23. How old were you when you first started smoking daily? (Age in years) |__|_|TOBAC4
888 =don’t know
If question 21 = 1 ( you currently smoke), go to question 25)
If question 22 = 1 ( you have smoked in the past, but do not currently smoke) go to question 24

24. How long ago did you stop smoking daily? |__|TOBAC5S

1 = less than 4 weeks ago; 2 = more than 1 month but less than 12 months ago; 3 = more than one year, but less than 5

years ago; 4 = more than 5 years ago, 8 = don’t know

25. Do you commonly chew any tobacco products?
1 =yes, 2 =no, 3 =don’t know If no go to Qn 27 |__|TOBACS6

26. If yes, how frequently?

1=Daily, 2 = 2-3x per week 3=once a week 4= once a month |_|TOBACY?
ALCOHOL CONSUMPTION
The next questions ask about the consumption of alcohol.

27. Have you ever consumed an alcoholic drink such as beer, wine, spirits, fermented cider or local products?

|_|ALC1
1 =yes, 2=no,
If no, go to question 33
28. Have you consumed an alcoholic drink within the past 12 months?
|__|ALC2
1 =yes, 2=no,
If no, go to question 32
29. During the past 12 months, how frequently have you had at least one alcoholic drink? |__|ALC3

1 =daily, 2 = 5-6 days per week, 3 = 1-4 days per week, 4 = 1-3 days per month, 5 = less than once a month

30. Have you consumed an alcoholic drink within the past 30 days? |__JALC4
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1=yes,2=no
If no, go to question 32

31. During the past 30 days, on how many occasions did you have at least one alcoholic drink? Number || |ALC5
88 = don’t know

32. When was the last time you had an alcoholic drink? |__|ALC6
1 =today, 2 = yesterday, 3 = between 3 and 7 days ago, 4 = between 8 and 30 days ago

PHYSICAL ACTIVITY - WORK

33. Does your work involve activity that causes large increases in breathing or heart rate like carrying or lifting
heavy loads, very brisk walking, digging or construction work for at least 10 minutes continuously? |__|PHYS1
1=yes, 2=no
If no, go to question 36

34. In atypical week, on how many days do you do these activities as part of your work?

Number of days |__| | PHYS2
35. How much time do you spend doing these activities at work on a typical day?
Hours : minutes |__|_|:|_| |PHYS3
Hrs mins
FRUITS, VEGETABLES, SALT AND WATER INTAKE
36. How many times each week do you eat fresh fruit or uncooked vegetable? Number |__|__| FV1
88= don’t know
37. How often do you add salt to your food?
Rarely (<1x/wk) ISt
Sometime (1-3x/wk) || SI2
Often (almost daily) [_|SI3
Frequently (multiple per day) |_|Sl4
38. How much water do you drink in a day?
1J<1L 2[J1-2L 3J2-3L 4[]34L 5]45L 6 ]=5L | |wi

88=don’t know
FAMILY MEDICAL HISTORY

39. Does any family member (parents, siblings, or children) ever had or currently have any of the following diseases?
1=yes, 2=no 88=don’t know

Diabetes |_| FDM
Hypertension |_|FHT
Heart disease |_|FHD
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Dyslipidaemia |_|FDL
Chronic Kidney disease |__| FCKD

HISTORY OF RAISED BLOOD PRESSURE

40. Have you ever had your blood pressure measured by a doctor or other health worker? |__|HBP1
1=yes,2=n0

41. Have you ever been told by a doctor or other health worker that you have raised blood pressure or hypertension?
1=yes,2=no |__|HBP2

If no, go to question 45

42. How long have you had raised blood pressure? Number |__|__| HBP3

88=don’t know

43. Have you been told in the past 12 months that you have raised blood pressure or hypertension? |__|HBP4
1=yes,2=n0

44. During the past two weeks, have you been treated for raised blood pressure with drugs (medication) prescribed

by a doctor or other health worker? |__| HBP5
1=yes, 2=no

HISTORY OF DIABETES

45. Have you ever had your blood sugar measured by a doctor or other health worker? |_|HD1
1=yes, 2=no

46. Have you ever been told by a doctor or other health worker that you have raised blood sugar or diabetes?
1=yes,2=no |__|HD2
If no, go to question 50

47. How long have you had raised blood sugar? Number |__|__|HD3
88= don’t know
48. Have you been told in the past 12 months that you have raised blood sugar or diabetes? |__|HD4

1 =vyes, 2 =no If no go to question 50
49. Today, have you taken insulin or other drugs (medication) that have been prescribed by a doctor or other health
worker for raised blood sugar? |__|HD5
1=yes, 2=no

HISTORY OF HIGH CHOLESTEROL

50. Have you ever had your cholesterol measured (by blood test) by a doctor or other health worker? | | CHOLM
1=yes,2=n0
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51. Have you ever been told by a doctor or other health worker that you have high cholesterol? |_| CHOLD
1=yes,2=n0
If no, go to question 54

52. Have you been told in the past 12 months that you have high cholesterol? |__|HCHOL

1=yes, 2=no
53. During the past two weeks, have you been treated for high cholesterol with drugs (medication) prescribed by a

doctor or other health worker? |_|CHOLTR
1=yes,2=n0

HISTORY OF CHRONIC KIDNEY DISEASE

54. Have you ever suffered from Loin pain? | _|HLP
1=yes,2=no

55. Have you ever had repeated episodes of urinary tract infection? |__|HUTI
1=yes,2=no

56. Have you ever been told by a doctor or other health worker that you have Kidney disease?
1=yes, 2=no |__|HCKD1
If no, go to question 60

57. How long have you had kidney disease? Number || |HCKD2

88= don’t know

58. Have you been told in the past 12 months that you have Kidney Disease? |__|HCKD3
1=yes, 2=no

59. Today, have you taken drugs (medication) that have been prescribed by a doctor or other health worker for

Kidney disease? |__|CKDT
1=yes, 2=no

HISTORY OF TAKING TRADITIONAL MEDICINE

60. Have you ever taken traditional medicine for any medical condition or for any other reasons including cultural
rituals?
1 =yes, 2 =no If no go to question 63 |__| TRDE

61. Have you taken in the last 12 months traditional medicine for any medical condition or for any other reasons
including cultural rituals?

1=yes,2=no Ifno go to question 63 |__| TRDY
62. When did you last take traditional medicine for any medical condition or for any other reasons including cultural
rituals? || TRD
1= within last one month; 2= within last one week; 3= within less than one week

88= don’t know
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HISTORY OF TAKING TREATMENT FOR ANY CHRONIC DISEASE

63. Have you ever taken treatment for any chronic disease including HIV/AIDS? || TRT1
1=yes, 2=no Ifnogo to question 70

If yes,
64. For what disease was it?  (tick all that apply)

1= Diabetes, 2= High Blood pressure, 3= HIVV/AIDS, 4= Chronic Kidney disease, 5=TB || TRT2
6= Heart disease, 7= Cancer 8= Back pain

65. For how long did you take the treatment? |__| TRTD

1= one month, 2= 2-6 months, 3= 7-12 months, 4= more than 12 months

66. Are you still taking the treatment? |__| TRTC

1=yes,2=no

67. Are you currently taking any pain Killers?

1=yes, 2=no Ifnogo to question 69 |__|PRT1

If yes,

68. How long have you been taking the pain killers?

1= one month, 2= 2-6 months, 3= 7-12 months, 4= more than 12 months |__|PRT2

69. Please list all the current medicines participant is taking. (Tick all that apply)
a. ACE/ARB Enalpril, Captopril, Lisonopril or Lorsartan/ lbersatan etc |__|CRT1
b. Beta blockers eg propranolol; atenolol, carvedilol, bisoprolol etc |__|CRT2
¢. Calcium channel blocker eg Nifedipine/ Amilodipine/Adalat XL |__|CRT3
d. Diuretics; Bendrofluazide/ Hydrochlorothalidone Lasix/ other diuretic |__|CRT4
e. NSAIDS, asprin, diclofenac, ibubrofen, aceclofenac etc |__| CRT5
f. HAART; TDF/ AZT, 3TC. ABC. NVP. EFV, Pls, |__| CRT6
p. Others SPeCify........covviiviiiiiiiiiiiiinnnn, |__|CRT7

PHYSICAL MEASUREMENTS (if not done, enter code 888)

70. Consent obtained for physical measurements?
1=yes,2=no |__| CONSPHYS

Blood pressure (mm Hg) and Pulse

71. Time blood pressure taken: (HH:MM) |_|__ ||| |BPT
72. Blood pressure measured on right arm |__|BPARM
l=yes,2=no

If it is not possible to use the right arm and the left arm is used, state reason
| [IREASNARM
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73. Arm circumference (cm) -
If arm circumference is under 24 cm use paediatric cuff size; if 24 — 32 cm use regular arm cuff size; if 33 — 41 cm
use large arm cuff size; or if over 41 cm use thigh cuff size

74. systolic/diastolic blood pressure (mm Hg) and pulse (number / minute) - take 3 readings

1tsystolic |_|_|_|SYST1 1t diastolic |_|_|_|DIAST1 1pulse |_|_|_|PLS1
2" systolic |_|_|_|SYST2 2" diastolic |_|_| |DIAST2 2"pulse|_|__|_|PLS2
39systolic || | _|SYST3 3" diastolic | | | _|DIAST3 39pulse |_|_|_|PLS3
Averageof 29 & 39 | | |SYSTAVG |_|_|_|DIASTAVG |_|_|_|PLSAVG
Blood pressure comment | | BPCOM
Anthropometry
75. Height (cm) L | | | _|HT
State if hairdo prevents sliding part of measuring rod from pressing flat against head:
Height comment | |HTCOM
76. Weight (kg) Ll |WT
77. Waist circumference (cm) || |JwcC1
|__[_|_l_IweC2
If there is a difference greater than 3cm between WC1 and WC2, measure a third time: | _Jwc3
78. Hips circumference (cm) |4 [HC1
|_|_|_[+|_|HC2
If there is a difference greater than 3cm between HC1 and HC2, measure a third time: ||| _J__JHC3

BLOOD AND URINE SAMPLES

79. Consent obtained for taking blood for screening for HIV, Hepatitis B, Hepatitis C, diabetes, cholesterol, biochemistry,
full blood count, creatinine and for gene sequencing as well as urinalysis?

1=yes,2=no |__| CONSBLD
80. Interviewer code of the person taking the blood sample if different from the interviewer |__|__IDINTCODE
||| [LABNO
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81. 8.5ml with plain serum
1 = specimen obtained, 2 = specimen to be obtained later, 7 = refused, 9 = failed || VAC

82. 6ml with EDTA
1 = specimen obtained, 2 = specimen to be obtained later, 7 = refused, 9 = failed |__|EDTA
83.  Would you like to know the result of this HIV test? |__|KVCT
1 =yes, 2 =no, 8 = don’t know/not sure
84. Would you like to know your results for possible diabetes, high cholesterol and kidney function?
|__| DCLRES
1 =yes, 2 =no, 8 = don’t know/not sure
85. Consent obtained for taking blood and urine for future use and storage of blood and urine samples?

|__| CONBLDG
1=yes,2=no

TREATMENT
Instruction to interviewer: please record here if any treatment provided to participant on the spot

Diagnosis:

Treatment:
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5.0 Research paper 3: Association of impaired kidney function with
mortality in rural Uganda: results of a general population cohort
study.

5.1 Introduction

As outlined in chapter 4, kidney disease presents a big problem across the world while
disproportionately affecting resource limited settings. We are increasingly becoming aware that the
prototype of kidney dysfunction seen in high-income countries may not align with what we see in
sub-Saharan Africa. For example, people presenting to clinical services in Uganda with overt kidney
dysfunction are young with low prevalence of common kidney drivers like diabetes mellitus,
smoking, alcohol and obesity[1]. Given this, and the low estimated prevalence of CKD from
conventional eGFR equations, we might anticipate that an association of kidney function with
mortality would not be observed in this population. Studies that have examined associations of GFR
with mortality in sub-Saharan Africa have been predominantly hospital based; disease specific with
limited follow-up periods [2-4]. Studies looking at largely infection-related acute kidney injury in
children and ESKD in adults have shown that kidney disease is associated with increased mortality

compared to those with normal kidney function [2, 5, 6].

The General Population Cohort with the longitudinal follow-up of patients and robust records of
several non-communicable disease related covariates, provided us with an opportunity to look at the
consequences of having an abnormal kidney function at baseline. In this study we sought to determine

the association between baseline kidney function and subsequent all-cause mortality.
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Box 2 Summary of key findings for mortality paper

e The baseline population was young with a median age of 36 years (IQR 24-
50) with a relatively low prevalence of hypertension (14-6%) and diabetes
mellitus (1:8%) compared to developed countries.

e We registered 140 deaths with a median follow-up of 5-0 years with an
incidence rate of death for the participants enrolled in the study of 4 deaths
per 1000 person-years at risk.

e Adjusting for age and sex, HIV, hypertension, diabetes, BMI, marital status,
and alcohol and tobacco use; participants with eGFR <45 mls/min/1-73m?
had six-fold higher mortality compared to those with eGFR
>90mls/min/1:73m? (HR 6-12, 95% Cl 2-:27-16-45) with strong evidence of a
linear trend for risk of mortality as renal function declined (P<0-001).

e This research suggests that kidney function plays a key role in overall health

status in sub-Saharan Africa.
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Abstract

Objectives To determine the association between baseline kidney function and subsequent all-cause
mortality.

Design and settings A general population-based cohort (GPC) study from rural Uganda.

Participants 5,678 participants aged 18 years and above with baseline estimated glomerular
filtration rate (eGFR) recruited between 2011-2014 and followed up to March 2019.

Primary and secondary outcome measures The associations between baseline eGFR and all-cause
mortality was determined using multivariable cox regression.

Results The median age of the participants at baseline was 36 years (IQR 24-50), 60.7% were female,
14.6% hypertensive, 9.7% HIV-positive and 1.8% diabetic. We registered 140 deaths with a median
follow-up of 5.0 years. Adjusting for age and sex, HIV, hypertension, diabetes, BMI, marital status,
and alcohol and tobacco use participants with eGFR <45 mls/min/1.73m?2 had six-fold higher
mortality compared to those with eGFR 290mls/min/1-73m?2 (HR 6-12 (95% Cl 2.27-16.45)) with
strong evidence of a linear trend for risk of mortality as renal function declined (P<0.001).
Conclusion In a prospective cohort with high rates of follow-up we found that baseline kidney
function was associated with subsequently increased mortality in a graded manner. Improved
understanding of the determinants of kidney disease and its progression are needed in order to

inform interventions for prevention and treatment.
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Strengths and limitations of this study

This is a large well-established population cohort with robust standardised procedures for
detailed measurements of covariates such as kidney function and blood pressure, and
creatinine was measured according to recommended international standards.

We had a high participation and retention in the study within the local community and
regular reporting of mortality and migration leading to limited loss to follow-up.

To our knowledge this is the first time that a long-term prospective association between
baseline impaired kidney function and mortality in an adult general population of this size
has been demonstrated in sub-Saharan Africa.

Qutward migration by predominantly younger participants and use of a single measurement
of creatinine without microalbuminuria may have led to a degree of bias.

Information such as smoking, diabetes and blood pressure were not measured in both the
2011 and 2014 surveys of the GPC so our complete case analysis led to reduction in power

for the fully-adjusted model.
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Introduction

Chronic kidney disease (CKD) affects approximately one in every ten adults in high-income countries
and is strongly associated with morbidity and mortality 1 2. The leading causes of death among
people with CKD include cardiovascular disease and infections while a proportion progress to end-
stage kidney disease (ESKD) *%. In high-income countries, ESKD is a chronic disease that can be
managed with dialysis or kidney transplantation °. For low-income countries such as Uganda there is
very limited access to kidney replacement therapies and most patients with ESKD die prematurely 7.
Compounding the challenge of managing kidney disease in sub-Saharan Africa (SSA) is that
population prevalence estimates are limited ?, biochemical methods of measuring kidney function
have been suboptimal 2, and the appropriate way to estimate kidney function is uncertain, since
equations developed in high-income countries have not been validated for SSA 3%, In order to
determine the value of developing health services to measure and manage kidney disease, we need
to understand the relative importance of kidney function in determining prognosis compared to
other chronic diseases in this setting. At present no population-based studies have examined the
association between kidney function and mortality in sub-Saharan Africa. Therefore, we sought to
determine the association between baseline kidney function and all-cause mortality in a large, well-

described general population cohort of people in rural Uganda from 2011-2019.

Methods
Study design and setting

This was a prospective general population cohort (GPC) of people in Kyamulibwa, a rural community
132 kilometres from Kampala, the capital of Uganda. The GPC was established in 1989 by the
Medical Research Council (MRC) UK and the Uganda Virus Research Institute (UVRI) to study the
epidemiology of HIV infection. Subsequently, other diseases including non-communicable diseases

have been examined in the same cohort. The population consists of rural subsistence farmers with a
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few peri-urban dwellers and is similar to the broader rural populations of Uganda which constitute
about 76% of the country!2. This is an open cohort with new births, migrations (inward and outward)
and deaths recorded regularly by community volunteers through the annual census. The participant
response rate is high, at 95% ‘3. Once every two years a survey is conducted to determine diseases
and outcomes of interest. In 2011-12 and 2014-15, the major foci were diabetes, hypertension,
obesity and chronic kidney disease. We collected data on subsequent mortality for participants who

had a baseline creatinine measured in either 2011-2012 or 2014-2015.
Patient and Public Involvement in Research

This research was carried out with participation from members of the public of Kyamulibwa. As a
research centre we have a community advisory board (CAB) which gets involved from inception of
the studies to their implementation. The community was consulted on the priorities of research for
the area in 2012 and non-communicable disease were identified as one of the key areas of research.
Through seminars and face to face meetings community members were involved in the
development of the key questions and outcome measures of the study on kidney disease. We
developed simple tools on how the kidneys work and conducted several awareness campaigns in the
villages to explain and get more input from the participants and other members of the community.
We also undertook a qualitative study to understand the way community members appreciated
kidney disease and this work has been published elsewhere'* . Plans to disseminate our work involve
sharing results with the community of Kyamulibwa as well as presentation to both national and

international forum.
Participants

We identified potential participants above 18 years who had been recruited from household visits to
a homestead in the community for creatinine analysis . All participants had given informed consent

for specimen storage and future use of their stored samples.
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Variables

We extracted baseline demographic characteristics including age, sex, tribe, home address,
socioeconomic status and maximum level of education. We also collected information on smoking,
alcohol use, exercise patterns and diet in the census rounds of 2011-12 or 2014-15 (thus this
information was not available for all participants for both rounds). We used participants’ height and

weight to determine their body mass index (BMI) using weight (kg) /height? (m?2). Participants with

systolic blood pressure 2140mmHg and/or diastolic blood pressures 230mmHg and those who were
on treatment for hypertension were classified as hypertensive.

We also analysed blood for creatinine levels, hepatitis B, hepatitis C, HIV-infection and cholesterol
levels. Diabetes mellitus was defined as having HbA1C >6.5%, being previously diagnosed with
diabetes, or being on current treatment for diabetes. Detailed descriptions of these measurements
have been published elsewhere >. Creatinine was measured using the enzymatic method traceable
to an isotope dilution mass spectrometry method and 93.5% of all participants had a valid creatinine
result (6.5% had no blood samples taken, usually because consent for this was declined) '° 16, We
calculated eGFR based on the CKD-Epi-creatinine equation without adjustment for ethnicity ® and
classified impaired kidney function in categories analogous to those used to define CKD stages 7. We
collected data on mortality through registers updated monthly through reports from community
health workers (verified by verbal autopsy conducted in accordance with standard guidelines by

WHO 18) and cross-checked via annual census.

Statistical Analysis

We conducted a complete-case analysis with regard to baseline creatinine measurements and also
excluded participants with missing data regarding outcome or with probable linkage errors. We
described the population characteristics according to pre-defined categories of eGFR. We used
multivariable Cox modelling to determine the Hazard Ratio (HR) for mortality for each category of
eGFR. We tested the proportional hazards assumption using log-minus-log survival plots and visual

6
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inspection of Kaplan-Meier curves. Due to missing data for some covariates (such as smoking and
alcohol use) which were not collected in both the 2011 and 2014 surveys, we present models adjusted
for age and sex, and then additionally for baseline HIV status, hypertension, diabetes mellitus, BMI,
smoking, alcohol and marital status. Confounders were decided a priori based on research regarding
associations of chronic conditions with eGFR in this population *° and after investigation of co-linearity
and data sparsity. We present the rate of mortality per 1,000 person-years, and report HR and 95%
confidence intervals (Cls).

Because HIV is common in this population and has been associated with increased risk of both renal
impairment and mortality, we examined potential interaction between eGFR and HIV status in the
association with mortality by fitting an interaction term in the final adjusted model. In additional

analysis, to examine for a ‘J-shaped curve’ in the association between eGFR and mortality we repeated

the main analysis after re-categorisation of eGFR with those 2120mls/min/1.73m? as a separate

group. We analysed all data using STATA version 15.0 (StataCorp, College Station, TX, USA) statistical
software.

Ethics

All study participants gave written informed consent to participate in the study. The study was
approved by Uganda Virus Research Institute Research and Ethics Committee (UVRI-REC-#HS 1978),
the Uganda National Council for Science and Technology (UNCST-#SS 4283) and the London School
of Hygiene and Tropical Medicine Observational / Interventions Research Ethics Committee (LSHTM

Ethics #21802)
Role of the funding source

The funders had no role in study design, data collection and analysis, decision to publish or

preparation of the manuscript.
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Results

We included 5,678 participants with kidney function and mortality data available for the analysis
(Figure 1). The median age of the participants was 36 years (interquartile range (IQR) 24-50 years)
with most being female (60.7%) and of normal weight (70.2%) while 9.7% were HIV-positive. The
majority (90.5%) of the participants were non-smokers and 58.5% did not consume alcohol. 14.6%
were hypertensive and 1.8% of the participants were diabetic (Table 1). Comparison of characteristics
with included participants showed that those with missing data were younger but otherwise there
were no important differences (Supplementary Table 1). We also included the baseline characteristics
of participants by five-level stages of kidney function including eGFR > 120mls/min/1.73m?
(Supplementary Table 2).

During follow-up there were 140 deaths with a median follow-up of 5.0 years (IQR 3.7-6.0). The
incidence rate of death for the participants enrolled in the study was 4 deaths per 1000 person-years
at risk (PYAR). For participants with eGFR >90mls/min/1.73m? the incident rate was about 3 deaths
per 1000 (PYAR) person-years at risk and for those <60mls/min/1.73m? it was 27 deaths per 1000
PYAR. During follow-up, 26.4% (1,500/5,678) of participants migrated and 3.0% (169/5,678) were lost

to follow-up.
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Table 1. Baseline characteristics of participants categorised by level of kidney function in the general

population cohort (N=5,678)

Estimated glomerular filtration rate (mls/min/1.73m?)

Variable 290 60-89 45-59 <45 Total
Sex

Male 1853 (40.6) 343 (33.6) 26 (35.6) 7 (35.0) 2229 (39.3)
Female 2710 (59.4) 679 (66.4) 47 (64.4) 13 (65.0) 3449 (60.7)
Age (years), median (IQR) 32 (22-44) 56 (45-70) 66 (58-76) 68 (42-76) 36 (24-50)
Age groups, N (%)

<35 2531 (55.5) 76 (7.4) 3(4.1) 3(15.0) 2613 (46.0)
35-44 946 (20.7) 176 (17.2) 4(5.5) 2 (10.0) 1128 (19.9)
45-54 619 (13.6) 210 (20.6) 10 (13.7) 3(15.0) 842 (14.8)
55-64 311(6.8) 214 (20.9) 14 (19.2) 1(5.0) 540 (9.5)
65-75 133(2.9) 186 (18.2) 19 (26.0) 5(25.0) 343 (6.0)
>75 23 (0.5) 160 (15.7) 23 (31.5) 6 (30.0) 212 (3.7)
Marital status, N (%)

Single/widowed 853 (18.7) 444 (43.4) 37 (50.7) 13 (65.0) 1347 (23.7)
Married 2496 (54.7) 536 (52.5) 33 (45.2) 7 (35.0) 3072 (54.1)
Missing 1214 (26.6) 42 (4.1) 3(4.1) 0(0.0) 1259 (22.2)
HIV status, N (%)

Negative 4134 (90.6) 901 (88.2) 70 (95.9) 13 (65.0) 5118 (90.1)
Positive 424 (9.3) 117 (11.5) 3(4.1) 7 (35.0) 551 (9.7)
Missing 5(0.1) 4(0.4) 0(0.0) 0(0.0) 9(0.2)
Alcohol Consumption, N (%)

Infrequent/no alcohol 1911 (41.9) 393 (38.5) 29 (39.7) 4(20.0) 2337 (41.2)
Regular alcohol 1164 (25.5) 449 (43.9) 36 (49.3) 12 (60.0) 1661 (29.3)
Missing 1488 (32.6) 180 (17.6) 8(11.0) 4(20.0) 1680 (29.6)
Smoking Status, N (%)

Not current smokers 2801 (61.4) 748 (73.2) 55 (75.3) 13 (65.0) 3617 (63.7)
Non-daily smokers 64 (1.4) 30(2.9) 1(1.4) 1(5.0) 96 (1.7)
Daily smokers 209 (4.6) 64 (6.3) 9(12.3) 2(10.0) 284 (5.0)
Missing 1489 (32.6) 180 (17.6) 8 (11.0) 4(20.0) 1681 (29.6)
Socioeconomic status

Lower 1064 (23.3) 289 (28.3) 21(28.8) 3 (15.0) 1377 (24.3)
Middle 1059 (23.5) 257 (25.2) 23(31.5) 7 (35.0) 1346 (23.7)
Upper 1029 (22.6) 272 (26.6) 21(23.8) 4(20.0) 1326 (23.4)
Missing 1411 (30.9) 204 (20.0) 8(11.0) 6 (30.0) 1629 (28.7)
Hypertension, N (%)

Normal 2756 (60.4) 614 (60.1) 35 (48.0) 9 (45.0) 3414 (60.1)
Hypertensive 319 (7.0) 228 (22.3) 30 (41.1) 7 (35.0) 584 (10.3)
Missing 1488 (32.6) 180 (17.6) 8(11.0) 4(20.0) 1680 (29.6)
Diabetes mellitus, N (%)

No 2998 (65.7) 815 (79.8) 62 (84.9) 16 (100.0) 3891 (68.5)
Yes 62 (1.4) 20(2.0) 3(4.1) 0(0.0) 85 (1.5)
Missing 1503 (32.9) 187 (18.3) 8(11.0) 4(20.0) 1702 (30.0)
BMI classification, (kg/m?) N (%)

Underweight (<18.5) 504 (11.1) 143 (14.0) 14 (19.2) 4(10.0) 665 (11.7)
Normal weight (18.5-24.99) 3201(70.2) 623 (61.0) 41 (56.2) 14 (70.0) 3879 (68.3)
Overweight (25.0-29.99) 552 (12.1) 166 (16.2) 14 (19.2) 2 (10.0) 734 (12.9)
Obese (>30.0) 167 (3.7) 77 (7.5) 3(4.1) 0(0.0) 247 (4.4)
Missing 139(3.1) 13(1.3) 1(1.4) 0(0.0) 153 (2.7)

Missing data mainly arises due to different variables being collected in the 2011 and 2014 surveys of the GPC.
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Age-sex and fully adjusted associations with mortality are shown in Table 2 and Figure 2. In age and
sex adjusted analyses, mortality was associated with poorer kidney function, being HIV positive,
being unmarried or widowed, low BMI and regular smoking. In the fully-adjusted model, low kidney

function remained associated with increased risk of mortality, (HR 6.12, 95% Cl 2.27-16.45) for those
with eGFR <45mls/min/1.73m? compared to those with eGFR 290mls/min/1.73m2. The test for trend
showed strong evidence (P<0.001) that the mortality rate increased progressively as category of
baseline kidney function decreased. There was no evidence of an interaction between HIV and

kidney function with risk of mortality in the fully adjusted model (P=0.672). In an additional analysis,

when high eGFR was included as a separate category there was weak evidence of a ‘J-shaped curve’

(Supplementary Table 3). In age-sex adjusted analysis, baseline eGFR 2120mls/min/1.73m? was

associated with increased risk of mortality (HR 2.68, 95% Cl 1.47-4.87) compared to the reference
category of 90-119mls/min/1.73m?2while in fully-adjusted analyses confidence intervals crossed the

null (HR 1.65, 95% Cl 0.61-4.44).
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Table 2. Results of age-sex and fully-adjusted regression models for the association between
kidney function and mortality in the general population cohort

Age and sex adjusted Fully adjusted®

HR (95% CI) P-value HR (95% CI) P-value
eGFR (mls/min/1.73m?)
=90 Reference Reference
60-89 1.11(0.73-1.71) 1.21(0.73-2.03)
45-59 1.72 (0.81-3.69) 1.91 (0.80-4.54)
<45 5.97 (2.55-13.98) <0.001 6.12 (2.27-16.45) 0.003
Age (years)* 1.06 (1.05-1.07) <0.001 1.05 (1.03-1.07) <0.001
Sex*
Male Reference Reference
Female 0.50 (0.36-0.70) <0.001 0.70 (0.42-1.07) 0.188
HIV status
Positive 2.29 (1.43-3.65) <0.001 1.67 (0.87-3.18) 0.120
Negative Reference Reference
Hypertension
Normotensive Reference Reference
Hypertensive 0.93 (0.60-1.43) 0.725 1.08 (0.58-2.01) 0.433
Diabetes mellitus
No Reference Reference
Yes 0.85(0.27-2.67) 0.777 1.11(0.35-3.57) 0.861
BMI classification
Under weight 2.14 (1.49-3.09) 1.71(1.10-2.67)
Normal weight Reference Reference
Over weight 0.21 (0.07-0.66) 0.20 (0.05-0.84)
Obese 0.21 (0.03-1.50) <0.001 0.35 (0.48-2.55) 0.006
Marital status
Currently married 0.55 (0.37-0.81) 0.003 0.77 (0.48-1.23) 0.273
Single/widowed Reference Reference
Alcohol consumption
Regular alcohol 1.49 (0.99-2.26) 0.057 1.50 (0.92-2.46) 0.104
No/infrequent alcohol Reference Reference
Smoking status
Not current smokers Reference Reference
Non-daily smokers 1.69 (0.79 —3.58) 1.22 (0.50-2.97)
Daily smokers 2.13(1.32-3.43) 0.007 1.63 (0.93-2.87) 0.236

*Age adjusted for sex and sex for age: *Fully Adjusted Hazard Ratios adjusted for age, sex, HIV status, hypertension, diabetes
mellitus, BMI, marital status, alcohol use and smoking.
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Discussion

In a rural Ugandan population cohort, we found a graded association between low baseline kidney
function and subsequent mortality. Participants with severe kidney impairment (eGFR
<45mls/min/1.73m?2) had a more than six-fold risk of dying compared to those with eGFR
>90mls/min/1.73m?2. This was despite a low prevalence of ohesity, diabetes and regular smoking, all

key risk factors for kidney disease in high-income countries.

Our study has a number of strengths. It is large and conducted within a well-established population
cohort with robust standardised procedures for detailed measurements of covariates such as kidney
function and blood pressure, and creatinine was measured according to recommended standards 3.
There is high participation and retention in the study within the local community and regular
reporting of mortality and migration by local study workers leading to limited loss to follow-up *3.
Outward migration by predominantly younger participants leads to a degree of selection bias.
However, people with chronic health problems often return home so we anticipate capturing the

majority of deaths among the baseline cohort, even among those who previously migrated.

However, there were also limitations. This cohort covers a region that is mostly rural, although this is
in keeping with the vast majority of people living in Uganda and in many regions of sub-Saharan
Africa. Information such as smoking, diabetes and blood pressure were not measured in both the
2011 and 2014 surveys of the GPC so our complete case analysis led to reduction in power for the
fully-adjusted model. However, there are no substantial differences in characteristics between those
with complete and incomplete covariate information, and we see little difference in the effect
estimates between age-sex adjusted and fully-adjusted models. We used baseline measures of
covariates and were not able to update health related confounders over time. There is likely to be
inaccuracy in measurement of kidney function which we categorised using estimated GFR calculated
from serum creatinine, a breakdown product of muscle and related to muscle mass and dietary meat
intake 16, Therefore, the prevalence of low BMI in this population where food scarcity is common *°

means that we may have underestimated the prevalence of impaired GFR in this population. In
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addition, validation of GFR estimating equations is currently limited in sub-Saharan Africa . We
measured kidney function only once while two measures 3 months apart are required to confirm a
diagnosis of chronic kidney disease, and we do not have measures of proteinuria, an important early
marker of kidney damage (and predictor of mortality), which may have led to misclassification of
some participants Y. Migration and subsequent loss to follow-up among younger, healthier
participants may have led to selection bias with overrepresentation of older participants with health
problems including impaired kidney function remaining in the cohort. Finally, we do not know the
causes of death, and small numbers of people in lower kidney function subgroups led to limited

power and imprecise estimates with wide confidence intervals.

Recent community-based studies of associations of kidney disease suggest important differences in
prevalence and associations of impaired kidney function between countries in sub-Saharan Africa.
Those including participants from urban areas in South Africa and Nairobi found similar risk factors
for those well-established in high-income countries: age, hypertension, diabetes, HIV and female sex
20, However, cohorts in Malawi and Uganda where the populations are younger, often living in rural
areas and with low levels of smoking, obesity and diabetes showed low prevalence of impaired renal

function and found a protective association with diabetes, possibly due to hyperfiltration 1521,

The prospective studies that have looked at the association between mortality and kidney disease in
sub-Saharan Africa are limited to cohorts of people which are hospital based 222, include patients
with only ESKD 26 or HIV %, or study albuminuria alone %%, and are also limited to short-term follow-
up. Our study is the first to demonstrate this association in a general population cohort in sub-
Saharan Africa and the results are consistent with studies from high-income countries which have
shown a consistent, strong and graded association between impaired (as well as very high) kidney
function and risk of subsequent mortality 2°. However, the key difference for our study is that the
importance of baseline kidney function can be demonstrated despite the co-existent burden of

infectious disease mortality and relatively limited health care system.
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While HIV can cause kidney disease 3° we did not find an interaction between HIV and kidney
disease, suggesting that low kidney function has the same pattern of association with mortality
among people who are HIV negative. Unexpectedly, we did not find an association between
hypertension and mortality in our study despite evidence that it is a key driver of disease and
outcomes in sub-Saharan Africa and globally 3. It is possible that repeated screening within this
cohort population has led to higher rates of treatment and control than in other populations, and
prevalence of hypertension in this region (14.6%) was lower than the estimated national prevalence
of 26.4% 32, Howeuver, it is also possible that the causal relationship between hypertension and
kidney damage in sub-Saharan Africa has been oversimplified due to lack of kidney function
measurement and longitudinal follow-up. Recent discovery of strong genetic risks for kidney disease
in African-Americans has suggested that hypertension and kidney dysfunction may develop in part
from shared risk factors 32, Similarly, diabetes is an independent predictor of mortality among
patients with kidney disease and is the leading cause of CKD globally 3*. However, in this population
with a low prevalence of diabetes it was not associated with the presence of impaired kidney

function or mortality.

In conclusion, in this prospective cohort study based in a rural Ugandan community we found that
baseline impaired kidney function was associated with mortality, which remained after adjusting for
known shared risk factors such as diabetes, hypertension and tobacco. This suggests that kidney
function plays a key role in overall health status in sub-Saharan Africa and, since options for
treatment of kidney failure are very restricted, should be included within public health targets.
Improved understanding of the determinants of kidney disease and its progression are needed in

order to inform interventions for prevention and treatment.
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Figure 1 Study flow chart
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Supplementary appendix for research paper 3

Supplementary Table 1. Comparison between participants in the main analysis and all enrolled participants.

Participants with complete data All enrolled participants

Variable included in main model

N=3102 N=5.678
eGFR (mls/min/1.73m?)
=00 2231 (7119 4563 (80-3)
60-89 792 (25-6) 1022 (18-0)
45-50 63 (2-0) 73(1-3)
<45 16 (0-5) 20(0-4)
Gender
Male 1150 (37-1) 2220 (39-3)
Female 1952 (62-9) 3449 (60-T)
Age (vears), median (IQR) 45(35-57) 36 (24-30)
Age groups. N (%)
<35 733 (23-6) 2613 (46-0)
3544 772 (249 1128 (19-9)
45-54 682 (22-0) 842 (14-9)
55-64 451 (14-5) 540 (9-3)
65-75 201 (9-4) 343 (6-0)
=75 173 (5-6) 212(3-T)
Currently married, *IN(%)
Married 978 (31-5) 1347 (23-7)
Single/widowed 2124 (68-5) 3072 (54-1)
Missing - 1259 (22-2)
HIV status, **N (%)
Negative 2756 (88-8) 5118 (90-3)
Positive 346 (11-2) 551(9-7)
Missing - 9(0-2)
Alcohol Consumption, === N (%)
Regular alcohol 1601 (51-6) 2337 (41.17)
Infrequent'no alcohol 1501 (48-4) 1661 (29.3-)
Missing - 1680 (29-6)
Smoking Status, **** N (%)
Not current smokers 2757 (88-9) 3617 (63-8)
Non-daily smokers 79 (2-6) 96 (1-6)
Daily smokers 266 (8-5) 284 (5-0)
Missing - 1681 (29-6)
Socioeconomic status”®
Lower 855 (27-5) 1377 (24-2)
Middle 815 (26-3) 1346 (23-7)
Upper 766 (26-7) 1326 (23.4)
Missing 666 (21-5) 1629 (28-T)
Hypertension, ® N (%)
Normal 2583 (83-3) 3414 (854
Hypertensive 519 (16-T) 584 (14-6)
Missing - 1680 (29-6)
Diabetes mellitus, ## N (%)
No 3025 (97-5) 3896 (68.-6)
Yes T7(2-5) 85(1-4)
Missing - 1702 (30-0)
BMI classification, ¥ (kg/m’) N (%)
Underweight (<18-3) 415 (13-4 665 (11-7)
Normal weight (18-5-24-00) 2020 (65-4) 3879 (68.3-2)
Overweight (25-0-29-99) 484 (15-6) 734 (13-0)
Obese (=30-0) 174 (5-6) 247 (4-3)
Missing - 153 (2-7)
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Supplementary Table 2. Baseline characteristics of participants by five-level categories of kidney function in
the general population cohort (n=5,678)

Estimated glomerular filtration rate (mls/min/1.73m?)

Variable =120 20-119 60-89 45-59 <45 Total

Sex

Male 709 (36-1) 1144 (44-1) 343 (33-6) 26 (35-6) 7(35-0) 2229 (39-3)
Female 1257 (63-9) 1453 (56-0) 679 (66-4) 47 (64-4) 13 (65-0) 3449 (60-T)
Age (vears), median (IQR) 22(19-28) 41 (33-51) 56 (45-70) 66 (58-76) 68 (42-76) 36 (24-50)
Age oroups, N (%)

<35 1784 (90-7) 747 (28-8) 76 (7-4) 341 3(15-0) 2613 (46-0)
3544 158 (8-0) 788 (30-3) 176 (17-2) 4(5-5) 2(10-0) 1128 (19-9)
45-54 17 (0-9) 602 (23-2) 210 (20-6) 10 (13-7) 3(15-0) 842 (14-8)
55-64 5(0-3) 306 (11-8) 214 (20-%) 14 (19-2) 1(5-0) 540(9-5)
65-75 2(0-1) 131 (5-0) 186 (18-2) 19 (26-0) 5(25-0) 343 (6-0)
=75 0(0-0 23 (09 160 (15-7) 23 (31-5) 6(30-0) 212(3-7
Marital status, N (%)

Married 162 (8-2) 691 (26-6) 444 (43-4) 37 (50-T) 13 (65-0) 1347(23-7
Single/widowed 888 (45-2) 1608 (61-9) 536 (52-5) 33 (45-2) 7(35-0) 3072 (54-1)
Missing 916 (46-6) 208 (11-3) 42(4-1) 3(4-1) 0(0-0 1259 (22-2)
HIV status, N (%)

Negative 1836 (93-4) 2208 (88-5) 901 (88-2) 70 (96-0) 13 (65-0) 5118(90-1)
Positive 127 (6-5) 207 (11-4) 117 (11-5) 34 7(35-0) 551(9-7
Missing 3(0-2) 2001 4(0-4) 0(0-0) 000 0(0-2)
Alcohol Consumption, N (%)

No 854 (43-4) 1057 (40-7) 303 (38-5) 20 (39-T) 4 (20-0) 2337 (41-2)
Yes 258 (13-1) 006 (34-9) 440 (43-9) 36 (49-3) 12 (60-0) 1661 (29-3)
Missing 854 (43-4) 634 (24-4) 180 (17-6) 8 (11-0) 4(20-0) 1680 (29-6)
Smoking Status, N (%)

Not current smokers 1061 (54-0) 1740 (67-0) 748 (73-2) 55 (75-3) 13 (65-0) 3617 (83-7)
Non-daily smokers 13 (0-7) 51(2-0) 30 (2-9) 1(1-4) 1(5-0) 96 (1-7)
Daily smokers 3B (1, 171 (6-6) 64 (6-3) 9 (12-3) 2(10-0) 284 (5-0)
Missing 854 (43-4) 635 (24-53) 180 (17-6) 8 (11-0) 4(20-0) 1681 (29-6)
Socioeconomic status®

Lower 417 (21-2) 647 (24-9) 289 (28-3) 21 (28-8) 3(15-0) 1377 (24-3)
Middle 413 21-0) 646 (24-9) 257(25-2) 23 (31-5) 7(35-0) 1346 (23-T)
Upper 431 (219 508 (23-0) 272 (26-6) 21 (28-8) 4(20-0) 1326 (23-4)
Missing 705 (35-9) 706 (27-2) 204 (20-0) 8 (11-0) 6(30-0) 1629 (28-7)
Hypertension, ™ N (%)

Normal 1064 (54-1) 1692 (65-2) 614 (60-1) 35 (47-9) 9(45-0) 3414 (60-1)
Hypertensive 48 (24 271 (10-4) 228 (22-3) 30 (41-1) 7(35-0) 584 (10-3)
Missing 854 (43-4) 634 (24-4) 180 (17-6) 8 (11-0) 4(20-0) 1680 (29-6)
Diabetes mellitus, ** N (%)

No 1086 (55-8) 1902 (73-2) 815 (79-8) 62 (84-9) 16 (80-0) 3926 (68-5)
Yes 13(0-7) 40 (19 20 (2-0) J4 000 85(1-5)
Missing 857 (43-6) 646 (24-9) 187(18-3) 8 (11-0) 4(20-0) 1702 (30-0)
BMI classification, ¥ (kg/m”) N (%)

Underweight (<18-3) 185 (@-4) 319(12-3) 143 (14-0) 14 (19-2) 420-0) 665(11-7)
Normal weight (18-5-24-90) 1429 (72-7) 1772 (68-2) 623 (61-0) 41 (56-2) 14 (70-0) 3879 (68-3)
Overweight (25-0-20-00) 195 (©@-9) 357(13-8) 166 (16-2) 14 (19-2) 2(10-0) 734(12-9)
Obese (=30-0) 46 (2-3) 121 4-7) 77 (7-6) 3(4-1) 0(0-0) 24744
Missing 111 (5-7) 28(1-1) 13 (1-3) 1(1-4) 0(0) 153 (2-7)

*Missing data lavgely due ro different variables being collected in the 2011 and 2014 surveys of the GPC: Socio-economic status (SES) derived
Jfrom conducting Principle Component Analysis (PCA) using variables refa!mg to household infrastructure and property ewnership “Hypertension
was defined as having a systolic BP =90 mmHg, diastolic BP =140 mmHg. = Diabetes mellitus defined as HBAIC =6.5%, previously diagnosed
with diabetes mellitus or being on treatment for diabetes. #Bﬂﬂjr Mass Index (BMI) Classification according to WHO (weight/height': kg/m’).
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Supplementary Table 3. Results of age-sex and fully-adjusted regression models for the association between five
category kidney function and mortality in the general population cohort

Fully adjusted”
HR (95% CI) P-value HR (95% CT) P-value

Age and sex adjusted

¢GFR (mls/min/1.73m%)

=120 2-68 (1-47-4-87) 1-65 (0-61-4-44)

00-119 reference reference

60-89 1-14 (0-73-1-77) 1-23 (0-73-2-06)

45-58 1-67 (0-77-3-60) 1-90 (0-79-4-52)

<45 5-38 (2-36-13-24) =0-001 6-06 (2-25-16-37) 0-005
Age (vears)® 1-06 (1-05-1-07) =0-001 1-06 (1-04-1-08) =0-001
Sex*

Male reference reference

Female 0-50 (0-36-0-70) =0-001 0-71 (0-42-1-19) 0-19
HIV status

Positive 2-20 (1-44-3-65) =0-001 1-69 (0-89-3-23) 0-11
Negative

Hypertension

Normotensive reference reference

Hypertensive 0-93 (0-60-1-43) 0-73 0-82 (0-31-1-33) 0-42
Diabetes mellitus

No reference reference

Yes 0-85(0-27-2-67) 0-78 1-11 (0-34-3-56) 0-87
BMI classification

Under weight 2-14 (1-49-3-09) 1-70 (1-00-2-66)

Normal weight reference reference

Over weight 0-21 (0-07-0-66) 0-20 (0-05-0-84)

Obese 0-21 (0-03-1-30) =0-001 0-35 (0-05-2-58) 0-006
Marital status

Married 0-35 (0-37-0-81) 0-003 0-77 (0-48-1-22) 0-27
Single/widowed reference reference

Alcohol consumption

Regular alcohol 1-49 (0-90-2-26) 0-057 1-50 (0-92-2-45) 0-11
Infrequent/no alcohol reference reference

Tobacco use

Not current smokers reference reference

Non-daily smokers 1-69 (0-79-3-58) 1-23 (0-51 - 3-00)

Daily smokers 2-13(1-32-3-43) 0-007 1-63 (0-92 -2-86) 0-24

=Age adjusted for sex and sex for age: * Fully Adjusted Hazard Ratios adjusted for age. sex, HIV status, hypertension. diabetes mellitus, BML
marital status, alcohol use and smoking. Number of people in the fully adjusted model 1s 3.102.
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6.0 Research Paper 4: Measurement of kidney function in sub-
Saharan Africa

6.1 Introduction

The best way to estimate kidney function in sub-Saharan Africa (sSA) is not well established.
The current equations for estimating kidney function were developed in high income countries
and may not directly be transferable to the individuals from sSA. Studies done so far in sSSA
show that the estimating equations may be inaccurate in estimating the kidney function in this
population but have not had adequate sample size particularly for patients with lower levels of
kidney function (eGFR <60mls/min/1.73m?)[1-4]. All the afore mentioned studies provide
growing evidence that the use of the ethnicity coefficient in estimating GFR among people of
black colour may lead to greater overestimation and misclassification of kidney disease stage.
In this chapter | share the findings from one of the largest studies globally, conducted in
Malawi, South Africa and Uganda, where we measured GFR using iohexol and determined the
accuracy of the most frequently used eGFR equations. The paper also explores attempts to
develop a more accurate equation for sSA and use of other cohorts from Africa to estimate

(impute) the prevalence of kidney disease in seven countries in Africa.
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6.2 Box summary of key findings for the ARK study

e Creatinine-based equations overestimate kidney function compared to
measurement with plasma iohexol clearance or cystatin C among 2,578
participants.

e The adjustments for ethnicity in the existing equations lead to greater
overestimation of GFR.

e None of the existing eGFR equations achieved substantial accuracy to guide
clinical decision making: no equation estimated GFR within £30% of measured
GFR for 75% or more participants.

e We were not able to develop a more accurate sSA-specific eGFR formula
largely because of the inaccuracies arising out of creatinine as a marker of
kidney function measurement.

e Using a model to impute kidney function based on measured GFR, we
estimated CKD prevalence to be two to three-fold higher compared to

creatinine-based estimates in populations across six countries in SSA.
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Abstract:

Background

The burden of kidney disease in Sub-Saharan Africa (SSA) is unknown.
Equations used to estimate kidney function from serum creatinine have
limited regional validation. We sought to determine the most accurate
way to measure kidney function and thus estimate the prevalence of
impaired kidney function in SSA.

Methods

We measured serum creatinine, cystatin C, and glomerular filtration rate
using the slope-intercept method for iohexol plasma clearance (mGFR).
We compared performance of creatinine and cystatin C-based estimating
equations to mGFR, modelled and validated a new equation, and used
multiple imputation based on mGFR to predict the population prevalence
of impaired kidney function.

Results

Among 2578 included participants, creatinine-based equations
overestimated kidney function compared to mGFR. The greatest bias
occurred at low kidney function so that the proportion with impaired
kidney function (GFR <60ml/min/1.73m2) by mGFR or estimated by
cystatin C was more than double that estimated from creatinine. A new
creatinine-based equation did not outperform existing equations, and no
equation estimated GFR within £30% of mGFR for 75% or more
participants. Using a model to impute kidney function based on mGFR,
the estimated prevalence of impaired kidney function was two- to three-
fold higher than creatinine-based estimates in populations across six SSA
countries.

Conclusion

Estimating GFR using serum creatinine substantially underestimates the
individual and population-level burden of impaired kidney function in SSA
with implications for understanding disease progression and
complications, clinical care and service provision. Scalable and affordable
ways to accurately identify impaired kidney function in SSA are urgently
needed.
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Abstract

Background
The burden of kidney disease in Sub-Saharan Africa (SSA) is unknown. Equations used to estimate kidney function from
serum creatinine have limited regional validation. We sought to determine the most accurate way to measure kidney

function and thus estimate the prevalence of impaired kidney function in SSA.

Methods

We measured serum creatinine, cystatin C, and glomerular filtration rate using the slope-intercept method for iohexol
plasma clearance (mGFR). We compared performance of creatinine and cystatin C-based estimating equations to mGFR,
modelled and validated a new equation, and used multiple imputation based on mGFR to predict the population prevalence

of impaired kidney function.

Results

Among 2578 included participants, creatinine-based equations overestimated kidney function compared to mGFR. The
greatest bias occurred at low kidney function so that the proportion with impaired kidney function (GFR <60ml/min/1.73m2)
by mGFR or estimated by cystatin C was more than double that estimated from creatinine. A new creatinine-based equation
did not outperform existing equations, and no equation estimated GFR within +30% of mGFR for 75% or more participants.
Using a model to impute kidney function based on mGFR, the estimated prevalence of impaired kidney function was two- to

three-fold higher than creatinine-hased estimates in populations across six SSA countries.

Conclusion
Estimating GFR using serum creatinine substantially underestimates the individual and population-level burden of impaired
kidney function in SSA with implications for understanding disease progression and complications, clinical care and service

provision. Scalable and affordable ways to accurately identify impaired kidney function in SSA are urgently needed.
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Introduction

The prevalence of chronic kidney disease (CKD) in Sub-Saharan Africa (SSA) is unknown. Current estimates are 11-16% in
those at high risk and 3-6% in population-representative studies. There is concern that these figures are not capturing the
true burden of kidney disease for several reasons.! Creatinine-based equations to estimate glomerular filtration rate (eGFR)
were developed in high-income countries with limited validation in African populations. Direct measurement of glomerular
filtration rate (mGFR) using exogenous biomarkers such as iohexol or iothalamate needed to assess the accuracy of these
equations is expensive and inaccessible in many SSA countries. The most commonly used Modification of Diet in Renal
Disease (MDRD) Study and Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equations include coefficients
adjusting eGFR for individuals with African ancestry (henceforward 'ethnicity coefficient'). These adjustments are based on
studies showing participants with African ancestry had relatively higher mGFR for a given creatinine than other US population
groups.? Studies in Africa suggest that ethnicity coefficients overestimate mGFR in continental Africans, possibly from smaller
body surface area (BSA) and lower muscle mass compared to the African diaspora.®*® Additional sources of inaccuracy in
determining CKD prevalence are wide biologic and analytic variation in creatinine measurement, leading to difficulties

comparing results within and between countries and over time.”#

Limited data on the accuracy of kidney function measurement in SSA impacts individuals with CKD, and more broadly, African
populations. For an individual, missed opportunities to implement targeted interventions may result in progression to severe
kidney disease with consequent premature disability or death.® The absence of accurate population data for prevalent CKD

limits implementation of public health measures and integration of CKD into chronic disease management platforms.1®

To address these knowledge gaps, we formed the African Research on Kidney Disease (ARK) Consortium, comprising centers
of excellence from three longitudinal population studies in Malawi (urban and rural)** and Uganda (rural),*? and a Health and
Demographic Surveillance System site in South Africa (rural).*® Qur primary aim was to measure GFR using plasma clearance
of iohexol in large, population-based samples from each country, and to compare the performance of available eGFR
equations to iohexol mGFR. Our secondary aim was to model and externally validate an eGFR equation that better predicted

kidney function in SSA, enabling accurate determination of the regional burden of impaired kidney function.
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Methods

Study setting and sampling strategy

Our study methods are published.** In summary, all partners obtained ethics approval for their respective studies and all
participants provided written informed consent. First, each partner measured kidney function in a large, population-
representative sample..*®*7 From this, subsamples of potential adult participants for the iohexol GFR (mGFR) study were
identified, with the estimated sample size (N=730) calculated for 90% power to detect whether eGFR was within 5% of mGFR
at an eGFR of 60ml/min/1.73m2, assuming a standard deviation of 25ml/min and two-sided a=0.05.2 Samples were
increased to 1000 per country to accommodate non-participation, technical and screening failures, and stratified by sex and

eGFR stage to overrepresent lower levels of kidney function (Section S1).

Study procedures

All study protocols were harmonised prior to starting the study. We administered Smilliliters of Omnipaque™ (350mg
iodine/m|, GE Healthcare, USA) as an intravenous bolus and calculated the dose of iohexol from pre- and post-administration
syringe weights, measured in milligrams to two decimal points. We drew venous samples from the contralateral arm at
5,120, 180, and 240 minutes after iohexol administration, recording exact times for iohexol administration and sampling
(Section S2).13 We used the slope-intercept method to calculate mGFR for three time points in the slow exponential phase of

iohexol elimination.

Laboratory methods and testing

lohexol plasma samples were processed at each partner laboratory, stored at -112F, and shipped to a national reference
laboratory in Johannesburg. lohexol plasma concentrations were assayed using high-performance liquid chromatography-
tandem mass spectrometry.*® Coefficients of variation for internal quality control with the certified reference material for
iohexol at 100 and 1000mg/L were 4.1% and 4.2% respectively. The laboratory complied with Equalis external quality

assurance requirements for iohexol (Uppsala, Sweden) (Section $3.1; Table $3.1).20

In each country, laboratories performed serum creatinine measurements using an IDMS-traceable assay calibrated to a
standard reference material for creatinine. The modified Jaffe method was used in Malawi and South Africa, and the
enzymatic method in Uganda. For cystatin C, Malawian and Ugandan samples were analyzed in Uganda, while South African
samples were measured in South Africa (Section $3.2; Table $3.2). Intersite analytic bias was assessed with a split sample

recalibration study for creatinine and cystatin C (Section $3.3; Table $3.3).2122 Creatinine values for Malawi and South Africa
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were recalibrated by a constant factor of +0.11mg/dL to adjust for method-related bias and align with the Uganda enzymatic
method (Figures $3.1-2). For cystatin C we used Passing-Bablok regression analysis to determine constants for recalibration
and Uganda and Malawi cystatin C measurements were adjusted with South Africa as the reference (Figures $3.3-4).

Recalibrated values for both analytes were used for all analyses.

GFR estimating equations

We evaluated the following eGFR equations: Cockroft Gault (adjusted for BSA);?® Four variable MDRD re-expressed for IDMS-
traceable assays;?* CKD-EPI creatinine, cystatin C and creatinine-cystatin C;?® Revised Lund-Malmo Study;?” and Full Age
Spectrum (FAS) creatinine (Section S$4).22 For the FAS equation we derived country-specific healthy population creatinine

values (Q) (Table S4.1).

Data management and statistical analysis

We included participants who met all the following criteria: complete recordings of age, sex, height, weight; exact times for
administering intravenous iohexol (T0) and subsequent sampling; iohexol plasma concentrations at each timepoint and
demonstrating a monotonic decline; pre- and post-administration syringe weights; serum creatinine concentration
=0.34mg/dL. We examined distribution of data overall and by country, and evaluated agreement between mGFR and
creatinine and cystatin C-based eGFR equations using Bland Altman plots. For MDRD and CKD-EPI equations, we evaluated
performance with and without ethnicity coefficients. Using mGFR as the reference, for each eGFR equation, we compared
performance using bias, precision, and accuracy and compared the proportion of participants correctly classified by mGFR
stage. The parameters for performance expressed as GFR (mL/min/1.73m?) were absolute bias: median difference of each
individual's eGFR and their respective mGFR (eGFR-mGFR); relative bias: median percentage difference of (eGFR-mGFR),
expressed as a percent; precision: interquartile range (IQR) of (eGFR-mGFR); precision: root mean square error (RMSE),
representing standard deviation of (eGFR-mGFR); accuracy: median of the absolute difference of (eGFR-mGFR) expressed as
a percent of mMGFR for estimates within 10% (P,) and 30% (Ps,) of mGFR.Based on the British Nuclear Medicine Society
Guidelines,*® to evaluate whether our findings were influenced by systematic error we performed sensitivity analyses with
three restricted datasets (i) r>0.985 for the slope-intercept measured GFR derivation; (ii) normal sex-specific calculated

volumes of distribution (11-17 liters for women; 13-20 liters for men) (i) a double-restricted dataset combining (i) and (ii).

Development of a new creatinine-based GFR estimating equation
We chose creatinine over cystatin C to ensure clinical utility in SSA. Using the whole mGFR sample we sought to develop a

new eGFR model by regressing log mGFR on log creatinine as well as age and sex, with and without body mass index (BMI),
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mirroring the functional form of the CKD-EPI and Lund-Malmo eGFR equations. Regression coefficients were allowed to vary
by sex, and the model included a spline knot with the position chosen using lowess plots. We used likelihood ratio tests and
adjusted R? to decide between candidate models and assessed model performance as previously defined, compared to
existing creatinine-hased eGFR equations. For external validation, we compared the performance of eGFR from our model
and existing equations to mGFR from radionuclide studies of 651 individuals (along with their creatinine measurements, age,

and sex) obtained during cohort and clinical studies in South Africa.

Estimating true population prevalence of impaired kidney function in SSA

Based on population-based studies in SSA we sought to estimate the prevalence of impaired kidney function defined as
eGFR<60mIls/min/1.73m?2 (analogous to CKD stages G3a-5), using the most accurate eGFR equation. However, since the
predictive power of all estimating equations was limited, we used a multiple imputation model trained on the measured
mGFR sample, to predict individual GFR based on creatinine, age, and sex with predictions were based on 100 imputed
datasets. The imputation model builds a predictive distribution around each unobserved GFR with variance and mean
determined through a linear regression on the chosen predictor variables. We tested the model on the datasets from which it
was trained and then used this approach within six distinct, large population-representative datasets: (i) the baseline
prevalence studies in the ARK Consortium of adults 20-80 years;!s7 (ii) the Africa Wits-International Network for the
Demographic Evaluation of Populations and their Health Partnership for Genomic Studies (AWI-Gen) in Ghana, Kenya, and

Burkina Faso and South Africa, which recruited adults 40-60 years.?2:3°

Results

Characteristics of ARK participants in Malawi, South Africa, and Uganda

Across four study sites in three countries, we measured GFR using iohexol plasma excretion in 3,025 adults and included
2,578 participants in the final analysis (Table 1). The predominant reason for exclusion (n=266) was missing syringe weight
during the pilot phase: a flowchart of derivation of the final study sample is shown in Figure S4 and comparison of
characteristics with the whole sample in Table S5. Mean age was 50415 years, mean height and weight were 16249 cm and
67+17 kg, respectively, and mean mGFR was 82+26 ml/min/1.73m2. South African participants were taller and heavier with

disproportionate obesity in women, contrasting with Ugandan participants who had the smallest body mass indices in the
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study. The distribution of mMGFR, volume of distribution (vVd) and correlation coefficient (r) was similar across countries

(Figures S5-7).

Performance of eGFR equations against mGFR

Across all three countries, creatinine-based equations overestimated GFR compared to mGFR (Figure 1; Figures 58-9). The
greatest bias, least precision, and least accuracy were observed with mGFR <45ml/min/1.73m? (Figure 2; Table 2; Figures
$10-11; Table S6). When classifying by mGFR within categories analogous to CKD stages, eGFR equations overestimated G1
and underestimated lower stages of kidney function. All creatinine-based equations underestimated GFR stages 3a-5 by at
least 50% (Table S7). Overestimation of individual GFR and misclassification by GFR stage was exacerbated when using
ethnicity coefficients for the MDRD and CKD-EPI equations (Figure 1; Table 2; Figure $12; Table S§7). The Revised Lund-Malmd

Study equation correctly classified the highest proportion (54%) of participants by mGFR stage (Table §7).

Performance of estimating equations using cystatin C alone, or in combination with creatinine, was higher than with
creatinine alone (Figure 1; Table 2; Tables $6-7). Although cystatin C underestimated stage G1, the estimates of prevalence
of impaired kidney function were almost two-fold higher than creatinine-based estimates, mostly in stage G3a (Tahle 57).
This translated to 76% of individuals being correctly classified as having a kidney function stage as or more severe than their
corresponding mGFR stage, compared to 72% with the Lund-Malma (revised) equation and 59% with the CKD-EPI equation
(Table $7). The performance of equations at estimating GFR compared to mGFR was similar between countries (Tables S8-

10).

Sensitivity analyses

We compared mGFR distribution (Figure $13a-c), agreement between eGFR and mGFR for each equation both overall (Figure
S14a-c) and by GFR stage (Table S11a-c) for single and double-restricted datasets. Accuracy, as Psp, for CKD-EPI compared to
MGFR was 65% in the unrestricted dataset, 69% and 67% in the single restricted datasets, and 71% in the dataset restricted
for both vd and r (Table 2; Table S12a-c). The best performing equation, Lund-Malmé, had a P, of 87% in the double-
restricted dataset. The Ps, for CKD-EPI cystatin increased from 70% in the main dataset to 78% in the double-restricted
dataset. However, there was also a disproportionate loss of people with low mGFR, from 6% to 2% in the double-restricted
dataset (Figure S15, Table S13a-c). Measurements of low GFR have lower r without necessarily indicating substantial error in
GFR measurement.®* In addition, people with impaired kidney function may have abnormal fluid balance, while normal

volumes of distribution have not been validated in SSA. Given the risk of creating systematic bias through data restriction and
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the only modest increase in performance for the equations in sensitivity analyses we used the complete dataset for further

analyses.

Development of a new creatinine-based GFR estimating equation

We plotted the relationship between creatinine and mGFR and inspection of lowess curves (Figures S16) supported a
piecewise linear model with one knot at 0.82mg/dL for men with no evidence to support fitting separate coefficients for
creatinine among men and women before the knot, nor to support separate age coefficients for men and women. Including
BMI in the model increased the adjusted R? but only from 0.225 to 0.234. We examined agreement between mGFR and the
ARK models (Figure $17) and all equations had limited predictive power with chosen predictors accounting for 20-25% of the

total variation in the data irrespective of the model form (Table S14). The final model was:

If male: eGFR =124 x min (1, SCr/0.82)°%3% x max (1,5Cr/0.82) %574 x 0.993%:¢

If female: eGFR = 103 x (SCr/0.82)933% x 0,993
We used this equation to estimate GFR measurements among the 2,578 people in our primary dataset. Although model
predictions were less biased than those of the CKD-EPI equation, our model showed limited discrimination and was not able
to better predict kidney function than existing equations, categorizing 54% of people correctly for all GFR stages (Tables S15-
17). In the external validation dataset (Table S18) our model did not have better performance than the CKD-EPI or Revised

Lund-Malmé equations (Tables $19-20).

Estimating true population prevalence of impaired kidney function in SSA

The multiple imputation model predicted the proportion of people with impaired kidney function in the primary ARK
datasets in which it was developed to be between 3.0% higher and 4.2% lower than mGFR (Uganda: observed 13.8% versus
predicted 10.8%; Malawi: observed 20.4% versus predicted 24.6%; South Africa: observed 22.9% versus predicted 21.0%). In
the external validation dataset from South Africa the same model predicted the proportion of people with impaired kidney
function to be 20.9% versus observed 17.2%. With this method, we estimated the prevalence of impaired kidney function to
be between 4.6% and 15.1% higher than when estimated using CKD-EPI creatinine in population-based countries in West,

East, and southern Africa (Figure 3, Tables $21-22).

Discussion

Our results show that across three Sub-Saharan African countries, in diverse urban and rural populations, creatinine-based

eGFR equations substantially overestimate kidney function compared to GFR measured with iohexol (mGFR). The
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overestimation worsened at lower levels of mGFR and was further exacerbated by inclusion of ethnicity coefficients. Cystatin
C-based equations performed better than creatinine-based equations but none of the eGFR equations achieved an accuracy
(P10} considered appropriate for individual clinical decision-making.®? At population level, using creatinine-based eGFR
equations substantially underestimated the prevalence of impaired kidney function. A new creatinine-based equation to
better estimate GFR in SSA was not possible due to wide age- and sex-independent variability in the relationship between
creatinine and mGFR, even with weight or BMI adjustment. Therefore, we used a multiple imputation method to estimate
population prevalence of impaired kidney function in countries across SSA and found the prevalence was substantially higher

than that measured using creatinine-based estimates of GFR.

QOur large, prospective study used population-representative samples with oversampling of those with poor kidney function,
and used both creatinine and cystatin to estimate GFR. Aside from US-derived eGFR equations, we included the FAS
equation?® and Revised Lund-Malmo Study equation? not previously evaluated in SSA. We used a gold-standard multi-
sample method for iohexol plasma clearance with centralized measurements in a reference laboratory with extensive
experience using mass-spectrometry assays, compliant with the Equalis quality assurance program for iohexol. We addressed
intersite analytic bias for creatinine and cystatin C and recalibrated measurements accordingly. However, there are also
limitations to this work. Because we measured creatinine and mGFR at a single time point, we did not fulfil the temporal
requirements for the definition of CKD?? although our approach is in keeping with other large cohort studies of GFR.>* In
addition, participants were well, and therefore (aside from seasonal changes in eGFR),?* we would not anticipate substantial
variation in kidney function. Our sampling frame was population-hased with high mean kidney function compared to CKD
cohorts used to develop GFR equations.2?6:35 Measurement of low creatinine values is more prone to biological and analytic
variation than high level.s*® It is possible that variability in direct GFR measurement inherent to a study largely conducted in
rural SSA, despite rigorous quality control procedures, may have contributed to the reduced performance of GFR estimating
equations. We have quantified this with transparently reported sensitivity analyses and in these estimating equations
(compared to mGFR) did not attain the level of performance reported in studies in different settings.®26.37 These restricted
analyses resulted in disproportionate exclusion of people with low GFR, where methods of determining quality of GFR
measurement may not be appropriate,** and so we undertook further analysis in the whole dataset. In addition, prevalence
of impaired kidney function measured with iohexol GFR was very similar to that estimated from cystatin, reinforcing that it is
variability in the association between creatinine and GFR that leads to poor performance of eGFR in this population rather

than measurement error of iohexol GFR. Finally, while our study is the largest of its kind from SSA and includes measured

10
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GFR from three countries, the diversity of African populations means that there is likely to be greater variability in the
relationship between creatinine and GFR than we have measured. This could affect the accuracy of the imputed GFR
estimates in the AWI-GEN datasets but in internal validation the model estimates prevalence of impaired kidney function
close to that measured in the ARK datasets, and with differences substantially less than the variation we see between

creatinine-based and imputed estimates.

Our finding that creatinine-based eGFR equations overestimate well-preserved kidney function (stages G1-2) but
underestimate declining kidney function (stages G3-5) has been replicated in studies from Scandinavia and West Africa, 3738
but differs from those in the Japan and the USA.2#?8:3% Greater inaccuracy in GFR estimation from creatinine-based equations
has been described in Asia,*® and there are reasons why the relationship between creatinine and GFR may be more variable
in SSA compared to US or European populations. Our study and others report lower BMI, with likely lower muscle mass and
therefore lower baseline creatinine, in continental Africans when compared to the African diaspora.***%7 Perinatal and
early childhood factars resulting in undernutrition and growth stunting, which predisposes to low lean muscle mass and short
stature in adulthood even in the presence of adult obesity, are common in SSA.*34-#3 Wasting from chronic infection or
inflammation, such as tuberculosis and HIV, low dietary protein ingestion, and undiagnosed liver disease also impact muscle
mass and creatinine generation.*#’ Finally, variants in genes affecting pathways of creatinine production and tubular

secretion may impact the association between serum creatinine and true GFR in SSA %89

The first implication of our results is to confirm conclusively that ethnicity coefficients exaggerate the overestimation of GFR
by creatinine and should not be used in SSA. Secondly, overestimation of kidney function at lower levels of GFR impacts
clinical care and public health. For an individual, inaccurate estimation of GFR risks a missed diagnosis of CKD and the
opportunity to address modifiable risk factors to slow progression of kidney disease, and possible harm from unadjusted
doses of renally cleared drugs. At population level underestimation of the burden of CKD in SSA limits prioritization of
country-specific and regional strategies to minimize CKD progression and manage end-stage kidney disease. Limited access to
specialist renal care in SSA compounds the individual risk for progression, premature disability, and death. While cystatin C
identified a greater proportion of people with CKD and might be a valuable confirmatory test, assays are more expensive
than creatinine and not widely available in SSA. There is therefore urgent need for further research to develop accurate and

low-cost ways to measure kidney function in SSA.

11
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Conclusion

In this large collaborative study from three Sub-Saharan African countries, we prospectively measured kidney function using
consistent and robust techniques. We showed that creatinine-based GFR estimating equations overestimate kidney function
compared to iohexol and cystatin C measures. Our results suggest the burden of kidney disease is markedly underestimated
in SSA, with substantial implications for individual health care and public health interventions to address the challenge of

kidney disease in resource-limited settings.
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Table 1: Characteristics of ARK participants by sex, for each country, and overall (N=2,578)

MALAWI SOUTH AFRICA UGANDA OVERALL
Characteristic Females Males Females Males Females Males
N=474 N=424 N=636 N=311 N=413 N=320 N=2,578*
Age - year 53.1(13.5) 52.8(16.3) 45.6(14.4) 445 (16.3) 50.6(14.2) 51.5(15.1) 49.5(15.2)
Age category
<40 year 70 (14.8%) 87 (20.5%) 244 (38.4%) 138 (44.4%) 92 (22.3%) 74 (23.1%) 705 (27.4%)
40-60 year 269 (56.8%) 209 (49.3%) 280 (44.0%) 109 (35.1%) 232 (56.2%) 158 (49.4%) 1257 (48.8%)
>60 year 135 (28.5%) 128 (30.2%) 112 (17.6%) 64 (20.6%) 89 (21.6%) 88 (27.5%) 616 (23.9%)
BMI® 26.76 (5.86) 23.11(3.86) 30.14 (6.41) 25.02 (5.08) 23.92 (4.47) 21.03 (3.12) 25.61 (5.98)
BMI category*
<18.5 (underweight) 14 (3.0%) 25 (5.9%) 9 (1.4%) 14 (4.5%) 21 (5.1%) 63 (19.7%) 146 (5.7%)
18.5-24.9 (normal) 194 (40.9%) 293 (69.1%) 140 (22.0%) 162 (52.1%) 259 (62.7%) 222 (69.4%) 1270 (49.3%)
25.0-29.9 (overweight) 148 (31.2%) 86 (20.3%) 182 (28.6%) 84 (27.0%) 91 (22.0%) 32 (10.0%) 623 (24.2%)
=30.0 (obese) 118 (24.9%) 20 (4.7%) 305 (48.0%) 51 (16.4%) 42 (10.2%) 3(0.9%) 539 (20.9%)
Weight (kg) 65.00(15.48) 63.24 (11.82) 78.70 (17.37) 74.64 (16.71) 57.56(11.89) 56.95 (9.64) 67.06 (16.72)
Height (cm) 155.67 (5.99) = 165.28 (6.83) 161.56 (5.91) 172.60 (7.14) 154.98 (6.83) 164.42 (6.36) 161.72 (8.53)
BSA(m?)? 1.68 (0.22) 1.70 (0.18) 1.90 (0.23) 1.89 (0.24) 1.58 (0.19) 1.61(0.16) 1.74 (0.24)
Serum creatinine® 0.73 (0.20) 0.92 (0.30) 0.61 (0.16) 0.83 (0.23) 0.74 (0.20) 0.89 (0.31) 0.77 (0.25)
Serum cystatin C7 0.97 (0.34) 1.01 (0.30) 0.99 (0.27) 1.01 (0.28) 0.88(0.23) 0.91(0.31) 0.97 (0.29)
lohexol GFR® 74.8(20.1) 79.1(20.4) 78.6 (25.0) 82.0 (26.4) 86.1(26.3) 97.1(31.2) 81.9(25.6)
lohexol GFR category®
G1:290 100 (21.1%) 124 (29.3%) 205 (32.2%) 130 (41.8%) 160 (38.7%) 190 (59.4%) 909 (35.3%)
13
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G2: 60-89

G3a: 45-59

G3b: 30-44

G4-5: <30

Estimated GFR®

Estimated GFR category'®

G1: 290

G2: 60-89

G3a: 45-59

G3b: 30-44

G4-5: <30

271 (57.2%)

76 (16.0%)

21 (4.4%)

6 (1.3%)

82.6(19.4)

174 (36.7%)

245 (51.7%)

41 (8.7%)

12 (2.5%)

2 (0.4%)

220 (51.9%)

61 (14.4%)

18 (4.3%)

1(0.2%)

86.2 (20.1)

194 (45.8%)

189 (44.6%)

26 (6.1%)

10 (2.4%)

5 (1.2%)

282 (44.3%)

92 (14.5%)

49 (7.7%)

8(1.3%)

99.7 (19.1)

468 (73.6%)

146 (23.0%)

17 (2.7%)

4(0.6%)

1(0.2%)

113 (36.3%)

40 (12.9%)

21 (6.8%)

7 (2.3%)

98.5 (21.3)

220 (70.7%)

71 (22.8%)

14 (4.5%)

5 (1.6%)

1(0.3%)

195 (47.2%)

42 (10.2%)

10 (2.4%)

6(1.45%)

93.7 (19.9)

241 (58.4%)

154 (37.3%)

13 (3.2%)

3(0.7%)

2 (0.5%)

87 (27.2%)

29 (9.1%)

10 (3.1%)

4(1.3%)

97.8 (20.5)

237 (74.1%)

69 (21.6%)

5 (1.6%)

4(1.3%)

5 (1.6%)

1168 (45.3%)

340 (13.2%)

129 (5.0%)

32(1.2%)

93.2 (21.0)

1534 (59.5%)

874 (33.9%)

116 (4.5%)

38 (1.5%)

16 (0.6%)

*All data reported as mean (standard deviation); categories reported as number (%); percentages may sum to +/-100 due to rounding; 2N=2,578 for

creatinine samples; N=2433 for cystatin-C samples:*Body mass index (BMI) calculated by dividing weight (kilograms) by height squared (meters); *BMI

category: WHO classification for obesity*®; *Body surface area calculated using the Haycock formula®®; ®Serum creatinine in mg/dL (conventional units): to

convert to umol/L, multiply by 88.4; creatinine data unadjusted for intersite calibration study; creatinine data unadjusted for intersite calibration study;

7Serum cystatin C in mg/dL: cystatin C data unadjusted for intersite calibration study; slohexol GFR: ml/min/1.73m?; ®lohexol GFR category: GFR stage

defined by KDIGO 2012 Clinical Practice Guideline for the Evaluation and Management of Chronic Kidney Disease®; *°Estimated GFR: ml/min/1.73m? using

CKD-EPI creatinine equation (no ethnicity co-efficient)
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Table 2: Overall performance of GFR estimating equations compared to iohexol GFR (N=2,578)

Variable

lohexol GFR (ml/min/1.73m? of BSA)

GFR Stage

‘Absolute bias (95% Cl)

Cockroft Gault

MDRD

MDRD + ethnicity coefficient

Full Age Spectrumqe.cinine)

Revised Lund-Malma Study

CKD-EPlicreatinine)

CKD-EPlicrestinine) + €thnicity coefficient

CKD-EPlcrestinine + cystatin c)

CKD-EPligystatin g

2Relative bias (95% Cl)

Cockroft Gault

MDRD

MDRD + ethnicity coefficient

Full Age Spectrumqe.cinine)

Revised Lund-Malmé Study

CKD-EPlicreatinine)

CKD-EPlicrestinine) + ethnicity coefficient

CKD-EPlcrestinine + cystatin c)

CKD-EPl g seaen )

>=90

Gl

-1.6(-3.9-0.3)

-81(-9.8-6.5)

12.2 (10.9- 14.5)

0.9(-3.6-0.7)

-13.0 (-14.5- -11.6)

1.1 (-3.4-0.35)

15.2 (13.0-17.4)

76(9.5-62)

-15.0 (-17.2- -13.0}

0.99 (0.96 - 1.00)

0.92 (0.91-0.94)

1.12 (1.10- 1.18)

0.99 (0.97 - 1.01)

0.88 (0.87 - 0.89)

0.99 (0.97- 1.00)

1.15(1.12 - 1.16)

0.93 (0.91-0.94)

0.86 (0.84 - 0.88)

Estimated GFR (ml/min/1.73m? of body surface area)

60-89

G2

13.5(11.8- 15.1)

8.6(7.6-9.8)

26.2(25.0-27.7)

14.1(12.4-15.9)

6.5 (5.7-7.4)

16.1(14.9-17.2)

30.9(29.3 - 32.0)

6.9 (5.7-8.5)

0.5 (-1.4-2.1)

1.18 (1.16 - 1.20)

1.12 (1.10- 1.13)

1.35(1.34-1.37)

1.19(1.17-1.21)

1.08 (1.07 - 1.10)

1.21(1.19-1.23)

1.41(1.38-1.43)

1.09 (1.08 - 1.11)

1.01({0.98 - 1.03)

45-59

G3a

21.9(18.0-25.7)

203 (17.8-23.6)

35.8 (33.2-40.2)

23.2(19.1-26.7)

19.3 (16.7-22.3)

26.1(23.5-29.9)

39.0 (35.6-43.4)

16.5 (13.4-21.0)

9.6 (6.8-12.4)

1.40 (1.35- 1.47)

1.39 (1.34-1.45)

1.68 (1.62-1.76)

143 (1.37-1.49)

1.36 (1.30- 1.42)

1.50 (1.43-1.56) |

1.74 (1.66-1.81)

1.31(1.24-1.39)

117 (1.13-1.24)

<45

G3b-5

36.5(31.3-44.5)

34.5(28.2-40.9)

48.8(42.0-57.0)

36.0 (30.0-41.1)

33.8(27.5-38.8)

407 (32.7-47.2)

53.9 (44.2-59.7)

27.2(22.9-36.4)

20,6 (13.9-27.7)

1.97 (1.83-2.27)

1.99 (1.75-2.11)

2.41(2.12-2.56)

2.00 (1.81-2.15)

1.94 (1.68 - 2.06)

2.12 (1.93-2.26)

2.46(2.23-2.62)

1.72 (1.58 - 1.96)

1.55 (137 - 1.73)

overall

11.3(10.1-12.7)

6.6(5.6-7.7)

24.7(23.4-25.7)

11.2(10.1-12.3)

23(13-3.3)

11.5(10.6- 12.7)

26.7 (25.4- 27.6)

41(3.1-5.1)

1.7 (-2.9--0.8)

1.15(1.13-1.17)

1.08 (1.07 - 1.10)

1.31(1.30- 1.33)

1.14(1.13- 1.16)

1.03 (1.02 - 1.04)

1.15(1.13- 1.16)

1.33(1.31-1.35)

1.05 (1.04- 1.07)

0.98 (0.96 - 0.99)
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3Precision (RMSE) (95% Cl)

Cockroft Gault

MDRD

MDRD + ethnicity coefficient

Full Age Spectrumicreatinine)

Revised Lund-Malmd Study

CKD-EPlicrcatinine)

CKD-EPl;rearinine; + ethnicity coefficient

CKD'Eplﬂ(mn nine + cystatin C)

CKD-EPlgyarating

“Precision (IQR) (95% Cl)

Cockroft Gault

MDRD

MDRD + ethnicity coefficient

Full Age Spectrumicreatinine)

Revised Lund-Malmé Study

CKD-EPlicraatining

CKD-EPlireseinine) + €thnicity coefficient

CKD-EPlicreatinine + cystatin ¢)

CKD-EPligysratin)

SAccuracy % Py, (95% Cl)

Cockroft Gault

MDRD

MDRD + ethnicity coefficient

31.5 (30.1- 33.0)

26.5(25.4- 27.8)

30.5(29.2- 32.0)

28.0(26.8-29.3)

21.2(20.3-22.3)

22.9(21.9-24.0)

24.9(23.8-26.1)

21.9 (20.9-23.0)

24.1(23.0-25.3)

404 (37.6-43.2)

32.2(29.3-35.1)

37.8(34.9-40.7)

35.6 (32.5 - 38.6)

24.4(22.6-26.1)

27.3(25.2-29.4)

30,5 (27.8-33.2)

27.1(24.8-29.4)

31.2 (28.7- 33.6)

0.27 (0.24 - 0.30)

0.32 (0.29- 0.35)

0.27 (0.25- 0.30)

26.7(25.7-27.9)

20.9(20.1-21.8)

25.0(24.0-26.1)

21.4(20.6-22.3)

15.3(14.7 - 16.0}

17.6(16.9 - 18.4)

20.2(19.4-21.0}

17.5(16.8-18.2)

20.6(19.8-21.5)

34.2 (31.6-36.7)

26.0(24.1-27.8)

30.5(28.5 - 32.6)

26.1(24.3 - 30.0}

19.9 (18.5-21.2)

24.1(22.3-25.9)

27.2(25.3-29.2)

24.4(22.9-25.9)

27.9(26.0-29.9)

0.24(0.22 - 0.27)

0.29(0.27-0.32)

0.15(0.13-0.17)

29.0(27.0-31.4)

21.4(19.9-23.2)

25.9(24.1-28.0)

23.5(21.9-25.5)

18.1(16.9 - 19.6)

21.2(19.7-22.9)

24.4(22.7 - 26.4)

20.3 (18.9-22.0)

21.9(20.3-23.8)

42.0(35.6 - 48.5)

28.2(23.7-32.7)

33.7(28.0-39.3)

34.2(30.5- 37.8)

25.6(22.3-28.9)

31.3(27.8-34.8)

36.5(32.3-40.7)

28.8(26.0-31.7)

28.9(23.1-34.7)

0.17(0.13-0.21)

0.14 (0.10- 0.18)

0.04 (0.02 - 0.07)

34.9(31.4-39.2)

28.3(25.5-31.8)

33.8(30.5-37.9)

29.9(27.0-33.6)

25.0(22.6-28.1)

28.5(25.7-32.0)

32.6(29.4-36.7)

27.4(24.6 -30.8)

27.3(24.6-30.8)

51.0(42.6-59.5)

35.9(30.5-41.4)

442 (37.3-51.2)

44.7 (35.5 - 54.0)

35.7(29.2-42.3)

40.5(33.8-47.2)

46.9 (39.0 - 54.8)

39.7 (32.6 - 46.8)

35.2(27.0-43.3)

0.08 (0.04-0.13)

0.05 (0.02 - 0.10)

0.04 (0.02 - 0.09)

31.7 (30.8- 32.6)

27.1(26.4- 27.9)

30.1(29.3 - 30.9)

27.8(27.0- 28.6)

24.0(23.3- 24.6)

24.9(24.3-25.6)

26.4 (25.7- 27.2)

23.8(23.1-245)

25.9(25.2 - 26.6)

37.6(35.7 - 39.5)

31.1(29.6- 32.6)

35.7 (34.0-37.3)

31.4 (29.8- 33.0)

26.9(25.6- 28.2)

28.5(27.1- 30.0)

31.3(29.7-32.7)

27.4(26.0 - 28.8)

30.7 (28.9-32.5)

0.23(0.22-0.25)

0.27 (0.25- 0.28)

0.17 (0.16- 0.19)
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Full Age Spectrum;qasnine)

Revised Lund-Malmd Study

CKD-EPlicrestinine)

CKD-EPljgrestinine) + €thnicity coefficient

CKD-EPlicreatinine + cystatin ¢

CKD-EPlicysiatine)

SAccuracy % (1 - P,,) (95% CI)

Cockroft Gault

MDRD

MDRD + ethnicity coefficient

Full Age Spectrumicreatinine)

Revised Lund-Malmé Study

CKD-EPlicreatinine)

CKD-EPl|greatinine; + €thnicity coefficient

CKD-EPjcreatinine + eystatin c)

CKD-EPlicysancy

SAccuracy % P, (95% Cl)

Cockroft Gault

MDRD

MDRD + ethnicity coefficient

Full Age Spectrumicreainine)

Revised Lund-Malmé Study

CKD-EPlicreatinine)

CKD-EPlcreacinine) + €thnicity coefficient

0.32(0.29-0.35)

0.36 (0.33 - 0.40)

0.42 (0.39 - 0.45)

0.26 (0.23- 0.29)

0.36 (0.33 - 0.40)

0.29 (0.26 - 0.32)

0.73 (0.70- 0.76)

0.68 (0.65 - 0.71)

0.73 (0.70 - 0.76)

0.68 (0.65- 0.71)

0.64 (0.60 - 0.67)

0.58 (0.55 - 0.61)

0.74(0.71-0.77)

0.64 (0.60 - 0.67)

0.71 (0.68 - 0.74)

0.73 (0.70- 0.76)

0.78 (0.75-0.81)

0.68 (0.65 - 0.71)

0.78 (0.75-0.81)

0.83 (0.81 - 0.86)

0.88 (0.85 - 0.90)

0.75(0.72-0.78)

0.25(0.22-0.28)

0.36 (0.34 - 0.39)

0.23(0.21-0.26)

0.11(0.09-0.13)

0.32(0.29-0.34)

0.27(0.25 - 0.30)

0.76 (0.73-0.78)

0.71(0.68 - 0.74)

0.85 (0.83 - 0.88)

0.75 (0.73-0.78)

0.64 (0.61 - 0.67)

0.77 (0.74 - 0.79)

0.89 (0.87 -0.91)

0.68 (0.66 - 0.71)

0.73(0.70-0.75)

0.61(0.58 - 0.64)

0.72 (0.69 - 0.75)

0.42 (0.39 - 0.45)

0.64 (0.61 - 0.66)

0.83 (0.81-0.85)

0.63 (0.61 - 0.66)

0.35(0.32-0.38)

0.14 (0.10 - 0.18)

0.16 (0.12 - 0.20)

0.12 (0.09 - 0.16)

0.04 (0.02 - 0.07)

0.18 (0.14 - 0.22)

0.25 (0.20 - 0.30)

0.83 (0.79 - 0.87)

0.86 (0.82 - 0.90)

0.96 (0.94 - 0.98)

0.86 (0.82 - 0.90)

0.84 (0.80 - 0.88)

0.88 (0.84 - 0.92)

0.96 (0.93 - 0.98)

0.82 (0.78 - 0.86)

0.75 (0.70 - 0.80)

0.39 (0.34 - 0.44)

0.40 (0.35 - 0.45)

0.17(0.13-0.22)

0.38 (0.33 - 0.44)

0.43 (0.38 - 0.48)

0.32(0.27-0.37)

0.16 (0.13 - 0.21)

0.06 (0.03 - 0.11)

0.08 (0.04 - 0.13)

0.06 (0.03 - 0.11)

0.04 (0.01 - 0.08)

0.07 (0.04 - 0.12)

0.08 (0.04 - 0.13)

0.92 (0.87 - 0.96)

0.95 (0.90 - 0.98)

0.96 (0.91 - 0.98)

0.94 (0.89 - 0.97)

0.92 (0.87 - 0.96)

0.94 (0.89 - 0.97)

0.96 (0.92 - 0.99)

0.93 (0.88 - 0.97)

0.92 (0.87 - 0.96)

0.18(0.12 - 0.25)

0.16 (0.10 - 0.22)

0.10 (0.06 - 0.16)

0.19 (0.14 - 0.26)

0.20(0.14 - 0.27)

0.15(0.10-0.21)

0.11 (0.07 - 0.17)

0.25(0.23 - 0.26)

0.32(0.30- 0.34)

0.27(0.26 - 0.29)

0.15 (0.14 - 0.16)

0.30(0.28 - 0.32)

0.26 (0.25 - 0.28)

0.77 (0.75 - 0.78)

0.73 (0.72- 0.75)

0.83 (0.82 - 0.84)

0.75(0.74- 0.77)

0.68 (0.66 - 0.70)

0.73 (0.71- 0.75)

0.85 (0.84 - 0.86)

0.70 (0.68 - 0.72)

0.74 (0.72 - 0.76)

0.60 (0.58 - 0.62)

0.66 (0.65 - 0.68)

0.46 (0.44 - 0.48)

0.63 (0.61 - 0.64)

0.74 (0.72 - 0.76)

0.65 (0.63 - 0.67)

0.45 (0.43 - 0.47)
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CKD'EPI(mminine +cystatin €)

CKD-EPlcystatin )

SAccuracy % (1 - Ps5) (95% Cl)

Cockroft Gault

MDRD

MDRD + ethnicity coefficient

Full Age Spectrum;qc.snine)

Revised Lund-Malmd Study

CKD-EPlicrestining)

CKD-EPlicreanining + thnicity coefficient

CKD-EPlicreatinine + cystatin )

CKD-EPlcyseatin)

N=2,578 for creatinine-based equations; N=2433 for cystatin C-based equations; all values reported with 95% confidence intervals in parentheses;

0.80 (0.77 - 0.82)

0.71 (0.68 - 0.74)

0.27 (0.24 - 0.30)

0.22 (0.19-0.25)

0.32(0.29- 0.35)

0.22 (0.20-0.25)

0.17 (0.14- 0.19)

0.12 (0.10- 0.15)

0.25 (0.22- 0.28)

0.20 (0.18-0.23)

0.29 (0.26- 0.32)

0.73(0.71-0.76)

0.71(0.69 - 0.74)

0.39 (0.36 - 0.42)

0.28(0.25-0.31)

0.58 (0.55 - 0.61)

0.36 (0.34-0.39)

0.17 (0.15 - 0.19)

0.37 (0.34 - 0.39)

0.65 (0.62 - 0.68)

0.27 (0.24-0.29)

0.29 (0.26- 0.31)

0.45 (0.39 - 0.50)

0.54 {0.49 - 0.60)

0.61 (0.55 - 0.66)

0.60 (0.55 - 0.66)

0.83 (0.78-0.87)

0.62 (0.56 - 0.67)

0.57 (0.52- 0.62)

0.68 (0.63 - 0.73)

0.84 (0.79 - 0.87)

0.55 (0.50 - 0.61)

0.46 (0.41-0.51)

0.20(0.14 - 0.27)

0.32 (0.25 - 0.40)

0.82 (0.75 - 0.88)

0.84 (0.78 - 0.90)

0.90 (0.84 - 0.94)

0.81 (0.74 - 0.87)

0.80 (0.73 - 0.86)

0.85 (0.79 - 0.90)

0.89 (0.83 - 0.93)

0.80 (0.73 - 0.86)

0.68 (0.60 - 0.75)

0.69 (0.67-0.7

0.67 (0.65- 0.

0.40(0.38- 0.4

0.34(032-0:

0.54(0.52- 0.5

0.37(036-0.2

0.26 (0.25- 0.2

0.35(0.33-0.:2

0.55(0.53- 0.

0.31(0.30-0.:2

0.33(0.31-0:=

‘Absolute bias: median (estimated GFR - iohexol GFR); 2Relative bias: median ([estimated GFR - iohexol GFR]/iohexol GFR); * Precision RMSE (Root Mean Square

Error): standard deviation (estimated GFR - iohexol GFR);*Precision IQR (Interquartile Range): IQR (estimated GFR - iohexol GFR); *Accuracy: median (estimated

GFR - iohexol GFR) expressed as a percent of iohexol GFR for estimates within 10% (P10) and within 30% of iohexol GFR; ® Accuracy: median (estimated GFR -

iohexol GFR) expressed as a percent of iohexol GFR for estimates that differed by more than 10% (1-P10) and more than 30% (1-P30) of iohexol GFR.
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Figure 1: Comparison of GFR distributions between GFR estimating equations and iohexol GFR for the ARK

Study
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Data shown are from the pooled ARK Iohexol Study including Malawi, South Africa, and Uganda; N=2578 for creatinine-based equations; N=2433 for cystatin C-based

equations; vertical line represents GFR cut-off of 60ml/min/1.73m?
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Figure 2: Bias, precision, accuracy of GFR estimating equations compared to iohexol GFR for the ARK

Study

Absolute Bias: median difference (eGFR-mGFR)
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Figure 3: Predicted prevalence of impaired kidney function in Sub-Saharan Africa using imputed GFR

compared to estimated GFR (CKD-EPI creatinine) across West, East, and Southern Africa’
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Population-based datasets were derived from ARK Malawi, South Africa and Uganda for ages 20 - 80 years; and AWI-GEN countries
including Burkina Faso, Ghana, Kenya, and South Africa for ages 40 - 60 years; datasets for ARK and AWI-Gen South Africa did not

overlap; prevalence is not adjusted for age distributions
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SECTION S1 - STUDY SETTING AND SAMPLING STRATEGY
The African Research on Kidney Disease (ARK) Study is a multicentre study nested in three

longitudinal population studies in Malawi (urban and rural) and Uganda (rural), and a Health
and Demographic Surveillance System (HDSS) site in South Africa (rural). The Malawi
Epidemiology and Intervention Research Unit (MEIRU) has an urban site in Lilongwe and a
rural site in the northern Karonga district; in Uganda the General Population Cohort is located
in the Kalunga district, south western Uganda; and in South Africa, the Medical Research
Council/Wits University Rural Public Health and Health Transitions Research Unit is located
in Bushbuckridge, a rural subdistrict of the Mpumalanga province, in the north eastern part of
South Africa.! Each partner country obtained prior ethics approval for their respective studies
and all participants signed written informed consent. For Uganda, ethics approvals were
obtained from the Uganda Virus Research Institute (UVRI-REC-#HS 1978) and the Uganda
National Council for Science and Technology (UNCST-#SS 4283). For Malawi, permission
was granted from the Malawi National Health Sciences Research Committee (#1072). For
South Africa, permission was obtained from the University of the Witwatersrand Human

Research Ethics Committee (#160938).

Prior to this study, each country determined their population prevalence of Impaired kidney
function based on estimating glomerular filtration rate (eGFR) using the CKD-EPI
(creatinine) equation without ethnicity coefficient.* Then, we classified participants by
eGFR stage (G1-5), and selected a subsample of 1000 adults from each country stratified by
sex and eGFR stage. We intended to recruit 3000 participants in total, based on a power
calculation for the number of study participants needed to examine the accuracy of eGFR
equations for predicting iohexol (measured) GFR in each country. We specified this as
having 90% power to detect whether eGFR is within 5% of iohexol GFR at an eGFR of

60mls/min, assuming a standard deviation of 25mls/mins and a two-sided a=0.05. This gives
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an estimated required sample size of 730 participants, however, to allow for participants who
do not wish to participate and technical and screening failures, we oversampled to 1000

participants in each country.

SECTION S2 - STUDY PROCEDURES

Potential participants, 18 years and older, were screened for contraindications to intravenous
iohexol administration, namely pregnancy or breastfeeding in women, uncontrolled epilepsy,
severe, uncontrolled hypertension, or any acute pyrexial illness.

If eligible, a trained fieldworker obtained written, informed consent in the participant's first
language. On the day of iohexol measurement, we recorded blood pressure, temperature,
height and weight, and trained nurses established two intravenous (V) access points in the
antecubital fossa (in most cases) of the dominant and contralateral arm. From the dominant
arm, we drew a baseline serum sample for creatinine and cystatin C and flushed the cannula
with 10ml normal saline. A single bolus of 5ml Omnipaque™ (350mg iodine/ml) was
administered intravenously over 30 seconds, followed by a 10ml normal saline flush the
cannula was removed. Time zero (T0) was the start time of administration of the intravenous
bolus of iohexol. In the contralateral arm, at 5, 120, 180, and 240 minutes from TO, 1ml of
aspirated venous blood was discarded, followed by collection of 4mls of venous blood in
heparinized tubes. For each sampling time, we recorded the exact time of sample collection.
Using a calibrated scale, each syringe was weighed pre- and post-administration of iohexol in
grams, to two decimal points. These weights were used to calculate the dose of iohexol

administered.

To calculate iohexol GFR adjusted for body surface area (BSA)(mL/min/1.73m?) from
plasma clearance of iohexol, we used the slope-intercept method for three time points (using
the exact time of measurement of the samples intended to be taken at 120, 180 and 240

minutes) in the second (slow) exponential phase of iohexol elimination.* The extrapolated y-
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intercept is the calculated concentration of iohexol at time zero, and the coefficient, k, is the
slope of the semilog plot of plasma iohexol concentration against time [P(t)=P.exp(-kt)]. We
adjusted for body surface area using the Haycock formula [BSA = 0.024265*Wtese * Htosse]
followed by the Brochner-Mortensen (BM) correction for adults, to account for iohexol
plasma clearance in the first (rapid) exponential phase [BM = (0.9908*GFR) —

(0.001218*GFR?2)].>6

SECTION S3 - LABORATORY METHODS AND TESTING

In this section we detail laboratory methods and quality control measures for (i) iohexol in
South Africa; (ii) creatinine in Malawi, South Africa, and Uganda; (iii) cystatin C testing in
South Africa and Uganda. To test for systematic differences in laboratory procedures
between partner countries, we conducted a recalibration study with split sample testing,
which was particularly relevant as we knew that Malawi and South Africa were using the
modified Jaffe method for creatinine and Uganda was using an enzymatic method. For this
recalibration, 20 serum samples from Malawi and 50 serum samples from Uganda were split,
and re-assayed in South Africa. Agreement between paired measurements was analysed using
Bland Altman plots and, where appropriate, Passing-Bablok regression was used to derive

calibration equations to correct for systematic between-country differences.

S3.1  lohexol

In each partner country, iohexol plasma samples were processed on the same day of
collection and stored at -112°F. lohexol measurement was centralized and each country
shipped samples to the National Health Laboratory Services (NHLS) in Johannesburg, South
Africa. The NHLS is accredited to the 1SO 15189 standard and participates in the Equalis
External Quality Assurance Programme for iohexol (Uppsala, Sweden).” Using a published
method, all iohexol samples were analysed using ultra high performance liquid

chromatography-tandem mass spectrometry ((SCIEX (Redwood, CA, USA) 5500 QTRAP
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(LC-MS/MS)).8 Certified reference materials for iohexol (CRM: USP H0J211), and ioversol

(CRM: USP 34510F) were purchased from Industrial Analytical (Kyalami, South Africa) for
the calibration curve and internal standard, respectively. Both compounds were lyophilised
and weighed to make a stock standard of 10g/L in deionised water for iohexol, and methanol
for ioversol. Working standards were then prepared with further dilutions to create a three-
point calibration curve of 50mg/L, 500mg/L, and 1500mg/L for iohexol by spiking the stock
standard into drug-free serum. The working solution for ioversol was prepared by diluting the
stock standard in methanol to a final concentration of 20mg/L. Internal quality control (IQC)
samples were prepared by spiking the certified reference material for iohexol (standard) to
create final concentrations of 100 and 1000 mg/L for respective low and high internal quality
control (IQC). Coefficients of variation for internal quality control with the iohexol standard
at 100 and 1000mg/L were 4.1% and 4.2% respectively. Equalis samples were included in
every run as an additional quality check. lohexol and ioversol were eluted on a gradient
profile using a 2.7um Halo C18 (0.3 x 50mm) column purchased from SCIEX (Redwood,
CA, USA). Mass spectrometry was carried out using electrospray ionisation in positive mode
(ESI+) and multiple reaction monitoring was used for identification of iohexol and ioversol
with transitions of 821.7>803.7m/z and 807.9>589m/z, respectively. Equalis samples run as

quality controls within each batch were within the accepted calculated z-score of < 2.0.

Table S3.1: NHLS External Quality Assurance Compliance (Equalis AB)

Year Assigned value for Measured mean CcVv
iohexol (SD) for (ratio SD/mean)%o
concentration iohexol
(mg/L) concentration
(mg/L)
2018
la 54.4 55.0 (1.6) 2.9
1b 38.0 375 (1.1) 2.9
2a 98.7 99.3 (6.0) 6.0
2b 54.3 52.5 (2.3) 4.4
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2019

1a 38.0 38.7 (2.8) 73
1b 19.2 18.5 (0.6) 35
2a 56.8 56.7 (2.7) 4.7
2b 195 19.4 (1.0) 5.0

S3.2  Creatinine and Cystatin C

Malawi, South Africa, and Uganda each performed their own creatinine measurements. All

partner countries standardised their creatinine assays using an isotope-dilution mass

spectrometry (IDMS) assay traceable to a standard reference material (967) for creatinine.

The modified Jaffe method was used in Malawi and South Africa, and the enzymatic method

in Uganda. For cystatin C measurements, Uganda and Malawi samples were processed by the

Uganda laboratory, with South African samples processed by the NHLS in Johannesburg.

The South African and Ugandan laboratories each procured the Tina-quant® Cystatin C

Gen.2 test kits from the same batch and ran all samples after completion of the study. The

assay is an immunoturbidimetric assay standardised to the ERM-DA471/1FCC reference

material (Roche Diagnostics, USA).

Table S3.2: ARK laboratory analytic methods for serum creatinine and cystatin C

Laboratory | Laboratory instrument Laboratory assay
Malawi Beckman Coulter BD AU480 Creatinine: modified Jaffe method, standardised to
chemistry analyser an isotope-dilution mass spectrometry (IDMS) assay
South Africa | Roche Cobas C501 (6000) analyser Creatinine: modified Jaffe method, standardised to
an isotope-dilution mass spectrometry (IDMS) assay
Uganda Roche Cobas C501 (6000) analyser Creatinine: enzymatic method, standardised to an
isotope-dilution mass spectrometry (IDMS) assay
South Africa | Roche Cobas E602 cystatin C: immunoturbidimetric method, standardised
using ERM-DA471/IFCC reference material
Uganda Roche Cobas C501 (6000) analyser cystatin C: immunoturbidimetric method, standardised
using ERM-DA471/IFCC reference material

S3.3  Recalibration and split sample testing study for creatinine and cystatin C
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Systematic bias may arise between study site laboratories because of different pre-analytic
and analytic methods for biomarker measurement. As far as possible, bias can be eliminated
in the pre-analytic stages through standardising study protocols prior to initiation of the study.
Bias during the analytic stage can be controlled by a recalibration study, where measurements
from one study site are recalibrated to the measurements in a reference study site.
Recalibration allows for correction of inter-site laboratory differences in time or space, which
relate to the types of assay, the manufacturer, and the analytic platform.® Despite the inherent
quality assurance of manufacturer assays and the availability of standardised reference
materials to aid calibration, evidence suggests that some assays do not meet optimal bias
limits and calibration differences persist, explaining the need for rigorous internal and
external quality control procedures in each study laboratory. All these potential sources of
analytic bias may impact research data. For epidemiological studies involving population-
level data, these small systematic differences may result in a shift of the distribution of a
biomarker potentially biasing estimates of mean values and the prevalence of dichotomously
defined variables, for example, the presence or absence of kidney disease.® In this
recalibration and split sample testing study, we assessed interlaboratory bias for serum
creatinine and cystatin C biomarkers measured in the ARK study partner laboratories. If
significant systematic differences were observed, we determined the recalibration equation to
correct for the analytic bias. We assessed between-partner laboratory creatinine and cystatin
C measurement variability by shipping stored, randomly selected split serum samples from
Uganda (n=50) and Malawi (n=20) for repeat testing in South Africa as the reference

laboratory.

Quiality control procedures

Daily internal quality control was performed as per standard laboratory practice and inter-

assay coefficients of variation for each laboratory biomarker were calculated based on
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analyses of commercial controls. For external quality assurance, standard serum is distributed
to the participating laboratory for testing of common analytes. For creatinine, the laboratory
in Malawi complied with the requirements of the Thistle QA Laboratory Services (South
Africa) requirements, and likewise, the Uganda and South Africa laboratories met the
requirements of the College of American Physicians (CAP) Quality Assurance Program. For
cystatin C, the South Africa laboratory complied with the requirements of the Equalis
External Quality Assurance Program (Uppsala, Sweden). The Uganda and South Africa

laboratories are accredited to the 1ISO 15189 standard.

Recalibration of creatinine

For Uganda and Malawi respectively, we compared the split sample results from the
reference laboratory in South Africa using scatter and differential plots. Outliers were flagged
for review by the study team and defined as creatinine values more than three standard
deviations from the mean difference between paired values.® A single outlier for creatinine
measurement from Uganda was excluded after confirming it was transcriptional error during
data entry, and there were no further outliers. Agreement analysis was performed using

Bland-Altman plots and Lin’s concordance correlation coefficient.

Recalibration of cystatin C

We used a similar approach to the recalibration of creatinine. Cystatin C measurements for
Malawi and Uganda were performed in the Uganda laboratory, so for this component of the
study we compared split samples from Uganda to repeat samples in South Africa reference
laboratory. Initially, scatter and differential plots were examined, no outliers were identified,
and the agreement analysis proceeded. A cumulative sum (Cusum) test was performed to
assess the linearity and regression analysis (Passing-Bablok) was used to determine the

calibration function for the relationship between the paired cystatin C values - assuming the

196



6.0 Research Paper 4. Measurement of kidney function in sub-Saharan Africa

regression equation Y= A(intercept) +B(slope)*X. Statistical calculations were performed in

Stata/SE, version 16.1.

Calibration for serum creatinine

Compared to split samples for creatinine in the South Africa laboratory, the correlation was
good, and the relationship linear for Malawi and Uganda creatinine values (Table S2, Figure
S1). With South Africa as reference, the bias was -2.70pumol/L (95% CI -6.70 — 1.59) and
+9.29 pmol/L (95% CI 7.25 — 11.33 pumol/L) for Malawi and Uganda creatinine samples,
respectively. Since laboratories in Malawi and South Africa used the modified Jaffe method,
and Uganda used the enzymatic method, the systematic bias was ascribed to these
methodological differences. Ideally, KDIGO recommends the enzymatic method in
preference to Jaffe, as the former is less biased and less prone to interference.® On this basis,
we recalibrated creatinine values for Malawi and South Africa by a constant factor of
+9.29umol/L to align with the Uganda laboratory.

Calibration for cystatin C

When comparing Uganda cystatin C values to South Africa, the correlation was good, and the
relationship linear with a bias of 0.10mg/dL (95% CI 0.36 — 0.17). With South Africa as the
reference laboratory for the split sample, Passing-Bablok regression analysis was performed
to determine the constants for the recalibration equation. (Table S2; Figure S2). The resulting
regression coefficients (slope and intercept) were used to recalibrate the Uganda and Malawi

cystatin C measurements for comparability to the South Africa reference laboratory values.
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Table S3.3: Agreement and recalibration coefficients for creatinine and cystatin C

Country | Analyte No of R? Intercept Slope
excluded | Lin’s
outliers Concordance
Correlation
Coefficient
Malawi | creatinine(umol/L | 0 0.977 n/a n/a
)
Uganda | creatinine(umol/L | 1 0.967 n/a n/a
)
Uganda | Cystatin C 0 0.942 0.178 0.922
(mg/dl) (95% CI 0.090 - (95% C10.776 — 1)
0.349)

Figure S3.1: Agreement: serum creatinine measurements for Malawi and South Africa
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*Dashed red lines represent the 95% confidence intervals for creatinine in the calibration samples.
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Figure S3.2: Agreement: serum creatinine measurements for Uganda and South Africa
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*Dashed red lines represent the 95% confidence intervals for creatinine in the calibration samples.

Figure S3.3: Agreement: serum cystatin C measurements in Uganda and South Africa
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*Dashed red lines represent the 95% confidence intervals for cystatin C in the calibration samples.
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Figure S3.4: Recalibration of cystatin C in South Africa and Uganda

Passing Bablok Regression line

SA cystatin C (mg/dl)

0 2 4 6
UG cystatin C (mg/dl)

SECTION S4 - GFR PREDICTION EQUATIONS

For all equations, we used standard conventional units (mg/dL) for serum creatinine (sCr)
values rounded to the nearest 100th of a whole number. When sCr was expressed as standard
international (SI) units (umol/L), we rounded to the nearest whole number. The formula to
convert sCr from conventional to SI units = [sCr (conventional units) x 88.4]. The units for
serum cystatin C (scysC) are mg/l, and all equations were adjusted for body surface area
(BSA) with units for GFR as mL/min/1.73m?. We evaluated the performance of the following

serum creatinine and serum cystatin C-based GFR prediction equations:
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Cockroft Gault equation adjusted for BSA
GFR = [140-age (years) x weight (kg) x (0.85 if female) x 1.73m?)] / [sCr x BSA® (m?)]

In its original form, the Cockroft Gault equation did not adjust for body surface area (BSA).!
However, this adjustment is required when comparing performance to other eGFR equations (all of
which are adjusted for BSA). For our analyses we adjusted Cockroft Gault for BSA using the
Haycock formula.®

4-variable Modification of Diet in Renal Disease (4-vMDRD) equation®?”

GFR =175 x sCr-1.154 x age-0.203(years) (x 0.742 if female) (x 1.1212 if African

American)

*re-expressed for IDMS assays traceable to a standard reference material for creatinine

2009 Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) creatinine
equation?3

GFR = 141 x min(sCr/x, 1)* x max(sCr/x, 1)12%° x 0.993%¢ (x 1.018 if female) (x 1.159 if
African American)

K is 0.7mg/dl (62 pmol/L) for females and 0.9mg/dl (80 umol/L) for males
a is -0.329 for females and -0.411 for males

min indicates the minimum of sCr/x or 1
max indicates the maximum of sCr/k or 1

Equations expressed for specified sex and serum creatinine level°
Female <0.7 mg/dl (<62 mmol/L) = 144 x (sCr/62)%32 x 0,993 [x 1.159 if African American]
Female >0.7 mg/dl (>62 mmol/L) = 144 x (sCr/62)12% x 0.993%° [x 1.159 if African American]

Male  <0.9 mg/dl (<80 mmol/L) = 141 x (sCr/80)%4!! x 0.993%% [x 1.159 if African American]
Male >0.9 mg/dl (>80 mmol/L) = 141 x (sCr/80)12% x 0.993% [x 1.159 if African American]
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2012 CKD-EPI cystatin C equation**

GFR = 133 x min(scysC/0.8, 1)%4%° x max(scysC/0.8, 1)1-3% x 0.996%% (x 0.932 if female)

min indicates the minimum of scysC/0.8 or 1

max indicates the maximum of scysC/0.8 or 1

Equations expressed for serum cystatin C level°

scysC <0.8: 133 x (scysC/0.8)%4%° x 0.996%% [x 0.932 if female]
scysC >0.8: 133 x (scysC/0.8)1328 x 0.996% [x 0.932 if female]

2012 CKD-EPI creatinine-cystatin C equation*

GFR = 135 x min(sCr/k, 1)* x max(SCr/x, 1) x min(scysC/0.8, 1)%3" x max(scysC/0.8, 1)
0711 % 0.995%¢ (x 0.969 if female) (x 1.08 if African American)

K is 0.7mg/dl (62 pmol/L) for females and 0.9mg/dl (80 pmol/L) for males
a is -0.248 for females and -0.207 for males

min indicates the minimum of sCr/k or 1
max indicates the maximum of sCr/k or 1
min(scysC/0.8, 1) indicates the minimum of scysC/0.8 or 1
max(scysC/0.8,1) indicates the maximum of scysC/0.8 or 1

Equations expressed for specified sex, serum creatinine, and serum cystatin C level*%1®

Female sCr<62 cysC<0.8 = 130 x (sC1/62)°?* x (scysC/0.8) 0375 x 0.995% [x 1.08 if African
American]

Female sCr<62 cysC>0.8 =130 x (sCr/62)%2*8 x (scysC/0.8) 07! x 0.995% [x 1.08 if African
American]

Female sCr>62 cysC<0.8 =130 x (sCr/62)%5% x (scysC/0.8) 037 x 0.995%¢ [x 1.08 if African
American]

Female sCr>62 cysC>0.8 = 130 x (sCr/62)0%% x (scysC/0.8) *71! x 0.995%¢ [x 1.08 if African
American]

Male sCr<80 cysC<0.8 =135 x (sCr/80)%%7 x (/scysC/0.8) 737> x 0.995% [x 1.08 if African American]
Male sCr<80 cysC>0.8 =135 x (sCr/80)%%" x (scysC/0.8) *"1! x 0.995% [x 1.08 if African American]
Male sCr<80 cysC<0.8 =135 x (sCr/80)%¢% x (scysC/0.8) °=7® x 0.995%% [x 1.08 if African American]
Male sCr<80 cysC>0.8 =135 x (sCr/80)°%% x (scysC/0.8) 07! x 0.995%¢ [x 1.08 if African American]
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Revised Lund-Malmé Study equation®®

GFR = eX-0.0158xAge+0.438%In(Age)

Female sCr<150: X = 2.50+0.0121 x (150-sCr)

Female sCr>150: X =2.50-0.926 x In(sCr/150)

Male sCr<180: X = 2.56+0.00968 x (180-sCr)
Male sCr>180: X =2.56-0.926 x In(sCr/180)

Full Age Spectrum (FAS) creatinine equation?®

GFR = 107.3 (if <40 years)
(sCr/Q)

GFR= 107.3 x0.988"\%-40) (if >40 years)
(sCr/Q)

[sCr/Q (female) = 0.70mg/dL or 61.88umol/L; sCr/*Q (male) = 0.90mg/dL or 79.56umol/L.%"]

Population reference creatinine for the FAS (creatinine) equation in the ARK Study

One of the variables needed to estimate GFR using the FAS equation (creatinine) is a
population-specific reference serum creatinine measurement.'®” We used the population
prevalence data from the baseline ARK studies to establish country specific population
reference creatinine measures. To do this, we included all serum creatinine measures
>30umol/L from apparently healthy adults, defined as those without hypertension, HIV
infection, diabetes, obesity (BMI >30kg/m?), and we excluded all participants recruited for
this iohexol measured GFR study to ensure independent datasets. The median creatinine for

men and women, by country, was used to calculate the Q-value for the FAS equation.
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Table S4.1: Population reference serum creatinine measurements for the FAS equation,
by country and sex

Country Sex Sample size Serum Serum
(N) Creatinine Creatinine
(median, (median,
pmol/L) mg/dL)
Malawi Female 1693 67 0.76
Male 1542 84 0.95
South Africa Female 269 64 0.73
Male 337 81 0.92
Uganda Female 2111 59 0.67
Male 1585 72 0.81

FIGURES AND TABLES

Figure S4: Derivation of the ARK iohexol GFR (MGFR) study participants
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Phase 1
Baseline population-based CKD prevalence studies
Malawi (N+5264), Uganda (N=5979), South Africa (N=2021)

Phase 2: ARK lohexol GFR Study
Using eGFR from Phase 1, 1000 participants stratified by sex and eGFR were recruited
from each studysite from iohexol measured GFR
Malawi (N=1020), South Africa (N=986), Uganda (N=1019)
Data from all three sites were pooled for analysis (N+3025)

Phase 2: ARK lohexol GFR Study
447 participants excluded
Reasons for exclusion:
Partially or completely missing iohexol plasma concentrations (n=28)
Inconsistent time recording for iohexol (n=5)

Missing iohexol syringe weight (n=266)
Non-monotonic decline in iohecxol plasma concentration (n=137)
Missing height, weight, or age (n=8)

Surem creatinine <30 LLmol/L after intersite calibration (n=3)

Phase 2: ARK lohexol GFR Study
2578 participants eligible for comparison of ichexol measured GFR with creatinine eGFR equations

Phase 2: ARK lohexol GFR study
145 participants excluded as o serum cystatin C
2433 participants eligible for comparison of lohexol measured GFR with creatinine and cystatine C,
or cystatin C alone eGFR equations
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Table S5: Characteristics of the ARK iohexol GFR study participants before (N=3025) and after exclusions (N=2578), by sex, by country, and overall

Pooled Sample (N=3025)

Pooled Sample after exclusions (N=2578)

Characteristic! Malawi South Africa Uganda Overall Malawi South Africa Uganda Overall
Females Males Females Males Females Males Females Males Females Males Females Males

N=542 N=477 N=664 N=322 N=561 N=458 N=3025 N=474 N=424 N=636 N=311 N=413 N=320 N=2578
Age - yr 53.2 (13.4) 53.0 (16.3) 45.7 (14.4) 44.4 (16.3) 50.9 (14.4) 515 (15.2) 49.9 (15.2) 53.1 (13.5) 52.8 (16.3) 45.6 (14.4) 445 (16.3) 50.6(14.2) 51.5 (15.1) 495 (15.2)
Age group category
<40 yr 77 (14.3%) 95 (19.9%) 251 (37.8%) 143 (44.4%) 126 (22.5%) 106 (23.1%) 798 (26.4%) 70 (14.8%) 87 (20.5%) 244 (38.4%) 138 (44.4%) 92 (22.3%) 74 (23.1%) 705 (27.4%)
40-60 yr 304 (56.6%) | 235(49.3%) 293 (44.1%) | 113(35.1%) 311 (55.4%) | 219 (47.8%) 1475 (48.8%) 269 (56.8%) | 209 (49.3%) 280 (44.0%) | 109 (35.1%) 232 (56.2%) | 158 (49.4%) 1257 (48.8%)
>60 yr 156 (29.1%) 147 (30.8%) 120(18.1%) 66 (20.5%) 124 (22.1%) 133 (29.0%) 752 (24.9%) 135 (28.5%) 128 (30.2%) 112 (17.6%) 64 (20.6%) 89 (21.6%) 88 (27.5%) 616 (23.9%)
Body mass index? 26.63 (5.78) 23.25(3.98) 30.11 (6.36) 25.04 (5.10) 23.91 (4.49) 21.05 (3.09) 25.35 (5.87) 26.76 (5.86) 23.11 (3.86) 30.14 (6.41) 25.02 (5.08) 23.92 (4.47) 21.03 (3.12) 25.61 (5.98)
Body mass index category®
<18.5 (underweight) 18 (3.3%) 27 (5.7%) 9 (1.4%) 15 (4.7%) 32 (5.7%) 89 (19.5%) 190 (6.3%) 14 (3.0%) 25 (5.9%) 9 (1.4%) 14 (4.5%) 21 (5.1%) 63 (19.7%) 146 (5.7%)
18.5-24.9 (normal) 224 (41.3%) | 323 (67.9%) 146 (22.0%) | 166 (51.6%) 344 (61.4%) | 318(69.7%) 1521 (50.4%) 194 (40.9%) | 293 (69.1%) 140 (22.0%) | 162 (52.1%) 259 (62.7%) | 222 (69.4%) 1270 (49.3%)
25.0-29.9 (overweight) 165 (30.4%) 99 (20.8%) 190 (28.6%) 87 (27.0%) 130 (23.2%) 44 (9.7%) 715 (23.7%) 148 (31.2%) 86 (20.3%) 182 (28.6%) 84 (27.0%) 91 (22.0%) 32 (10.0%) 623 (24.2%)
>=30.0 (obese) 135 (24.9%) 27 (5.7%) 319 (48.0%) 54 (16.8%) 54 (9.6%) 5 (1.1%) 594 (19.7%) 118 (24.9%) 20 (4.7%) 305 (48.0%) 51 (16.4%) 42 (10.2%) 3(0.9%) 539 (20.9%)
Weight (kg) 64.78 (15.28) | 63.59 (12.08)  78.66 (17.28) | 74.72 (16.81)  57.59 (11.81) 57.27 (9.57)  66.24 (16.41) 65.00 (15.48) | 63.24 (11.82)  78.70 (17.37) | 74.64 (16.71)  57.56 (11.89) | 56.95 (9.64) 67.06 (16.72)
Height (cm) 155.78 (6.03) | 165.26 (6.83)  161.59 (5.96) | 172.58 (7.13)  155.07 (6.70) | 164.81(6.45)  161.57(8.49) 155.67 (5.99) | 165.28 (6.83)  161.56 (5.91) | 172.60 (7.14)  154.98 (6.83) | 164.42 (6.36) 161.72 (8.53)
Body Surface Area (m?)* 1.68 (0.22) 1.71 (0.19) 1.90 (0.23) 1.89 (0.24) 1.58 (0.18) 1.61 (0.16) 1.73(0.24) 1.68 (0.22) 1.70 (0.18) 1.90 (0.23) 1.89 (0.24) 1.58 (0.19) 1.61 (0.16) 1.74 (0.24)
Serum creatinine (mg/dL)® 0.73(0.22) 0.94 (0.36) 0.61 (0.16) 0.83(0.24) 0.74 (0.20) 0.88 (0.27) 0.77 (0.27) 0.73 (0.20) 0.92 (0.30) 0.61 (0.16) 0.83(0.23) 0.74 (0.20) 0.89 (0.31) 0.77 (0.25)
Serum creeatinine 64.3 (19.1) 83.0 (31.6) 54.2 (13.9) 73.7 (20.9) 65.8 (17.6) 77.7 (24.3) 68.3 (23.6) 64.7 (17.8) 81.6 (26.1) 54.1 (13.9) 73.4(20.2) 65.5 (17.7) 78.6 (27.3) 67.8 (22.5)
(pmol/L)
Serum cystatin C (mg/dL)’ 0.98 (0.40) 1.03 (0.34) 0.99 (0.28) 1.01 (0.29) 0.88 (0.23) 0.90 (0.28) 0.97 (0.31) 0.97 (0.34) 1.01 (0.30) 0.99 (0.27) 1.01 (0.28) 0.88 (0.23) 0.91 (0.31) 0.97 (0.29)
lohexol GFR® 72.6 (25.7) 78.2 (29.3) 78.1(33.4) 83.1 (37.3) 82.7 (35.8) 94.4 (43.7) 80.0 (33.7) 74.8 (20.1) 79.1 (20.4) 78.6 (25.0) 82.0 (26.4) 86.1 (26.3) 97.1(31.2) 81.9 (25.6)
lohexol GFR category®
>90 ml/min/1.73m? 104 (20.3%) 127 (28.2%) 211 (31.8%) 132 (41.0%) 164 (37.9%) 197 (56.6%) 935 (34.3%) 100 (21.1%) 124 (29.3%) 205 (32.2%) 130 (41.8%) 160 (38.7%) 190 (59.4%) 909 (35.3%)
60-89 ml/min/1.73m?2 287 (56.1%) | 225(50.0%) 290 (43.7%) | 117(36.3%) 199 (46.0%) 94 (27.0%) 1212 (44.4%) 271(57.2%) | 220 (51.9%) 282 (44.3%) | 113(36.3%) 195 (47.2%) 87 (27.2%) 1168 (45.3%)
45-59 ml/min/1.73m?2 86 (16.8%) 62 (13.8%) 95 (14.3%) 41 (12.7%) 45 (10.4%) 33(9.5%) 362 (13.3%) 76 (16.0%) 61 (14.4%) 92 (14.5%) 40 (12.9%) 42 (10.2%) 29 (9.1%) 340 (13.2%)
30-44 ml/min/1.73m?2 22 (4.3%) 24 (5.3%) 51 (7.7%) 22 (6.8%) 11 (2.5%) 12 (3.5%) 142 (5.2%) 21 (4.4%) 18 (4.3%) 49 (7.7%) 21 (6.8%) 10 (2.4%) 10 (3.1%) 129 (5.0%)
<30 ml/min/1.73m?2 13 (2.5%) 12 (2.7%) 17 (2.6%) 10 (3.1%) 14 (3.2%) 12 (3.5%) 78 (2.9%) 6 (1.3%) 1 (0.2%) 8 (1.3%) 7 (2.3%) 6 (1.45%) 4 (1.3%) 32 (1.2%)
Estimated GFR* 83.3(19.9) 85.7 (20.8) 99.4 (19.2) 98.4 (21.4) 93.3 (19.8) 98.2 (19.7) 92.9 (21.0) 82.6 (19.4) 86.2 (20.1) 99.7 (19.1) 98.5 (21.3) 93.7 (19.9) 97.8 (20.5) 93.2 (21.0)
Estimated GFR category®
>90 ml/min/1.73m? 205 (38.2%) | 212 (44.4%) 486 (73.2%) | 227 (71.0%) 331 (59.0%) | 336 (73.4%) 1797 (59.5%) 174 (36.7%) | 194 (45.8%) 468 (73.6%) | 220 (70.7%) 241 (58.4%) | 237 (74.1%) 1534 (59.5%)
60-89 ml/min/1.73m?2 273 (50.8%) | 216 (45.3%) 154 (23.2%) 74 (23.0%)  201(35.8%) | 107 (23.4%) 1025 (34.0%) 245 (51.7%) | 189 (44.6%) 146 (23.0%) 71(22.8%) 154 (37.3%) 69 (21.6%) 874 (33.9%)
45-59 ml/min/1.73m?2 44 (8.2%) 29 (6.1%) 18 (2.7%) 14 (4.4%) 20 (3.6%) 6 (1.3%) 131 (4.3%) 41 (8.7%) 26 (6.1%) 17 (2.7%) 14 (4.5%) 13 (3.2%) 5 (1.6%) 116 (4.5%)
30-44 ml/min/1.73m?2 12 (2.2%) 12 (2.5%) 5 (0.8%) 6 (1.9%) 6 (1.1%) 4 (0.9%) 45 (1.5%) 12 (2.5%) 10 (2.4%) 4 (0.6%) 5 (1.6%) 3(0.7%) 4 (1.3%) 38 (1.5%)
<30 ml/min/1.73m? 3(0.6%) 8 (1.7%) 1 (0.2%) 1(0.3%) 3 (0.5%) 5 (1.1%) 21 (0.7%) 2 (0.4%) 5 (1.2%) 1(0.2%) 1(0.3%) 2 (0.5%) 5 (1.6%) 16 (0.6%)

Al data reported as mean (standard deviation) unless otherwise stated; categories reported as number (%); percentages may sum to +/-100 due to rounding; ?Body mass index (BMI) calculated by dividing weight
Body surface area calculated according to the Haycock formula®; ® Serum creatinine in mg/dL (conventional units): to convert
to umol/L, multiply by 88.4; creatinine data unadjusted for the calibration study; ®Serum creatinine in pmol/L (S units): to convert to mg/dl, divide by 88.4; creatinine data unadjusted for the calibration study; “Serum
cystatin C in mg/dL: cystatin C data unadjusted for the calibration study; 8lohexol GFR: ml/min/1.73m?; SGFR category as per KDIGO; Estimated GFR: ml/min/1.73m? using CKD-EPI creatinine equation without
ethnicity coefficient. For the pooled sample (N=3025): Overall: N=3024 for sex; N=3019 for age, age category; N=3020 for height, weight, BMI, BMI category, BSA; N=2729 for iohexol GFR, iohexol GFR category;
lohexol GFR reported as median (IQR). Malawi females: N=537 for age and age category; N=529 for serum creatinine; N=511 for serum cystatin C; N=512 for iohexol GFR, iohexol GFR category. Malawi males:
N=476 for height, weight, BMI, BMI category, BSA; N=467 for serum creatinine; N=457 for serum cystatin C; N=450 for iohexol GFR, iohexol GFR category. Uganda females: N=560 for height, weight, BMI, BMI
category; N=465 for serum cystatin C; N=433 for iohexol GFR, iohexol GFR category. Uganda males: N=456 for height, weight, BMI, BMI category, BSA; N=385 for serum cystatin C. South Africa females: N=659
for serum cystatin C; N=348 for iohexol GFR, iohexol GFR category. For the pooled sample after exclusions (N=2578): Overall N=2433 for cystatin C.

(kilograms) by height squared (metres); 3BMI category: WHO classification for obesity

22. 4
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Figure S5: Distribution of iohexol GFR overall and by country
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Figure S6: Volume of distribution overall and by country
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Figure S7: Cumulative distribution plot: correlation coefficient (r) for the slope-intercept
iohexol GFR derivation overall and by country

GCumulative distribution plot for r - Malawi

Cumulative distribution plot for r - SA Cumulative distribution plot for r - Uganda

Figure S8: GFR distribution: comparing eGFR equations to iohexol GFR for the ARK Study
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Figure S9: Agreement between eGFR equations and iohexol GFR overall
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Figure S10 (a): Absolute Bias for each eGFR equation by GFR stage
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Figure S10 (b): Precision for each eGFR equation by GFR stage
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Figure S10 (c): Accuracy (1 - P1o)" (95% CI) for each eGFR equation by GFR stage
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Figure S10 (d): Accuracy (1 - P3)” (95% ClI) for each eGFR equation by GFR stage
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Figure S11: Schematic using relative bias to depict misclassification of iohexol GFR stage by various eGFR equations
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Table S7: Overall — GFR stage comparing eGFR equations to iohexol GFR

GFR stage! mMGFR? CG(BSA)® MDRD* MDRD FAS (Cr)® Lund- CKD-EPI CKD-EPI CKD-EPI CKD-EPI
(ec)® Malmo’ (Cr)® (Cr,ec)® | (Cr+cysC)* (cysC)1t
0

G1 909 (35) 1386(54) 1140 (44) 1871 (73) 1405 (55) 962 (37) 1534 (60) 1993 (77) 1052 (43) 826 (34)

G2 1168 (45) 928 (36) 1200 (47) 616 (24) 971 (38) 1382 (54) 874 (34) 493 (19) 1131(47) 1098 (45)

G3a 340 (13) 190 (7) 181 (7) 60 (2) 149 (6) 174 (7) 116 (5) 57 (2) 182 (8) 381(16)

G3b, G4, G5 161 (6) 74 (3) 57 (2) 31(1) 53 (2) 60 (2) 54 (2) 35(1) 68 (3) 128 (5)

% classified correctly reference 1264 (49) 1318 (51) 1150 (45) 1297 (50) 1391 (54) 1265 (49) 1126 (44) 1304 (54) 1196 (49)
category

% classified as or more reference 1633 (63) 1744 (68) 1292 (50) 1601(62) 1857 (72) 1520 (59) 1231 (48) 1688 (69) 1844 (76)
severe than mGFR stage category

Data shown are number (%); 'GFR (ml/min/1.73m?)G1 >=90; G2 60-89; G3a 45-59; G3b 30-44; G4 15-29; G5 <15
mGFR: iohexol GFR; *CG(BSA): Cockroft Gault equation adjusted for body surface area; “MDRD: MDRD equation no ethnicity coefficient;
*MDRD (ec): MDRD equation with ethnicity coefficient; °FAS (cr): Full Age Spectrum equation for creatinine; "Lund-Malmd: Revised Lund-Malmé Study equation; 8CKD-EPI(Cr): CKD-EPI (creatinine) equation no
ethnicity coefficient; *CKD-EPI (Cr, ec): CKD-EPI (creatinine) equation with ethnicity coefficient; *)CKD-EPI (Cr+cysC): CKD-EPI (creatinine + cystatin C) equation no ethnicity coefficient;

1CKD-EPI (cysC): CKD-EPI (cystatin C) equation.

N=2578 for creatinine-based equations; N=2433 for cystatin C-based equations
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Figure S12: lohexol GFR stage compared to GFR stage estimated by the CKD-EPI
(creatinine) equation without ethnicity coefficient, overall and by country
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Table S8 (a): Malawi — Performance of eGFR equations compared to iohexol GFR

GFR estimating equation !Absolute | 2Relative | SPrecision *P1o P30
bias bias (RMSE)
Cockroft Gault (adjusted for BSA) 3.8 1.05 235 0.31 0.73
MDRD 1.8 1.02 22.3 0.30 0.75
MDRD ethnicity coefficient 18.0 1.24 25.2 0.21 0.56
FAS (creatinine) 10.2 1.14 22.0 0.28 0.70
Lund-Malmé (revised) -0.5 0.99 18.4 0.36 0.81
CKD-EPI (creatinine) 7.6 1.09 194 0.32 0.74
CKD-EPI (creatinine) ethnicity coefficient 21.3 1.27 21.0 0.18 0.52
CKD-EPI (creatinine + cystatin C) 1.4 1.02 18.1 0.36 0.81
CKD-EPI (cystatin C) -4.3 0.94 20.8 0.29 0.76

tAbsolute bias: median of the difference between (estimated GFR - iohexol GFR)

ZRelative bias: median of the difference between ([estimated GFR - iohexol GFR]/iohexol GFR)

3 Precision RMSE (Root Mean Square Error): standard deviation of (estimated GFR - iohexol GFR)

“Precision IQR (Interquartile Range): IQR for (estimated GFR - iohexol GFR)

SAccuracy: proportion of eGFR results within 10% (P10) and 30% (Pao) of iohexol GFR

N=898 for creatinine-based equations; N=871 for cystatin C-based equations
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Table S8 (b): Malawi — GFR stage comparing eGFR equations to iohexol GFR

GFR
stage’

Gl
G2
G3a

G3b, G4,
G5

%
classified
correctly

MGFR?

224 (25)
491 (55)
137 (15)

46 (5)

reference
category

CG(BS
A)’

311 (35)
438 (49)
108 (12)

41 (5)

476 (53)

MDRD*

243 (27)
518 (58)
107 (12)

30 (3)

478 (53)

MDRD
(ec)’

511 (57)
336(37)
37 (4)
14 (2)

398 (44)

FAS
(Cr)°

403 (45)
405 (45)
68 (8)
22 (2)

467 (52)

Lund-
Malmag’

177 (20)
588 (66)
101 (11)

32 (4)

517 (58)

Data shown are number (%); *GFR (ml/min/1.73m?)G1 >=90; G2 60-89; G3a 45-59; G3b 30-44; G4 15-29; G5 <15

mGFR: iohexol GFR; *CG(BSA): Cockroft Gault equation adjusted for body surface area; “MDRD: MDRD equation no ethnicity coefficient;

CKD-
EPI (Cr)?

368 (41)
434 (48)
67 (8)
29 (3)

455 (51)

CKD-
EPI

(Cr, ec)®

572 (64)
280 (31)
29 (3)
17 (2)

386 (43)

CKD-
EPI

(Cr+cys)g
245 (28)
493 (57)

96 (11)
37 (4)

498 (57)

CKD-
EPI

(cysC)1*

196 (23)
430 (49)
178 (20)

67 (8)

434 (50)

SMDRD (ec): MDRD equation with ethnicity coefficient; °FAS (cr): Full Age Spectrum equation for creatinine; "Lund-Malmd: Revised Lund-Malmé Study equation; SCKD-EPI(Cr): CKD-EPI (creatinine) equation no
ethnicity coefficient; *CKD-EPI (Cr, ec): CKD-EPI (creatinine) equation with ethnicity coefficient; *°CKD-EPI (Cr+cysC): CKD-EPI (creatinine + cystatin C) equation no ethnicity coefficient;

H1CKD-EPI (cysC): CKD-EPI (cystatin C) equation.

N=898 for creatinine-based equations; N=871 for cystatin C-based equations
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Table S9 (a): South Africa — Performance of eGFR equations compared to iohexol GFR

GFR estimating equation !Absolute | %Relative | 3Precision *P1o Py
bias bias (RMSE)
Cockroft Gault (adjusted for BSA) 28.3 1.36 31.0 0.16 0.42
MDRD 13.3 1.17 26.3 0.25 0.60
MDRD ethnicity coefficient 32.9 1.42 28.8 0.10 0.34
FAS (creatinine) 21.1 1.27 26.9 0.20 0.51
Lund-Malmé (revised) 8.2 1.10 23.9 0.31 0.68
CKD-EPI (creatinine) 194 1.24 24.7 0.23 0.54
go*;fDﬁ'cEi;']t(”ea““'”e) ethnicity 34.9 1.44 26.0 008 | 033
CKD-EPI (creatinine + cystatin C) 11.0 1.14 25.2 0.27 0.64
CKD-EPI (cystatin C) 4.4 1.06 27.9 0.26 0.64

tAbsolute bias: median of the difference between (estimated GFR - iohexol GFR)
ZRelative bias: median of the difference between ([estimated GFR - iohexol GFR]/iohexol GFR)

3Precision RMSE (Root Mean Square Error): standard deviation of (estimated GFR - iohexol GFR)
“Precision IQR (Interquartile Range): IQR for (estimated GFR - iohexol GFR)

Accuracy: proportion of eGFR results within 10% (P10) and 30% (P3o) of iohexol GFR

N=947 for creatinine-based equations; N=942 for cystatin C-based equations
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Table S9 (b): South Africa — GFR stage comparing eGFR equations to iohexol GFR

GFR stage! MGFR? | CG(BSA)® | MDRD* MDRD | FAS (Cr)® Lund- | CKD-EPI | CKD-EPI | CKD-EPI | CKD-EPI
(ec)® Malmgo? (Cr)® (Cr, ec)® | (Cr+cysC) (cysC)*
10
Gl 335(35) | 715(76) | 520(55) | 785(83)| 671(71)| 479(51)| 688(73)| 816(86)| 519(55) | 414 (44)
G2 395 (42) | 184 (19) | 370(39) | 143 (15) | 225(24)| 409 (43)| 217 (23)| 108(11)| 351(37)| 356 (38)
G3a 132 (14) 37 (4) 44 (5) 14 (2) 42 (4) 46 (5) 31(3) 18 (2) 54(6) | 132 (14)
G3b, G4, 85(9) 11(1) 13 (1) 5(1) 9 (1) 13 (1) 11(1) 5(1) 18 (2) 40 (4)
G5
% classified reference 402 (42) | 450 (48) 368 (39) 437 (46) 468 (49) 412 (44) 363 (38) 457 (49) 436 4
correctly category
6)

Data shown are number (%); *GFR (ml/min/1.73m?)G1 >=90; G2 60-89; G3a 45-59; G3b 30-44; G4 15-29; G5 <15

mGFR: iohexol GFR; *CG(BSA): Cockroft Gault equation adjusted for body surface area; “MDRD: MDRD equation no ethnicity coefficient;

*MDRD (ec): MDRD equation with ethnicity coefficient; *FAS (cr): Full Age Spectrum equation for creatinine; "Lund-Malmd: Revised Lund-Malmé Study equation; 8CKD-EPI(Cr): CKD-EPI (creatinine) equation no
ethnicity coefficient; *CKD-EPI (Cr, ec): CKD-EPI (creatinine) equation with ethnicity coefficient; *°CKD-EPI (Cr+cysC): CKD-EPI (creatinine + cystatin C) equation no ethnicity coefficient;
1CKD-EPI (cysC): CKD-EPI (cystatin C) equation.
N=947 for creatinine-based equations; N=942 for cystatin C-based equations
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Table S10 (a): Uganda — Performance of eGFR equations compared to iohexol GFR

GFR estimating equation !Absolute | Relative | 3Precision 4P1o Py
bias bias (RMSE)
Cockroft Gault (adjusted for BSA) 0.0 1.00 32.2 0.24 0.65
MDRD 3.0 1.03 31.3 0.25 0.65
MDRD ethnicity coefficient 22.4 1.25 34.4 0.20 0.50
FAS (creatinine) -0.4 0.99 29.7 0.26 0.68
Lund-Malmé (revised) -3.0 0.97 27.5 0.27 0.72
CKD-EPI (creatinine) 5.9 1.07 28.0 0.27 0.68
CKD-EPI (creatinine) ethnicity coefficient 21.6 1.24 29.2 0.21 0.52
CKD-EPI (creatinine + cystatin C) -0.5 0.99 25.8 0.32 0.74
CKD-EPI (cystatin C) -6.7 0.92 26.9 0.29 0.72

*Absolute bias: median of the difference between (estimated GFR - iohexol GFR)

ZRelative bias: median of the difference between ([estimated GFR - iohexol GFR]/iohexol GFR)
3Precision RMSE (Root Mean Square Error): standard deviation of (estimated GFR - iohexol GFR)
“Precision IQR (Interquartile Range): IQR for (estimated GFR - iohexol GFR)

®Accuracy: proportion of eGFR results within 10% (P10) and 30% (P3o) of iohexol GFR

N=733 for creatinine-based equations; N=620 for cystatin C-based equations
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Table S10 (b): Uganda — GFR stage comparing eGFR equations to iohexol GFR

GFR stage! MGFR? | CG(BSA)} | MDRD* MDRD | FAS (Cr)® Lund- | CKD-EPI | CKD-EPI | CKD-EPI | CKD-EPI

(ec)® Malmgo? (Cr)® (Cr, ec)® | (Cr+cysC) (cysC)*
10

Gl 350 (48) | 360 (49) | 377(51) | 575(78)| 331(45)| 306(42)| 478(65)| 605(83)| 288(47)| 216(35)

G2 282(39) | 306 (42) | 312(43) | 137(19) | 341(47)| 385(53) | 223(30)| 105(14)| 287 (46)| 312 (50)

G3a 71 (10) 45 (6) 30 (4) 9(1) 39 (5) 27 (4) 18 (3) 10 (1) 32 (5) 71 (12)

G3b, G4, 30 (4) 22 (3) 14 (2) 12 (2) 22 (3) 15 (2) 14 (2) 13 (2) 13 (2) 21 (3)

G5

% classified reference 386 (53) | 390 (53) 384 (52) 393 (54) 406 (55) 398 (54) 377 (51) 349 (56) 326 (53)

correctly category

Data shown are number (%); *GFR (ml/min/1.73m?)G1 >=90; G2 60-89; G3a 45-59; G3b 30-44; G4 15-29; G5 <15

mGFR: iohexol GFR; *CG(BSA): Cockroft Gault equation adjusted for body surface area; “MDRD: MDRD equation no ethnicity coefficient;

*MDRD (ec): MDRD equation with ethnicity coefficient; °FAS (cr): Full Age Spectrum equation for creatinine; "Lund-Malmd: Revised Lund-Malmé Study equation; 8CKD-EPI(Cr): CKD-EPI (creatinine) equation no
ethnicity coefficient; *CKD-EPI (Cr, ec): CKD-EPI (creatinine) equation with ethnicity coefficient; *)CKD-EPI (Cr+cysC): CKD-EPI (creatinine + cystatin C) equation no ethnicity coefficient;
1CKD-EPI (cysC): CKD-EPI (cystatin C) equation.
N=733 for creatinine-based equations; N=620 for cystatin C-based equations
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Figure S13 (a): lohexol GFR overall and by country, restricted for r>0.985
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Figure S13 (b): lohexol GFR overall and by country, restricted for Volume of distribution”
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*Volume of Distribution: Normal ranges for sex-specific volumes of distribution were derived from the British Nuclear
Medicine Society Guidelines defined as 11-17 litres for females; 13-30 litres for males.*
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Figure S13 (c): lohexol GFR overall and by country, restricted for r>0.985 + volume of
distribution (VD)"
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Figure S14 (a): Agreement: eGFR equations and iohexol GFR, restricted for r>0.985
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Figure S14 (b): Agreement: eGFR equations and iohexol GFR restricted for Volume of Distribution”
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Figure 5.14 (c): Agreement: eGFR equations and iohexol GFR restricted for r>0.985 + Volume of Distribution”

20
20 20
z - "
5 ] 1
£ 5 3
E 100 ;-_— £ ood
3 £
§ 2 -
s g £
s o
£ 3 i
g i ;
£ i
g oA 3 H
g ° 5 oo 3 o
£ 5
2 g
g 3
100 oo 00
5 © 0 % 20 7 3 s 5 = o 0 o B ™
IMORD ethichy coefcient + hexol GFRY2 (méamin 73m') [CKO-EPYcreatinne) + ohexl GFRJZ (mim1 T3m') Cockrom: Gt (BSA) + lohexci GFRY2 (mnv1 73m')
2004 200 i
H
- E
E H
£ £
= % £
e £
§ 100 2 oo § o
: 3
£ H H
£ £ H
§ g 5
g o £ o : o
F £
= £ i
’5' 3
g E
4 B
& a
z z
&
g
3
100 0 0
. B : T . ; ; ; ; : T ' T T
o s 100 %0 0 o 50 100 150 200 o 50 100 150 200
[MDRD « iohexol GFR}2 (mimin'1. 73m’) [ coefficient + )2 {miminys.73m") [l 1 cystatin C) + lohexol 7 T3’y
20 0] -
3 £ <
ks g H
z 3 3
E wo4q E 2
£ w00 3 o
E E £
F3 x E
& §
i i ;
s R £
5 o g o i o]
£ 3 g
E i
8
100 ~100 4 ~1004
0 50 100 150 200 0 50 100 150 200 ] £ 100 150 0

[CKD-EPY(cystatin C) + lohexol GFRY2 (mwminvt 73m’) [Revised Lund-Maimo + iohexol GFRJ2 (mbmavt, 73m') [FAS(creatinine) + lohexol GFR)2 (miwin1.73m')

Red dashed lines indicate limits of agreement (+-2 SD); solid blue line indicates bias (ml/min/1.72m?); “Volume of Distribution: normal ranges for sex-specific volume of distribution were derived from the British
Nuclear Medicine Society Guidelines defined as 11-17 litres for females; 13-30 litres for males.*

230



6.0 Research Paper 4. Measurement of kidney function in sub-Saharan Africa

Table S11 (a): GFR stage: comparing eGFR equations to iohexol GFR restricted for r>0.985

GFR stage? MGFR? | CG(BSA MDRD* MDRD FAS Lund- | CKD-EPI | CKD-EPI | CKD-EPI | CKD-EPI
) (ec)® (Cr)® Malmgo? (Cr)®
(Cr, ec)® | (Cr+cysC) (cysC)*
10

Gl 566 (38) | 783 (52) 660 (44) | 1082 (72) | 814 (54) 553 (37) 868 (58) | 1157 (77) 618 (43) 481 (34)
G2 702 (47) | 571 (38) 711 (47) | 378(25) | 587 (39) 831 (55) 549 (36) 302 (20) 680 (48) 661 (46)
G3a 181 (12) | 116 (8) 110 (7) 32(2) 80 (5) 93 (6) 64 (4) 31(2) 96 (7) 221 (15)
G3b, G4, 60 (4) 39 (3) 28 (2) 17(2) 28 (2) 32 (2) 28 (2) 19 (1) 37 (3) 68 (5)
G5
9% classified | reference | 784 (52) 821 (54) 726 (48) | 823 (55) 865 (57) 795 (53) 709 (47) 809 (57) 733 (51)
correctly category

Data shown are number (%); *GFR (ml/min/1.73m?)G1 >=90; G2 60-89; G3a 45-59; G3b 30-44; G4 15-29; G5 <15

mGFR: iohexol GFR; *CG(BSA): Cockroft Gault equation adjusted for body surface area; “MDRD: MDRD equation no ethnicity coefficient;

SMDRD (ec): MDRD equation with ethnicity coefficient; °FAS (cr): Full Age Spectrum equation for creatinine; "Lund-Malmd: Revised Lund-Malmé Study equation; 8CKD-EPI(Cr): CKD-EPI (creatinine) equation no
ethnicity coefficient; *CKD-EPI (Cr, ec): CKD-EPI (creatinine) equation with ethnicity coefficient; *°CKD-EPI (Cr+cysC): CKD-EPI (creatinine + cystatin C) equation no ethnicity coefficient;

H1CKD-EPI (cysC): CKD-EPI (cystatin C) equation.

N=1509 for creatinine-based equations; N=1431 for cystatin C-based equations
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Table S11 (b): GFR stage: comparing eGFR equations to iohexol GFR for Volume of Distibution”

GFR stage? mGFR? | CG(BSA)®* | MDRD* MDRD | FAS (Cr)® Lund- | CKD-EPI | CKD-EPI | CKD-EPI | CKD-EPI

(ec)® Malmgo? (Cr)® (Cr, ec)® | (Cr+cysC) (cysC)*
10

Gl 259 (26) | 473 (47) | 395(39) | 681(68) | 493(49) | 324(32)| 541(54)| 732(73)| 372(38)| 283 (29)

&7 566 (56) | 407 (40) | 497 (49) | 284 (28) | 422(42) | 574(57) | 380(38) | 228(23)| 475(49) | 470 (49)

G3a 135 (13) 85 (8) 86 (9) 29 (3) 65 (6) 80 (8) 59 (6) 31 (3) 86(9) | 157 (16)

G3b, G4, 49 (5) 44 (4) 31 (3) 15(2) 29 (3) 31 (3) 29 (3) 18 (2) 36 (4) 59 (6)

G5

% classified reference 504 (50) | 548 (54) 442 (44) 524 (52) 591 (59) 510 (51) 415 (41) 551 (57) 499 (52)

correctly category

Data shown are number (%); *GFR (ml/min/1.73m?)G1 >=90; G2 60-89; G3a 45-59; G3b 30-44; G4 15-29; G5 <15

’mGFR: iohexol GFR; *CG(BSA): Cockroft Gault equation adjusted for body surface area; “MDRD: MDRD equation no ethnicity coefficient;

*MDRD (ec): MDRD equation with ethnicity coefficient; °FAS (cr): Full Age Spectrum equation for creatinine; Lund-Malmo: Revised Lund-Malmé Study equation; 3CKD-EPI(Cr): CKD-EPI (creatinine) equation no
ethnicity coefficient; *CKD-EPI (Cr, ec): CKD-EPI (creatinine) equation with ethnicity coefficient; °°CKD-EPI (Cr+cysC): CKD-EPI (creatinine + cystatin C) equation no ethnicity coefficient;
HCKD-EPI (cysC): CKD-EPI (cystatin C) equation
N=1009 for creatinine-based equations; N=969 for cystatin C-based equations.

“Volume of Distribution: Normal ranges for sex-specific volumes of distribution were derived from the British Nuclear Medicine Society Guidelines defined as 11-17 litres for females; 13-30 litres for males.*
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Table S11 (c): GFR stage: comparing eGFR equations to iohexol GFR restricted for r>0.985 + VVolume of Distribution®

GFR stage? MGFR? | CG(BSA)? MDRD* MDRD FAS Lund- | CKD-EPI | CKD-EPI | CKD-EPI | CKD-EPI

(ec)® (Cr)® Malmgo? (Cr)® (Cr, ec)® | (Cr+cysC) (cysC)*
10

Gl 185 (28) | 309 (47) | 260(39) | 449(68) | 331(50) | 212(32) | 353(53)| 487(73)| 247(39)| 190 (30)

G2 386 (58) | 276 (42) | 331(50) | 189 (28) | 280(42) | 388(58) | 261(39) | 149(22) | 321(50)| 322 (50)

G3a 79 (12) 57 (9) 57 (9) 21 (3) 38 (6) 47 (7) 35 (5) 21 (3) 51 (8) 97 (15)

G3b, G4, 15 (2) 23 (4) 17 3) 6(1) 16 (2) 18 (3) 16 (2) 8 (1) 22 (3) 32 (5)

G5

% classified reference 355 (53) 387 (58) 313 (47) | 378 (57) 423 (64) 362 (54) 293 (44) 379 (59) 344 (54)

correctly category

Data shown are number (%); *GFR (ml/min/1.73m?)G1 >=90; G2 60-89; G3a 45-59; G3b 30-44; G4 15-29; G5 <15

’mGFR: iohexol GFR; *CG(BSA): Cockroft Gault equation adjusted for body surface area; “MDRD: MDRD equation no ethnicity coefficient;

*MDRD (ec): MDRD equation with ethnicity coefficient; °FAS (cr): Full Age Spectrum equation for creatinine; Lund-Malmo: Revised Lund-Malmé Study equation; 3CKD-EPI(Cr): CKD-EPI (creatinine) equation no
ethnicity coefficient; *CKD-EPI (Cr, ec): CKD-EPI (creatinine) equation with ethnicity coefficient; *°CKD-EPI (Cr+cysC): CKD-EPI (creatinine + cystatin C) equation no ethnicity coefficient;
HUCKD-EPI (cysC): CKD-EPI (cystatin C) equation.

N=665 for creatinine-based equations; N=641 for cystatin C-based equations.
“Volume of Distribution: Normal ranges for sex-specific volumes of distribution were derived from the British Nuclear Medicine Society Guidelines defined as 11-17 litres for females; 13-30 litres for males.*
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Table S12 (a): eGFR equations compared to iohexol GFR restricted for r>0.985

GFR estimating equation TAbsolute | 2Relative | Precision Pio P3o
bias bias (RMSE)
Cockroft Gault (adjusted for BSA) 8.9 1.11 30.8 0.25 0.64
MDRD 4.1 1.05 26.0 0.28 0.70
MDRD ethnicity coefficient 22.4 1.27 28.8 0.20 0.50
FAS (creatinine) 9.3 1.12 26.9 0.27 0.66
Lund-Malmo (revised) 0.5 1.01 23.0 0.34 0.78
CKD-EPI (creatinine) 9.2 1.11 24.1 0.30 0.69
CcoifDﬁ'EZ']t(”ea“”i”e) ethnicity 245 1.28 255 0.17 0.49
CKD-EPI (creatinine + cystatin C) 2.7 1.03 22.5 0.34 0.76
CKD-EPI (cystatin C) -3.0 0.96 24.8 0.30 0.73

1Absolute bias: median of the difference between (estimated GFR - iohexol GFR)
“Relative bias: median of the difference between ([estimated GFR - iohexol GFR]/iohexol GFR)
3Precision RMSE (Root Mean Square Error): standard deviation of (estimated GFR - iohexol GFR)
“Precision IQR (Interquartile Range): IQR for (estimated GFR - iohexol GFR)
SAccuracy: proportion of eGFR results within 10% (P10) and 30% (Pao) of iohexol GFR

N=1509 creatinine; N=1431 cystatin C

234



6.0 Research Paper 4. Measurement of kidney function in sub-Saharan Africa

Table S12 (b): eGFR equations compared to iohexol GFR for VD"

GFR estimating equation !Absolute | 2Relative | 3Precision “P1o P30
bias bias (RMSE)
Cockroft Gault (adjusted for BSA) 10.0 1.13 26.9 0.27 0.66
MDRD 7.2 1.10 21.9 0.28 0.72
MDRD ethnicity coefficient 25.1 1.33 25.5 0.18 0.46
FAS (creatinine) 12.2 1.17 22.2 0.27 0.66
Lund-Malmo (revised) 4.1 1.05 17.7 0.37 0.82
CKD-EPI (creatinine) 12.8 1.17 19.3 0.29 0.67
CKD-EPI (creatinine) ethnicity coefficient 27.0 1.35 21.4 0.14 0.42
CKD-EPI (creatinine + cystatin C) 4.9 1.06 18.2 0.36 0.79
CKD-EPI (cystatin C) -0.8 0.99 20.7 0.30 0.76

1Absolute bias: median of the difference between (estimated GFR - iohexol GFR)
%Relative bias: median of the difference between ([estimated GFR - iohexol GFR]/iohexol GFR)
3Precision RMSE (Root Mean Square Error): standard deviation of (estimated GFR - iohexol GFR)
“Precision IQR (Interquartile Range): IQR for (estimated GFR - iohexol GFR)
Accuracy: proportion of eGFR results within 10% (P10) and 30% (P3o) of iohexol GFR

N=1009 for creatinine; N=969 for cystatin C

*Volume of Distribution: Normal ranges for sex-specific volumes of distribution were derived from the British Nuclear Medicine Society
Guidelines defined as 11-17 litres for females; 13-30 litres for males.*
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Table S12 (c): eGFR equations compared to iohexol GFR for r>0.985 + VD"

GFR estimating equation !Absolute | 2Relative | Precision P10 P39
bias bias (RMSE)

Cockroft Gault (adjusted for BSA) 8.4 1.11 25.7 0.28 0.70
MDRD 5.7 1.07 20.9 0.30 0.75
MDRD ethnicity coefficient 23.0 1.30 24.7 0.20 0.49
FAS (creatinine) 10.7 1.14 21.0 0.29 0.69
Lund-Malmé (revised) 2.5 1.03 16.5 0.40 0.87
CKD-EPI (creatinine) 11.4 1.15 18.3 0.31 0.71
CKD-EPI (creatinine) ethnicity 25.5 1.33 20.4 0.15 0.46
coefficient

CKD-EPI (creatinine + cystatin C) 4.3 1.05 17.4 0.37 0.81
CKD-EPI (cystatin C) -14 0.98 20.4 0.32 0.78

1Absolute bias: median of the difference between (estimated GFR - iohexol GFR)
%Relative bias: median of the difference between ([estimated GFR - iohexol GFR]/iohexol GFR)
3Precision RMSE (Root Mean Square Error): standard deviation of (estimated GFR - iohexol GFR)
“Precision IQR (Interquartile Range): IQR for (estimated GFR - iohexol GFR)
®Accuracy: proportion of eGFR results within 10% (P10) and 30% (P3o) of iohexol GFR

N=665 creatinine; N=641 cystatin C

“Volume of Distribution: Normal ranges for sex-specific volumes of distribution were derived from the British Nuclear Medicine Society
Guidelines defined as 11-17 litres for females; 13-30 litres for males.*
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Figure S15: GFR stage for iohexol GFR, restricted for r<0.985, VD", r<0.985 + VD"
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Figure S16: Lowess plot for log iohexol GFR (y axis) against log creatinine for men
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Figure S17: Agreement: models 1-3 for ARK (creatinine) eGFR equations and lohexol GFR
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Table S14: Models for the ARK (creatinine) eGFR equations
ARK eGFR Model #1 — with bmi (allowed to differ by sex):

N -2log df RA2 adj_R"2 Note
likelihood'
2578 ‘ 1074.3 ‘ 5 ‘ 0.2380 ’ 0.2365 ‘ highest adj-r2

If male: eGFR = 126 x min(L, SCr/0.82)°3* x max(1,SCr/0.82)%5* x 0.993%%¢ x 0.999"™
If female: eGFR = 126 x (SCr/0.82)-3#4 x 0.993%¢ x 0.9920™

ARK eGFR Model #1prime if forcing BMI coefficient among males to be 1 then:

N -2log df RN"2 adj R™2 Note
likelihood'
2578 | 1074.8 | 4 | 0.2378 | 0.236615 | highest adj-r2

If male: eGFR = 124 x min(1, SCr/0.82)-0.345 x max(1,SCr/0.82)-0.578 x 0.993age
If female: eGFR = 124 x (SCr/0.82)-0.345 x 0.993age x 0.993bmi

ARK eGFR Model #1prime if forcing BMI coefficient among males to be 1 then:

N -2log df RN"2 adj R™2 Note
likelihood"
2578 | 1074.8 | 4 | 0.2378 | 0.236615 | highest adj-r2

If male: eGFR = 124 x min(1, SCr/0.82)-0.345 x max(1,SCr/0.82)-0.578 x 0.993age
If female: eGFR = 124 x (SCr/0.82)-0.345 x 0.993age x 0.993bmi

ARK eGFR Model #2 — with BMI (common coefficient for women and men):

N -2log df RA2 adj_R"2 Note
likelihood
2578 | 10815 |5 | 0.2359 | 0.234415 | increased face validity

If male: eGFR = 142 x min(1, SCr/0.82)-0.340 x max(1,SCr/0.82)-0.559 x 0.993age x 0.994bmi
If female: eGFR = 121 x (SCr/0.82)-0.340 x 0.993age x 0.994bmi

ARK eGFR Model #3 — without bmi:

n -2log df RN2 adj_R"2 Note
likelihood'
2578 | 1112.7 |4 | 02266 |0.225398 | simpler model without bmi

If male: eGFR = 124 x min(1, SCr/0.82)-0.339 x max(1,SCr/0.82)-0.574 x 0.993age
If female: eGFR = 103 x (SCr/0.82)-0.339 x 0.993age

For all models, we checked for evidence of interactions between sex*creatinine.
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Table S15: Overall: comparing ARK (creatinine) models to eGFR equations with iohexol GFR

as the reference

GFR estimating equation IAbsolute | 2Relative | 3Precision *P1o P3y
bias bias (RMSE)
ARK (creatinine) model 12 -1.7 0.98 22.3 0.32 0.77
ARK (creatinine) model 2° -1.7 0.98 22.3 0.32 0.77
ARK (creatinine) model 3° -1.9 0.98 22.4 0.33 0.77
Cockroft Gault (adjusted for BSA) 11.3 1.15 31.7 0.23 0.60
MDRD 6.6 1.08 27.1 0.27 0.66
MDRD ethnicity coefficient 24.7 1.31 30.1 0.17 0.46
FAS (creatinine) 11.2 1.14 27.8 0.25 0.62
Lund-Malmé (revised) 2.3 1.03 24.0 0.32 0.74
CKD-EPI (creatinine) 11.5 1.15 24.9 0.27 0.65
go*;fDﬁ'cEi;']t(”ea““'”e) ethnicity 26.7 1.33 26.4 0.15 0.45
CKD-EPI (creatinine + cystatin C) 4.1 1.05 23.8 0.32 0.73
CKD-EPI (cystatin C) -1.7 0.98 25.9 0.28 0.70

1Absolute bias: median of the difference between (estimated GFR - iohexol GFR)
“Relative bias: median of the difference between ([estimated GFR - iohexol GFR]/iohexol GFR)
3Precision RMSE (Root Mean Square Error): standard deviation of (estimated GFR - iohexol GFR)
“Precision IQR (Interquartile Range): IQR for (estimated GFR - iohexol GFR)
Accuracy: proportion of eGFR results within 10% (P10) and 30% (P3o) of iohexol GFR
N=2578 for creatinine-based equations; N=2433 for cystatin C-based equations

2ARK (creatinine) model 1: model based on age, sex, and sex specific coefficients for BMI

PARK (creatinine) model 2: model based on age, sex, and the same coefficient for BMI for both sexes
°ARK (creatinine) model 3: model based on age and sex only, no BMI
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Table S16: Overall: comparing GFR stage by ARK (creatinine) models to eGFR equations with iohexol GFR

GFR stage! MGFR? ARK ARK ARK | CG(BSA) MDRD* MDRD | FAS (Cr)® Lund- CKD-EPI | CKD-EPI CKD-EPI | CKD-EPI
model 12 | model 2° | model 3¢ g (ec)® Malmg’ (Cr)® (Cr,ec)® | (Cr+cysC)* (cysC)1*

Gl 909 (35) | 504 (20) | 502(20) | 486 (19) | 1386(54) | 1140 (44) | 1871(73) | 1405 (55)] 962 (37) 1534 (60) | 1993 (77) 1052 (43) | 826 (34)

G2 1168 (45) | 1920 (75) | 1925 (75) | 1949 (76) | 928 (36) | 1200 (47) | 616 (24) 971 (38)] 1382 (54) 874 (34) | 493 (19) 1131(47) | 1098 (45)

G3a 340 (13) 140 (5) 137 (5) 130 (5) 190 (7) 181 (7) 60 (2) 149 (6) 174 (7) 116 (5) 57 (2) 182 (8) 381(16)

G3b, G4, 161 (6) 14 (1) 14 (1) 13 (1) 74 (3) 57 (2) 31(1) 53 (2) 60 (2) 54 (2) 35 (1) 68 (3) 128 (5)

G5

% reference | 1404 (55) | 1401 (54) | 1389 (54) | 1264 (49) | 1318 (51) | 1150 (45) | 1297 (50)| 1391 (54) 1265 (49) | 1126 (44) 1304 (54) | 1196 (49)

classified category

correctly

Data shown are number (%); *GFR (ml/min/1.73m?)G1 >=90; G2 60-89; G3a 45-59; G3b 30-44; G4 15-29; G5 <15

mGFR: iohexol GFR; *CG(BSA): Cockroft Gault equation adjusted for body surface area; “MDRD: MDRD equation no ethnicity coefficient;

*MDRD (ec): MDRD equation with ethnicity coefficient; *FAS (cr): Full Age Spectrum equation for creatinine; "Lund-Malmd: Revised Lund-Malmé Study equation; 8CKD-EPI(Cr): CKD-EPI (creatinine) equation no

ethnicity coefficient; *CKD-EPI (Cr, ec): CKD-EPI (creatinine) equation with ethnicity coefficient; °°CKD-EPI (Cr+cysC): CKD-EPI (creatinine + cystatin C) equation no ethnicity coefficient;

1CKD-EPI (cysC): CKD-EPI (cystatin C) equation.

N=2578 for creatinine-based equations; N=2433 for cystatin C-based equations

2ARK (creatinine) model 1: model based on age, sex, and sex specific coefficients for BMI
PARK (creatinine) model 2: model based on age, sex, and the same coefficient for BMI for both sexes
°ARK (creatinine) model 3: model based on age and sex only, no BMI
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Table S18: Participant characteristics for external validation dataset (N=651)

Sample description All Cohort Clinical Clinical | Randomised Cohort
participant Study Sample Sample Controlled Study
s HIV | Evaluating | Evaluating Trial'® | Adults with
Positive potential kidney CKD?
Overall Adults?® living | function for
kidney suspected
donors CKD
Participant number 651 (100) 97 (14.9) 309 (47.5) 50 (7.7) 96 (14.8) 99 (15.2)
N (%)
Radionuclide 51Cr- | 51Cr-EDTA | 51Cr-EDTA | 51Cr-EDTA | 51Cr-EDTA
filtration marker EDTA! 99Tc- | 99Tc-DTPA
DTPA?
Dates of testing 2010-2011% | 2007-2020* | 2013-2020° 1994-19976 2006
Age —yr 43.3 (13.3) 37.0(9.6) | 40.3(11.2) | 49.3(16.8) 52.5(9.8) | 46.5(16.5)
Age category N (%)
<40 yr 274 (42.1) 63 (65.0) 146 (47.3) 13 (26.0) 11 (11.5) 41 (41.4)
40-60 yr 310 (47.6) 33 (34.0) 149 (48.2) 26 (52.0) 64 (66.7) 38 (38.4)
60 yr 67 (10.3) 1(1.0) 14 (4.5) 11 (22.0) 21 (21.9) 20 (20.2)
Female sex N (%0) 365 (56.1) 40 (41.2) 185 (59.9) 16 (32.0) 76 (79.2) 48 (48.9)
Population Group
Black 412 (63.3) 97 (100) 114 (36.9) 6 (12.0) 96 (100) 99 (100)
White 188 (28.9) 0 (0) 157 (50.8) 31 (62.0) 0 (0) 0 (0)
Indian/Asian 28 (4.3) 0 (0) 20 (6.5) 8 (16.0) 0 (0) 0 (0)
Mixed 13 (2.0) 0(0) 12 (3.9) 1(2.0) 0 (0) 0 (0)
Height (cm) 165.9 (9.6) 165.5 (8.5) 167.6 (9.2) | 170.5 (10.5) 158.4 (8.0) 165.9 (9.0)
Weight (kg) 71.8(14.9) | 60.3(124)| 73.8(143)| 76.7(15.6) 76.6 (13.6) 69.6 (13.8)
°Body mass index 26.2 (5.37) 22.1 (4.8) 26.2 (4.4) 26.3 (4.9) 30.6 (5.6) 25.5 (5.5)
BMI category N
(%)
<18.5 42 (6.5) 21 (21.7) 10(3.2) 3(6.0) 2(2.1) 6 (6.1)
(underweight)
18.5-24.9 (normal) 229 (35.2) 53 (54.6) 99 (32.0) 13 (26.0) 13 (13.5) 51 (51.5)
25.0-29.9 210 (32.3) 11 (11.3) 124 (40.1) 25 (50) 28 (29.2) 22 (22.2)
(overweight)
>=30.0 (obese) 170 (26.1) 12 (12.4) 76 (24.6) 9 (18.0) 53 (55.2) 20 (20.2)
Radionuclide 82.0(26.3) | 90.2(28.1) | 90.3(18.0) | 56.2(24.1) 82.2 (20.9) 60.7 (31.9)
GFR
11Serum creatinine 1.08 (0.95) 1.00(1.04) | 0.87(0.17) 1.60 (1.23) 0.85 (0.16) 1.80 (1.77)
(mg/dL)

All variables reported as mean (standard deviation); categories reported as frequency (percent); percentages might sum to +-100 due to
rounding; for population group N=641; 51Cr-EDTA: chromium-51 labelled ethylene diamine tetra-acetic acid; 209Tc-DTPA: technetium-
99 labelled diethylene triamine penta-acetic acid; “?Before April 2019, the radionuclide testing comprised plasma excretion of 51Cr-EDTA,
which was switched to plasma excretion of 99Tc-DTPA due to supply chain difficulties; *Multisample GFR testing at two and four hours;
“Potential living kidney donors were evaluated using single sample GFR testing at three hours on the premise that potential donors are
healthy with normal kidney function; SThose with suspected CKD were evaluated using multi-sample GFR testing at two and four hours;
SUsed single sample GFR testing at three hours; "Used multi-sample GFR testing at two and four hours if estimated GFR greater than
30ml/min/1.73m?; and at two and five hours if estimated GFR less than or equal to 30ml/min/1.73m?; ®Body surface area calculated
according to the Du Bois method?; Body mass index (BMI) calculated by dividing weight (kilograms) by height squared (metres);
8Radionuclide GFR corrected for BSA (ml/min/1.73m?); ® To convert serum creatinine measurements from mg/dL to umol/L, multiply by
88.4.All testing was performed in the Division of Nuclear Medicine, Department of Radiation Sciences, Charlotte Maxeke Johannesburg
Academic Hospital, South Africa

243



6.0 Research Paper 4. Measurement of kidney function in sub-Saharan Africa

Table S19: Performance of eGFR equations compared to radionuclide GFR (external

validation)
GFR estimating equation | Absolute bias® | Relative Bias? | Precision® | Accuracy Pi* | Accuracy Pag®
CKD-EPI(creatinine) 55 1.10 18.6 0.34 0.77
Lund-Malmé (revised) -3.3 1.00 17.4 0.37 0.85
ARK (creatininge) -4.3 1.06 18.7 0.34 0.81

1 Absolute bias: median of the difference (estimated GFR - radionuclide GFR)
2Relative bias: median of the difference (estimated GFR - radionuclide GFR/radionuclide GFR)
3 Precision: RMSE (Root Mean Square Error): standard deviation of (estimated GFR - radionuclide GFR)

4Accuracy: the proportion of eGFR results that fall within 10% (P10) and 30% (Pso) respectively, of radionuclide GFR

Table S20: GFR stage for eGFR equations compared to radionuclide GFR (external validation)

GFR stage! Radionuclide CKD- Revised ARK(creatinine)
mMGFR EPI(creatinine) Lund-Malmo

Gl 256 (39) 324 (50) 206 (32) 115 (18)
G2 283 (43) 233 (36) 346 (53) 477 (73)
G3a 48 (7) 45 (7) 43 (7) 34 (5)
G3b 31 (5) 20 (3) 22 (3) 21 (3)
G4 27 (4) 14 (2) 23 (4) 4(1)
G5 6 (1) 15 (2) 11(2) 0 (0)
% participants Reference category 390 (60) 384 (59) 355 (55)
classified correctly

for all stages

Data shown are number (%); *GFR (ml/min/1.73m?)G1 >=90; G2 60-89; G3a 45-59; G3b 30-44; G4 15-29; G5 <15
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Table S21: Predicted population prevalence of impaired kidney function in ARK countries comparing imputation and GFR estimates

%
(95% confidence interval)

GFR staging ARK Uganda (N=5715) ARK Malawi (N=4719) ARK South Africa (N=2020)
GFR (ml/min/1.73m?) Imputation' | CKD-EPI? Lund- Imputation | CKD-EPI? Lund- Imputation | CKD-EPI? Lund-
Malmg?® Malmo?® Malmg?®
Stage G1 (>=90) 3687 (65) 4510 (79) 3546 (62) 2328 (49) | 3852 (82) 2999 (64) 903 (45) | 1760 (87) 1432 (71)
Stage G2 (60-89) 1667 (29) 1101 (19) 2008 (35) 1829 (39) | 808 (17) 1616 (34) 806 (40) | 221 (11) 534 (26)
Stage G3a (45-59) 256 (4) 83 (1) 132 (2) 379 (8) 45 (1) 85 (2) 207 (10) 30 (1) 42 (2)
Stage G3b (30-45) 80 (1) 14 (0) 22 (0) 138 (3) 10 (0) 14 (0) 83 (4) 6 (0) 8(0)
Stage G4 (15-29) 19 (0) 4(0) 4 (0) 36 (1) 4 (0) 5 (0) 18 (1) 3(0) 4(0)
Stage G5 (<15) 6 (0) 3(0) 3(0) 9 (0) 0 (0) 0(0) 4(0) 0(0) 0(0)
Proportion with impaired 6.32% 1.77% 2.82% 11.91% 1.25% 2.21% 15.41% 1.93% 2.67%
kidney function (G3-G5) (5.07-7.56) | (1.49- 2.20) (2.40-3.28)  (10.13-13.69) | (0.95-1.61) (1.80-2.66)  (13.30-17.53) | (1.38-2.63) (2.01-3.47)

Data shown are number (%); Due to rounding percentages may sum to + or -100; Due to rounding the sum of people across the GFR categories may differ by +1 or -1 from the total N indicated at the top;

*Predictions based on 100 imputed datasets; 2CKD-EPI (creatinine) equation without adjustment for ethnicity; *Revised Lund-Malmo Study Equation
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Table S22: Predicted population prevalence of impaired kidney function in AWI-Gen countries comparing imputation and GFR estimates

GFR staging AWI-Gen Ghana (N=2011) AWI-Gen Burkino Faso (N=2072) AWI-Gen Kenya (N=2000) AWI-Gen South Africa (N=5618)

GFR Imputation | CKD-EPI? Lund-  Imputatio CKD- Lund-  Imputatio CKD- Lund-  Imputatio | CKD-EPI? Lund-
(ml/min/1.73m?) ! Malmo?® n EPI? Malmg® n EPIZ | Malmg® n Malmo?®
Stage G1 (>=90) 795 (40) 1510 (75) 993 (49) 881 (43) | 1729 (83) 1315 (63) 831 (42) | 1519 (76) | 1087 (54) 2022 (36) 3401 (61) 2155 (38)
Stage G2 (60-89) 889 (44) 451 (22) 961 (48) 899 (43) | 298 (14) 706 (34) 867 (43) | 424 (21) | 846 (42) 2514 (45) 1986 (35) 3177 (57)
Stage G3a (45-59) 219 (11) 33(2) 38 (2) 199 (10) 31(1) 37(2) 201 (10) 39 (2) 47 (2) 688 (12) 181 (3) 225 (4)
Stage G3b (30-45) 82 (4) 14 (1) 13 (1) 70 (3) 10 (0) 9 (0) 76 (4) 13 (1) 13 (1) 280 (5) 34 (1) 42 (1)
Stage G4 (15-29) 21 (1) 2 (0) 5 (0) 17 (1) 2 (0) 4 (0) 20 (1) 4 (0) 7 (0) 83 (1) 6 (0) 9 (0)
Stage G5 (<15) 6 (0) 1(0) 1(0) 6 (0) 2 (0) 1(0) 5 (0) 1(0) 0 (0) 30 (1) 10 (0) 10 (0)
Proportion with 16.30% 2.49% 2.83% 14.12% 2.17% 2.46% 15.08% 2.85% 3.35% 19.25% 4.12% 5.10%
impaired kidney (13.96- (1.85- (2.15- (11.83- (1.59- | (1.84-3.22) (12.70- (2.17- (2.61- (17.48- (2.61- (4.53-
function (G3-G5) % 18.63) 3.27) 3.66) 16.42) 2.90) 17.46) 3.68) 4.24) 21.03) 4.66) 5.70)

(95% confidence
interval)

Data shown are number (%); Due to rounding percentages may sum to + or -100; Due to rounding the sum of people across the GFR categories may differ by +1 or -1 from the total N indicated at the top;
*Predictions based on 100 imputed datasets; 2CKD-EPI (creatinine) equation without adjustment for ethnicity; *Revised Lund-Malmé Study Equation
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7.0 Chapter 7: Discussion, Recommendations and Conclusion

In this chapter | summarize the key findings from the PhD studies conducted, how these relate to
the existing literature, my views on the implications of the findings to the field of nephrology in

sub-Saharan Africa and suggestions for future work.

7.1 Conventional creatinine based eGFR methods identified low prevalence of impaired
kidney function among rural Ugandan populations and traditional risk factors did not fully
explain its occurrence: more studies are needed to clarify the risk factors for kidney
disease in sub-Saharan Africa.

We found a relatively low prevalence of impaired renal function (measured by CKD-Epi without
correction for ethnicity as GFR <60mls/min/1.73m?) of 1.6% in the Kalungu rural population.
This prevalence is low compared to that reported in a systematic review with a prevalence of
13.9% for sub-Saharan Africa (sSA) [1]. The difference could be explained by the criteria we
used of eGFR without consideration of albuminuria. We did not measure albuminuria in our
population-based studies where samples were collected in 2011-14 before kidney disease was a
specific focus for MRC/UVRI & LSHTM. This could have led to underestimation of the
prevalence of impaired renal function as well as the staging of the kidney disease in this
population. In a study by Muiru, participants from rural areas (Uganda and Kenya) had much
higher levels of urine abnormalities. Though the prevalence of GFR <60mls/min/1.73m?in the
Muiru study of 1.7% was comparable to our GPC prevalence of 1.6%, the levels of proteinuria
(urine dipstick >1+) were high at 5.4% and varied widely across the different regions in their
study population[2]. The low prevalence of impaired renal function based on conventional
eGFR in both these studies may be an indication that creatinine-based equations do not

accurately predict the presence of kidney dysfunction in this population.
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Although it is recommended that kidney disease is properly defined according to the current
KDIGO guidelines[3] for standardization, it is best to appreciate that majority of studies across
Africa and globally are based on single creatinine GFR and/or albuminuria/proteinuria
measurements [1, 4]. The use of both GFR estimation along with some measure of
proteinuria/albuminuria with both measurements repeated at least 3 months apart is well
appreciated, but may not be practical in sSA clinical and public health practice where this
matters most. Moreover, the evidence for repeat measurements of both creatinine and
albuminuria is not clear cut. Although there is good evidence to show that GFR
<60mls/min/1.73m? and urine albumin-to-creatinine ratio (UACR) > 1.1 mg/mmol (10 mg/g) at
any one time is associated with increased risk of cardiovascular complications and mortality[5,
6]. There is little data to support that repeat measurements of creatinine/alouminuria improve
outcomes in CKD beyond the single measurements. Because of the time and resources needed to
have the second measurement of creatinine and UACR, there is need for future robust studies to
look into this issue. The key aspects to look at for sSSA would be the absolute need for the second
measurements and whether this has any incremental predictive value in terms of hard outcomes
such as cardiovascular risk, need for renal replacement therapy and mortality. Until such a time,
it may be better to consider using the currently acceptable terms of impaired kidney function
even in the clinical settings. This would encompass all the three classifications of kidney disease
namely; acute kidney injury, acute kidney disease and CKD[7, 8]. The need for a repeat measure
of renal function to confirm CKD is potentially harmful in sSA since a good number of patients
do not return for follow up visits until late in the disease process[9-11]. If a young person drops
their GFR to <60mls/min/1.73m? they are likely to have significant issues so further
classification is unlikely to be beneficial. If such individuals are not given full care early, they
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may be more likely to present later to clinicians with advanced kidney disease and very few
opportunities for intervention as often happens in sSSA[12, 13]. Once such a person is identified
full investigations and subsequent care may be more cost-effective than waiting for three months
later (chronicity criteria) to confirm the diagnosis of CKD and thereby initiate treatment. This
study also shows that creatinine may not be a good marker for determining kidney function
among general populations of SSA and many cases may be missed with the current methods

adopted from the Western world as we show from a more accurate method of iohexol clearance.

In our study we noted that some of the traditional risk factors such as diabetes mellitus and HIV-
infections were not significantly associated with impaired renal function. This could be a result
of our definition- which did not include proteinuria- often the defining presentation for diabetic
nephropathy as well as HIV-associated nephropathy[14, 15]. It is possible that our study was not
powered enough to investigate this association due to the low numbers of patients with diabetes
mellitus. It is however, notable that several other population-based studies with inclusion of
proteinuria as a marker of kidney disease have shown similar findings of lack of association with
eGFR among this relatively young populations in East Africa and other parts of SSA[2, 16]. As
matter-of-fact traditional risk factors like diabetes mellitus have quite a low prevalence in
Uganda and the same goes for smoking and alcohol use[17]. Hyperfiltration in early stages of
diabetes may be another explanation for lack of association between diabetes mellitus and low

eGFR[18].

One could argue that the jury is still out on this issue of risk factors and we should not just accept
what others have found in high income countries where the populations with CKD are much

older with more co-morbidities[4, 19]. It is possible that in most of the young individuals seen in
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SSA the causes and progression of kidney diseases are a different phenotype from that seen in the
Western world. Certain predispositions like infections such as malaria, schistosomiasis, use of
toxic medicines and herbs may play more central roles in the pathogenesis of kidney failure in
these populations[20-22]. It is possible that these factors cause low grade acute kidney injury
(AKI) that often goes undetected in the community only to manifest at a later stage when it is
more advanced. Studies from countries with well characterized cohorts have demonstrated that
repeated episodes of AKI predispose to rapid progression to ESRD and need for renal
replacement therapy[23, 24]. Even after recovery, acute episodes of kidney injury continue to be
a great risk for CKD and mortality many years later[24-26]. Moreover, there are indications that
community acquired AKI commonly arises from single and treatable diseases like malaria in
India with similar settings to sSA [27]. As we show in chapter 5, imputed data from the ARK
cohorts suggests that the prevalence of renal impairment is two to three-fold higher compared to
creatinine-based estimates in populations across seven countries in sSSA. Therefore, the burden of

kidney disease in sSA and associated risk factors may be grossly underestimated.

As regards HIV-infection (common in our study area but less common than in many other sSA
countries) and the lack of association with renal impairment- it is possible that people with HIV
infection do not have the high susceptibility genes of the APOL-1 which has been found to be
common in West Africa[28, 29]. The APOL-1 genes confer increased risk for development of
HIV-associated nephropathy (HIVAN) and cause rapid progression to ESRD [30]. The drivers of
kidney disease in sSA need more research and the ongoing large-scale studies from H3-Africa
may provide some answers related to the role of genetics and the environment in CKD from this
part of the world [31]. Another possible explanation for lack of association with HIV, is that

patients with HIV are now diagnosed early and are given treatment immediately (test and treat)
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without waiting for decline in the immune system to very low CD4 counts, development of

opportunistic infections and high viral load, all of which are associated with HIVAN[32, 33].

7.2 Baseline impaired renal function is associated with a graded increase in mortality in
Uganda- bigger cohorts for follow-up of CKD patients for mortality and cardiovascular risk
in sSA are needed

In spite of being a young population, we found that participants with a baseline eGFR of less
than 45mls/min/1.73m? had six-fold higher mortality compared to those with eGFR greater than
90mls/min/1.73m? with strong evidence of a linear trend for risk of mortality as renal function

declined.

Several studies from other countries have demonstrated the effects of microalbuminuria on
mortality and adverse cardiovascular outcomes[5, 34]. We may also have misclassified some of
the participants by not detecting all the individuals with low GFR (as we show in the GFR
measurement paper). The consequences of this bias on mortality are hard to establish with our
current study. Despite all these limitations with a bias towards the null of no association, our
findings of a positive association of mortality suggest that GFR is a much more important

physiological variable than has been recognized in sSA.

Our results suggest that kidney function plays a key role in overall health status and kidney
status and assessment should be included within public health targets. There are a few simple
steps that can easily be adapted. In most of the laboratories in Africa, laboratories do not
concurrently report eGFR alongside the creatinine measurements. Since the main reason for
testing for creatinine is to estimate kidney function, this can easily be adopted to help clinicians
in the early detection of patients who may have eGFR <60mls/min/1.73m? where various
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interventions may help to delay kidney disease progression. However, this should be taken in the
context that use of the conventional creatinine-based equations may underestimate CKD as we in

the subsequent studies with more accurate methods of determining GFR.

In the systematic review we conducted to understand how closely the current KDIGO
recommendations are followed in classification of chronic kidney diseases, we found that over
80% of the 252 studies reviewed did not report whether creatinine measurements were isotope
dilution mass spectroscopy (IDMSA\) traceable, a major quality control for creatinine assays. Of
those that reported the prevalence of CKD, only 14% fulfilled Kidney Disease: Improving
Global Outcomes criteria further highlighting the challenges of determining the overall status of
CKD in sSA. Prompted by these findings, we developed a simple tool that can help to ensure

standardized measurements and reporting of GFR in SSA[35] see box 4 below

Box 4. Recommendations for reporting kidney function in sSA populations: the African

Research of Kidney Disease (ARK) checklist for researchers
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mGFR (gold standard reference method)—method and biomarker (51Cr-EDTA; 99mTc-DTPA;
inulin, iohexol, iothalamate)

* Urinary clearance of biomarker, state which biomarker; OR

* Plasma clearance of biomarker, state which biomarker

Laboratory creatinine method—include all the following:

* Enzymatic

« Jaffe (alkaline picrate): modified or compensated

* IDMS traceable to a standard reference material

* The external quality control program used by the laboratory for creatinine

Estimating equations for GFR—state which equation was used:
4-v MDRD equation
e Original 4-v MDRD equation
e Use if laboratory method for creatinine was not IDMS-traceable
e State whether the coefficient for AA ethnicity was used
Re-expressed 4-v MDRD equation
e Use if laboratory method for creatinine was IDMS-traceable
e State whether the coefficient for AA ethnicity was used
CKD-EPI equation for creatinine
e Laboratory method for creatinine measurement must be IDMS-traceable
e State whether the coefficient for AA ethnicity was used
Cockcroft—Gault equation
e Inits original form, this equation does not adjust for body surface area (BSA). To compare
this equation to 4-v MDRD or CKD-EPI equations, which are adjusted for BSA, it is
necessary to use the duBois formula and adjust for BSA.
Full Age Spectrum (FAS) equation for creatinine, have creatinine referenced from the general
population

Diagnosis of CKD using KDIGO criteria—include the following:

True prevalence requires a randomized population-based sample: describe the sampling strategy
KDIGO Clinical Practice Guidelines (2012) are recommended for diagnosis of CKD and require
testing for:

« Urine albumin/protein—if qualitative, confirm with quantitative test, preferably albumin:
creatinine ratio AND

* Serum creatinine: use CKD-EPI equation for calculation of eGFR

* In the absence of prior testing or additional supporting evidence that confirms chronicity,
demonstrate chronicity with a repeat of the abnormal diagnostic test after a minimum 12 weeks.

Recommendation: In sSA, for CKD-EPI equation—omit coefficient for AA ethnicity.

Acronyms: AA- African American; BSA-Body surface area; CKD- chronic kidney disease, CKD-Epi-
chronic kidney disease epidemiology; eGFR-estimated glomerular filtration rate; IDMS-isotope dilution

mass spectrometry; KDIGO- Kidney Disease-Improving Global Outcomes; MDRD-Modification of
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Diet in Renal Diet; mGFR- measured Glomerular Filtration Rate. Adopted from Fabian J et al
2019[35]

Assessment of kidney function should be included for patients who are at increased risk of
developing kidney disease such as those with hypertension irrespective of their age. Kidney
disease assessment and management needs to be integrated in the management of other non-
communicable diseases and should be considered through the lens of the sustainable

development goals[36].

7.3 Measuring glomerular filtration rate using iohexol is possible in Africa but not without
challenges. The current eGFR equations overestimate glomerular filtration rate in sSA and
the need for the ethnicity coefficient adjustments is not necessary- Cystatin C may
provide a better measure of estimating GFR in sSA but cost is still a big issue.

For the third objective of the study, we had measured GFR as the starting point for fulfilling all
the other objectives related to how to best measure kidney function in sSA. This objective
presented us with several challenges that may be worth sharing. From the outset we had to
develop the infrastructure to ensure that we could be able to measure the GFR using iohexol.
Although the community was very familiar with blood draws and measurement of blood pressure
and taking blood draws, they were less prepared to undergoing studies that would require them to
stay at the clinic while having numerous needle pricks. This required regular and persistent
community engagement from the start while explaining the purpose of the study. Part of the

perceptions of the study population on kidney disease have been explored and published in a

manuscript (see appendix at end of this chapter).

We struggled with the procurement of iohexol which was not readily available within the country

and required importation for non-radiological use. The key aspects around iohexol measurement
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were in the laboratory expertise and technology required for proper measurement of iohexol. At
the time of initiating the study we only had three high-performance liquid chromatography
machines in Uganda and they were not familiar with iohexol measurements. We had to abandon
our earlier plans of building the capacity of iohexol measurement from within country and
worked with colleagues from South Africa who had already built this capacity. We have now
clearly established a technique of measuring plasma iohexol and using it to calculate the GFR
which is a great achievement for our team. Because of the cost and complexity related to this
procedure, there is need to carry on with explorative studies that can easily approximate

measured eGFR in settings where certainty is required.

True GFR may be required in particular instances such as clinical trials that require renal safety
as well as evaluation of potential kidney donors who need very accurate measurements of kidney

function status [37].

Several small studies have looked at measured GFR in sSA but our study presents the largest
prospective study done so far. We drew from the strength of existing community-based study
cohorts with robust research management systems and had a substantial number of participants
with lower levels of eGFR. We evaluated a number of eGFR estimating equations including
newer equations such as the Full-age Spectrum (FAS) and Lund-Malmo equations. We used
internationally approved standards in all our measurements and used a central laboratory for

measurement of iohexol.

In conformity with other studies from across Africa[38, 39], we noted that the ethnicity
correction co-efficient in all equations overestimated eGFR. There is an ongoing debate on the

role of ethnicity and medical care. The use of creatinine as a marker of kidney disease may have
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inherent challenges in this population. This is further supported by the notable similarities of the
CKD prevalence stages measured by iohexol and estimated by Cystatin C, which has been noted
to be more accurate in measuring GFR than creatinine[40]. Although cystatin C did not improve
the performance of the estimating equations in a study from the Democratic Republic of
Congo[39], other studies from high income countries have shown that cystatin C may a be better
predictor of kidney function and mortality than creatinine among patients with GFR
<60mls/min/1.73m?[41, 42]. This offers an opportunity to explore future use of point of care
cystatin C tests in determining eGFR and looking at the incremental value it may offer in early

diagnosis of patients with CKD in sSA.

Despite recruiting participants from three different countries from sSA it may be hard to
generalize our findings due to the heterogeneity that exists across sSSA populations. There are
large genetic variations among individuals of Africa origin and this may also confer some

differences in their body types as well as biological handling of creatinine[43-46].

Creatinine seems to be a poor marker of kidney dysfunction in sSA and this may be a result of
the decreased body mass among majority of participants from sSA. In our study the African men
and women had lower body mass than has been described elsewhere in black people living in
high income countries [43]. This in part explains why the ethnicity coefficient correction for

GFR as done for African Americans biases kidney function estimations in sSA.

Overall, our study suggests that the use of creatinine to predict GFR in sSA is biased with a
tendency to overestimate GFR using the common existing equations. The use of the ethnicity
coefficient further worsens this overestimation and may thus be a major reason for

misclassification of these patients with antecedent negative consequences. For example,
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initiation of interventions that delay disease progression such as low protein diet, use of less
nephrotoxic agents as well as renal dosing of medicines may be delayed. Where there is a high
index of suspicion or high stakes in decision making such as in kidney transplant donors, cystatin
C may be a valuable confirmatory test instead of measured GFR which may be very complex.
These alternative methods of confirming the true GFR or its best estimate need to be investigated
and used to aid decision making among clinicians from low-income countries where measured

GFR may not yet be feasible.

7.4 How do we best measure kidney function in SSA- some suggestions

We have now established that creatinine is not a good marker of estimating GFR in SSA making
attempts to establish a new correction factor for well-established equations difficult. We are now
left with the question of what should be done to improve the estimation of kidney function
among individuals from sSA. This is not a unique question to us because the whole fraternity of
nephrology is still grappling with the best way to determine kidney function. A recent review
explored the key flaws with the current markers used for estimating GFR- and the authors
concluded that endurance of the error in eGFR equations (in the presence of extensive research)
means that the challenge lies with the use of cystatin C or creatinine as the key markers of renal
function and this may not be improved by mathematical methods currently in use for GFR
estimation[47]. Our findings strongly support this position. In contrast, some researchers from
Europe still believe that creatinine can be improved as marker of eGFR. They studied eleven
cohorts (5 CKD and 6 population based) with a total of 15,124 participants and found that
particular attention should be given to the population and spectrum of patients in which the
equation was developed before it is applied. They reported that the Lund-Malmé did better in

patients with CKD while CKD-Epi performed better in patients with high GFR. They
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recommend use of different estimation equations after putting into consideration the population
under study (CKD vs healthy), comorbidities present along with the age, BMI and the prior
likelihood of CKD. This will definitely be hard to apply in low resource settings because of the
different measurements (height and weight) that will need to be collected on every patient with
their associated errors. At present, the most pragmatic approach for most sSA countries is to
continue using creatinine-based equations-without the ethnicity correction factor with an
appreciation that there is a large margin of error in their eGFR. The eGFR should be enhanced by
urine assessment for hematuria or proteinuria. In patients with a high index of suspicion and high
prior likelihood of CKD, a repeat creatinine or better still a cystatin C measurement should be
undertaken to confirm the diagnosis. Cystatin C is a much easier assay to set up and there are
now several point of care cystatin C screening Kits available for use [48]. Measured GFR though

highly desirable may still be out of reach for any fruitful use in clinical practice.

Overall, the majority of patients present with urine abnormalities in SSA, combining eGFR
estimates with urine analysis for protein and hematuria may be a good alternative in screening
patients at increased risk for kidney disease. The role of diagnostic algorithms looking at

different patient strata and populations may help improve the diagnosis of kidney disease.

7.5 Public Health implications of the key findings from the PhD studies and implications for the
future of kidney disease in sSA.

From the GPC study we underestimated prevalence indicating that many more individuals may
have kidney disease than what we found. This means that we need to develop better ways of
stratifying patients at risk for both AKI and CKD. We need to enhance our healthcare systems to

have a high index of suspicion among patients who present to the health care facilities even at
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lower levels of health care. This can best be done through integration of CKD preventive
messages into the existing framework of NCD management which currently exists in most of the

SSA countries[49].

Impaired renal function is associated with increased risk of mortality among a young population
of individuals in sSA. Clinicians need to take abnormalities in eGFR, particularly when
<45mls/min/1.73m2 as seriously as they would take any other diagnosis of NCDs like diabetes
and hypertension and institute individualized care for the patients. This may be as simple as
advising and following up on lifestyle changes such as diet, salt restrictions and exercise to more
complex decisions of initiating CKD medical care packages, adjustments of drugs and initiating
regular follow-up of patients. This approach will need to be integrated in the existing framework
of universal health care and also be supported from international and national levels.
Understanding the burden of kidney disease better will focus on the need for treatment for

advanced kidney disease in Africa with a more cost-effective lens.

The current use of ethnicity factor in eGFR estimating equations in sSA should be abandoned.
Laboratories should strive to report eGFR along with the creatinine level and ensure that they
have regular quality control for creatinine assays. This would help the clinicians to appropriately
manage patients with kidney injury and appropriately refer those with advanced kidney disease

for better care.

7.6 Future Research Recommendations
1. We remain with a big gap of understanding the specific risk factors for kidney disease

in sSA, these need to be studied from within the existing cohorts. Traditional risk
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factors such as hypertension, diabetes mellitus and HIV do not fully explain the
occurrence of kidney disease in sSA.

2. Future studies including basic sciences should strive to establish if there are any
peculiarities in the handling of creatinine by kidneys among people from sSA and the
relationship of creatinine to body mass in this population. This may also explore the
role of genetics in the production of creatinine and progression of CKD beyond
APOL-1 genes.

3. Asstudy exploring the role of repeated episodes of renal dysfunction (AKI) on
progression and development of CKD in this relatively young population may be
important in explaining part of the missing link in the CKD patients who report late
for care.

4. Cystatin C should be integrated into the algorithm for determining kidney function in
special populations where the true GFR determination is required.

5. There is need for larger prospective studies for establishing risk factors for CKD

progression, cardiovascular disease and mortality in the African context.

7.7 Conclusion

Based on existing creatinine-based methods to estimate GFR, we found a relatively low
prevalence of impaired renal function in the general population-most likely an underestimate.
We also demonstrated that eGFR <45mls/min/1.73m? are associated with an increased all-cause
mortality. However, using iohexol clearance, we showed that these creatinine-based measures
over-estimate GFR and under-estimate CKD in sSA. This means a substantial proportion of

people with kidney disease are missed by current eGFR equations which may have adverse
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effects on the health of and care of patients with CKD in sSA. We recommend abandonment of
use of the African-American ethnicity coefficient factor when estimating GFR in sSA.

Future studies should look into establishing the role of non-traditional risk factors for CKD in
Africa as well as explore the role of cystatin C based GFR as a possible confirmatory diagnostic

tool in patients with impaired renal function.
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Appendix: Understanding kidney disease in rural central Uganda; Findings from a

qualitative study
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ABSTRACT ARTICLE HISTORY

As part of a multicentre study on kidney disease (ARK) undertaken in Received 29 January 2020
Malawi, South Africa and Uganda we undertook a social science Accepted 11 April 2020
component in Uganda to gather information on people's
understandings and perceptions of a diagnosis of kidney dysfunction,
treatment apd treatment seeklrl'ng. We recrmt.ed 46 people who had impairment; non-

been given information about kidney dysfunction and had been found communicable diseases;

to have some, usually early, signs of mild impairment. Data were qualitative methods; Uganda
collected during two in-depth interviews. Most participants had heard of

the condition, but half denied knowledge of the health status of their

kidneys or receiving results of tests from the clinic team. This response

may have been linked to a lack of symptoms, for those with early stage

kidney dysfunction. The treatment people reported receiving caused

some uncertainty about condition severity. This may be because several

people were treated for other conditions (such as wurinary tract

infections) and did not require treatment specifically for kidney disease.

In our study, participants assessed illness severity based on symptoms

and treatment and compared with the progression of other conditions.

KEYWORDS
Kidney dysfunction; kidney

Introduction

Chronic kidney disease is a long-term condition with few symptoms until it is very advanced, and the
symptoms are non-specific. The causes of kidney disease in sub-Saharan Africa are poorly under-
stood, but it appears to be a consequence of a number of factors, including some genetic traits ende-
mic to the region such as sickle cell disease, and other glomerulonephritides, and emerging non-
communicable conditions (diabetes, hypertension and obesity) (Ene-Iordache et al., 2016; Tha
et al., 2013; Kalyesubula et al., 2017). Infectious diseases, including HIV-associated kidney disease
and other factors such as herbal remedies are also thought to be important in susceptibility to kidney
disease (Jha et al., 2013; Naicker et al., 2015; Perico & Remuzzi, 2014).
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Public knowledge levels on the normal functioning of the kidney in places such as the United
Kingdom and the United States are limited (Gaffney et al., 2014; Kazley et al., 2014; Slevin & Taylor,
2015). In a meta-analysis and systematic review of patient experience of a chronic kidney disease
diagnosis Teasdale and colleagues (2017) documented limited understanding of kidney disease,
with a wide-range of beliefs on the causes of disease and concerns about progression among patients
participating in qualitative research studies in the United States, Australia, Brazil, Canada, the Neth-
erlands, Taiwan and Sweden. A large cross-sectional survey in 12 countries spread across six regions
also showed limited awareness of chronic kidney disease among people who were at risk of the dis-
ease (Ene-Iordache et al., 2016). Kazley and colleagues (2014) asked health care providers in the Uni-
ted States about the knowledge and response to diagnosis of their African American patients in South
Carolina. Those providers reported that most of their patients denied having the condition and were
reluctant to undergo treatment.

A systematic review, published in 2014, showed that the overall prevalence of chronic kidney dis-
ease in sub-Saharan Africa (sSA) was 13.9% (95% CI 12.2-15.7) (Stanifer et al., 2014). However, the
true prevalence is unknown as these studies were drawn from convenience samples, often in hospi-
tals or populations at high-risk for kidney disease, as well as uncertainty about how to estimate kid-
ney function in sSA (Kalyesubula et al., 2018). The search for an accurate measure has over the last
two decades resulted in several equations being developed to estimate Glomerular Filtration Rate
(GFR) based on levels of serum creatinine, an endogenous breakdown product of creatine phosphate
produced by muscle which provides information on kidney function. However, the equations to esti-
mate GFR were developed among populations with a low proportion of ethnic Africans and these
equations have had limited validation among people in sSA (Kalyesubula et al., 2018). The accuracy
of these equations is likely to be poor since serum creatinine levels vary substantially with race, diet
and nutritional status (Delanaye et al., 2011).

To address the gaps in knowledge regarding risk for kidney disease, kidney disease prevalence and
optimal measurement of kidney function in sSA, a multicentre study, the African Research on Kid-
ney Disease (ARK) Study (Kalyesubula et al., 2020) was recently undertaken in Malawi, South Africa
and Uganda. All participating sites are Health and Demographic Surveillance sites, enabling a cross-
sectional population-based determination of the prevalence of kidney dysfunction in adults from 20
to 80 years of age, followed by direct measurement of GFR using the excretion of intravenous ichexol
to examine the accuracy of different estimating equations for GFR (eGFR) (Fabian et al., 2019). Pre-
vious studies using iohexol to measure GFR in sSA had been relatively small and included few people
with impaired kidney function (Bukabau et al., 2018; Sagou Yayo et al., 2016; Wyatt et al., 2013).

In Uganda this survey was embedded within the General Population Cohort in a rural sub-county
in Kalungu District, central Uganda, about 150 kilometres south of Kampala. The cohort was estab-
lished 30 years ago, initially for the study of the epidemiology of HIV and AIDS, but in recent years
the research focus has broadened to include other chronic communicable and non-communicable
conditions. From 1990 the cohort participants were followed up annually, however since 2011 fol-
low-up has been biennial (Asiki et al.,, 2013).

A social science component of the ARK Study was embedded within the Ugandan site with the
aim of gathering information on people’s understanding of information on kidney disease and per-
ceptions of a diagnosis of kidney disease, treatment and treatment seeking. In this paper we report
the findings from this social science component.

Most of the participants who were told that they were in the early stages of impaired kidney func-
tion in our study population had an asymptomatic condition, which did not at that time require
specific treatment. We therefore focus in this paper on people’s understanding of kidney disease
and their response to the information they were given on disease, as well as treatment and manage-
ment of kidney disease.

‘We draw on the work of Leventhal and colleagues (2016) and concepts from the ‘Common-Sense
Model of Self-Regulation’ in our discussion of how the response to information on an asymptomatic
chronic condition (at an early stage of potential disease) may be shaped by the experience of people’s
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knowledge of acute conditions, including an understanding of symptoms and expectations of a short
time-line for the illness development. In this regard, the early stages of kidney disease may mirror the
early experience of HIV-infection, with which one may live for months or years without experiencing
ill-health, or when sickness occurs it is not necessarily linked to symptoms that identify a specific
condition (Willard et al., 2009). So, a person may not realise that they have the condition unless
tested and diagnosed by a health-worker, which may not happen at a primary health centre if symp-
toms are non-specific. The reference here to HIV is also relevant because this study took place in an
area that was at one stage the epi-centre of the HIV epidemic; this may in itself influence expectations
about disease progression and treatment approaches.

Methods

As noted above, the study area is in rural central Uganda. The local livelihoods are based mainly
around agriculture with families growing crops such as coffee, tobacco, bananas, beans, maize, pota-
toes and cassava. Migration by some family members (younger women and men) to urban areas and
fishing sites for wage work is common. Income is also made from making bricks, growing eucalyptus
(and some pine) for sale and jobs in shops and bars in trading centres. The main ethnic group in the
study area is the Baganda with some immigrants originating from Rwanda and Tanzania. Most of the
population are Roman Catholics and the rest are Protestants and Muslims. Luganda is the main
language spoken.

The study focused on people who as part of the ARK study had been given information about
kidney dysfunction and had been found to have some, usually early, signs of impairment (most
people in the sample were asymptomatic), exploring their reaction to being given this information,
and their understanding of kidney dysfunction and (possible future) treatment. We recruited a ran-
dom sample of 46 people from among those who were found to have estimated GFR <90 mls/min/
1.73 m? during the recruitment of the 1000 participants for the iohexol component of the ARK Study
(Kalyesubula et al., 2018). We did not confirm that kidney function remained at this level or below
after three months which would be required to formally diagnose Chronic Kidney Disease (Kalye-
subula et al., 2018). Data were collected during two in-depth interviews with each participant. The
first interview was used to ask about day to day life, recent life history events and begin to talk about
health seeking behaviour. The second interview built on this information and probed more exten-
sively for information around health seeking, use of traditional treatments and awareness of kidney
impairment prior to the screening for this study.

Most interviews were conducted at the participants’ homes. Some participants chose to be inter-
viewed at the clinic. The interviews were conducted by two Ugandan interviewers (a man and a
woman) with experience in qualitative data collection methods. The interviews were conducted in
the local language (Luganda) and lasted up to one hour. Besides audio-recording the interviews,
interviewers took field notes. The interviewers transcribed the interviews and translated them into
English. The transcripts were reviewed throughout the course of the study by a senior social scientist,
to ensure quality and provide continuous feedback on interview content and format.

Data analysis

Data from 46 participants were included in the final analysis for this paper. A manual thematic con-
tent analysis approach, guided by the research questions listed above and constructs emerging from
the data, was used to distil key concepts from the interviews. At the first level of analysis, the inter-
views were read repeatedly by the interviewers (EK and JSs) and a senior social scientist (DB), and
then coded by EK and JSs, in consultation with DB and JS. Following the coding, EK and JSs pre-
pared detailed analytical memos on reactions to information on kidney disease; being given infor-
mation on their own kidney dysfunction; offers of treatment and their own treatment seeking,
From these narratives JS, DB, EK and JSs distilled the findings for this paper.
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Ethical considerations

Ethics approvals were obtained from the Uganda Virus Research Institute, Research Ethics Commit-
tee (UVRI-REC) and the Uganda National Council for Science and Technology (UNCST).

If medical conditions were diagnosed through study screening, the participants were referred to
appropriate medical facilities including the local study clinic which had enhanced resources as a
result of the ongoing research work. With regards to this study, where most participants were
found to have only mild impairment of kidney function, those in need of follow-up were referred
to the local clinic, while participants found to have advanced impairment were referred to appropri-
ate nephrology services as directed by the study physicians (Kalyesubula et al., 2020).

Results

The majority of participants in the social science study sample were classified as having Stage 2
kidney dysfunction according to the staging given by Kidney Disease Improving Global Outcomes
(KDIGO) CKD Work Group (Kidney Disease Improving Global Outcomes (KDIGO) CKD Work
Group, 2013). People with Stage 2 kidney dysfunction do not usually require treatment unless there
are complications because of another condition. Any treatment provided depends on risk factors
(linked to diabetes or hypertension) and whether specific investigations are needed for kidney disease.
Table 1 provides an overview of the kidney disease staging, age and sex of participants in this study.

We present the results in three parts: the reactions participants had to information on kidney dys-
function, their reactions to information on kidney disease and then their views on any treatment they
may have been offered. Many of those who participated in the study agreed to take part, not because
they had symptoms, but because they saw the survey as an opportunity to have their health assessed
for free by health workers from an organisation which they had known for many years. This is
summed up by one 40-49 year old man who said:

I have grown up seeing the organization treating people who were down because of HIV and enabling them
to become healthy once again although not being healed completely. Now hearing that those kidney disease
researchers were health workers coming from the same organization, I could not hesitate to take part.

Reactions to being given information on kidney dysfunction

Nearly all the people who were told that they have some signs of kidney dysfunction said that they
had heard about the condition before the study began. This level of knowledge was unexpected but
could be explained by people having been told about the condition when seeking care for other con-
ditions or knowing of relatives who had been given information on the condition or conditions,
which sounded similar. One woman, for example, who was living with HIV, said that she had
been diagnosed with kidney problems in the past and had learnt of the condition through that
experience. However, knowing the name of the condition did not, for most people, mean that

they had a detailed knowledge of the condition:

I never knew that being diabetic or hypertensive could also lead to having the kidney disease, [...] T am not
aware and that persuaded me to take part. (60-69 year old man - Stage 2)

The information provided on kidney disease during study mobilisation within the GPC led a few
people to join the study because of health concerns that they had:

It (kidney disease) is linked to severe back ache and due to what I heard about the sickness and T was also dis-
turbed by the back pain I decided to test and find out if T have a kidney problem. (80+ year old man - Stage 2)

What mostly made me accept to participate is the swelling of the legs I experience at times which make me
suspect that I could be a kidney patient too. I was even forced to ask the health worker about it but he (the
health worker) comforted me not to worry and that I would get to know if the swelling was connected to
that after the results come back. (40-49 year old woman - Stage 2)
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Table 1. Kidney disease staging, age range and sex of partidpants.

30-39 years 40-49 years 50-59 years 60-69 years 70-79 years 80 years and over
Chronic kidney disease stage® Male Female Male Female Male Female Male Female Male Female Male female Total
2 2 2 8 2 10 2 6 2 3 3 1 41
3a 1 1 2
3b 1 1
4 1 1
5 1 1
Total 2 2 1 8 3 11 3 6 3 3 3 1 46

*The staging level of kidney dysfunction was based on one measure of eGFR. The five stages of CKD, GFR and treatment for each stage are:

« Stage 1 - with normal or high GFR (GFR > 90 ml/min/1.73 m?). No treatment necessary

o Stage 2 - mild CKD (GFR = 60-89 ml/min/1.73 m?). Advice on healthy lifestyle: maintaining a healthy weight, smoking cessation, exercise levels.

Monitoring and treating blood pressure, diabetes and other comorbidities.
+ Stage 3A - moderate CKD (GFR =45-59 ml/min/1.73 m?). As Stage 2
+ Stage 3B - moderate CKD (GFR = 30-44 ml/min/1.73 m?). As Stage 2

+ Stage 4 - Severe CKD (GFR = 15-29 ml/min/1.73 m?). As Stage 2. Management of fluid balance, blood pressure, anaemia, bone health and dietary

changes may be required.

« Stage 5- End stage CKD (GFR = <15 ml/min/1.73 m*). Management of fluid balance, blood pressure, anaemia, bone health and dietary changes com-

monly needed. Dialysis or kidney transplant may be required to continue living,
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The information provided to the participants made it clear that if someone had chronic kidney
disease it was a serious condition. About half of the participants said that when kidney dysfunction
was first described to them, and participation in the study offered, they were very concerned that if
they were found to have it, they would not be able to finance their own treatment. Some said that they
joined the study to access free treatment for that reason.

Ilooked at my health and economic status; T am not all that well. T am disturbed by sickness yet I am poor. What
if Thave the kidney disease and I refuse to participate? Then later I get to know Iam affected. Where do I begin
from since even the money for just the daily commodities is hard for me to obtain! I decided to take part
because of that! (50-59 year old woman - Stage 2)

The information on the seriousness of chronic kidney disease, shared by the study team, was in
some cases conflated with information that people had received from other sources, which raised the
concern of some participants who perceived the condition as an acute health threat:

I had feared very much to be among those whose kidneys are affected because one of my relatives had already
told me that once the kidney or the liver become infected, chances are very limited for one to survive. I know
death comes to everyone but I fear dying from such a serious illness! (70-79 year old woman - Stage 2)

Participants worried not only about themselves receiving a diagnosis of kidney impairment, but
that their relatives and friends may have similar health problems. Concerns about the prevalence of
the condition, as well as the fears over the condition being incurable, mirror continued anxiety about
HIV in this population (Bukenya et al., 2017).

Reactions to being told of evidence that a person had kidney dysfunction

All 46 participants told that they have some level of impaired kidney function, were given this infor-
mation by study clinic staff and the condition explained to them. However, when talking to the social
science interviewers, more than half of the participants (26/46) said that they did not have kidney
dysfunction. Of these, 14 people said that they had not received their results and a further 10 said
that the results they received had not indicated that they had such a condition. Two participants
said that they had not taken part in the kidney disease screening exercise at all. Both men and
women expressed these views:

They brought some information on a piece of paper. Unfortunately, I was away for my work then they handed
the paper to mzee (meaning his father) [...] I currently do not know where he placed that piece of paper. (40-49
year old man - Stage 5)

Interestingly this man also commented that his father had told him his kidneys “were fine’.

The health workers are the ones who know what they found. They are the ones who know what they are doing
but have not disclosed to me what they found. Whether I am sick (with kidney problems) or not, I do not know.
(70-79 year old woman - Stage 2)

The health worker team confirmed that all the people sampled for the social science component
had received information on the stage of kidney disease they had been identified with and results
were only given to the participant, not to family members, which suggests the denial of receiving
and knowing about this information was linked to worry about the condition.

A fear of the condition was expressed by others who acknowledged being told that they
had kidney dysfunction, but they said that the diagnosis was unexpected. Some of these par-
ticipants recalled that they had been told that the condition was not curable, and they wor-

ried about the high cost of treatment and how family members would manage if they
became wvery ill.

After getting the results, T am just there, I am completely losing strength. Tam worried. You know each time you
learn you have an illness you never anticipated; you become worried, your peace is as if taken away. (60-69 year
old man - Stage 3b)
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Some wished they could have had their condition verified in a different health facility. A 50-59

year old woman mentioned others who sought such support:

I did not have money for I would have gone to meet health workers elsewhere and find out what they would tell
me about the same [kidney] issue because even my co- wife down there, who was invited in the same group, her
well off children took her to Kampala for further investigation. (Stage 3a)

Six people said that they had been diagnosed with kidney dysfunction but they were doubtful that
the diagnosis was correct. The reasons they doubted the diagnosis was because the test had been ‘very
simple’, so they did not understand how such a test could diagnose a kidney disease. But also, they
did not have any symptoms like pain around the lower abdomen where the kidneys are located. This
suggests that the way the condition was diagnosed led to people questioning what had actually been
tested. They also said that the health workers had provided limited advice on what to do to manage
progression, which they would have expected if the disease was severe.

If T was sick with the kidneys, why did the health workers at your place [study clinic] not prevent me from
taking salt? They have not even told me about other things I should avoid if they found out that my kidney
was sick. If they have not done so, have they not just put me in a worrying situation? (70-79 year old
woman - Stage 3a)

However, 10 people did react positively to news of their condition. Of these, eight reported that
they accepted the information and had linked to care at a local health facility where their condition
could be monitored and treatment provided if required, as advised by the health workers. If more
specialist care was needed, health facility staff could refer patients to specialists at district and
regional hospitals. In addition to linking to formal health care, five of the ten people said that
they had disclosed their reduced kidney function diagnosis to their spouses, adult children or sib-
lings. The two people, both older men (in their 60s and 80s respectively), who had not linked to
care said that they were contemplating the possibility of doing so ‘one day’.

Reactions to advice on treatment

Given that half of the participants who had been found with kidney dysfunction had denied their
diagnosis, it is not surprising that they also said that they were not accessing treatment. However,
it is also very likely that they were participants who had only mild to moderate kidney impairment,
and no treatment had been recommended for them. The lack of treatment may have led to doubts
about their diagnosis, and hence a view that they were not affected. In addition, some participants
were offered treatment for other conditions (urinary tract infections for example), rather than
directly for kidney dysfunction, although they considered it to be treatment for kidney disease.
The differences in treatment offered, referred to above, was confusing for some people. A few par-
ticipants (four people) expressed their doubts about whether the treatment given in the study clinic
was effective because of the short duration of treatment relative to the severity of the condition:

They were just minor tablets which I took for only a week. I then kept wondering, how someone they have said
has kidney disease can be given such minor treatment, yet they say the kidney disease is very bad, I was not
satisfied!” She continued; ‘just such tablets to treat a serious disease! (70-79 year old woman - Stage 2)

Given that this woman did not require any treatment for kidney dysfunction it is likely that this
woman had received treatment for a urinary tract infection; if she had kidney disease she would have
had follow-up visits to the clinic and if the condition was severe, referral to another facility.

The short duration treatment for other conditions resulted in some people being very positive
about ‘kidney disease treatment’. Five people were happy about the limited treatment they received
and said that they had adhered to the treatment.

They told me ‘your illness is about the kidney! Your kidneys have lots of fluids!” They started giving me
drugs [...] The drugs I got from [the study clinic] were for two weeks and I took them’ (60-69 year old
man - Stage 3b)
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Nine of those who did disclose their condition to the social science interviewers said that they
were seeking alternative forms of treatment in combination with the medication they received
from the study clinic. The decision to use alternative medicine, herbs for example, was mostly
due to the influence of friends and relatives. The same man who had received the treatment for
two weeks, went on to say:

I was taking tablets from the study clinic but then a friend directed/advised me to take some of that older
woman'’s herbs because she is well known for treating many illnesses. What I did was to take the tablets first
then after two hours I would take the herbal medicine so that it does not interfere with the tablets. (Stage 3b)

A 60-69 year old woman, who was assessed as ‘Stage 2’ so would not have required specific treat-
ment for kidney dysfunction explained her use of herbs for a condition treated at the clinic:

Since I completed the dosage [unspecified] I obtained from the study clinic, I have been taking powder made
from rosemary adding it to hot water. I learnt from that young person (indicating someone nearby) that the
herb has a lot of benefits which include brain boosting.

To sum up, we found that among people told that they had impaired kidney function, the
majority had heard of the condition, but half denied knowledge of the health status of their kidneys
or, in some cases, receiving any results of tests from the clinic team. The denial of the condition and
delay or refusal to link to care may have been linked to a lack of symptoms for those with early stage
kidney dysfunction, which may have led them to assume the information on kidney dysfunction to
be incorrect. The range of treatments given to people who did report both being given information
and treatment, caused some uncertainty about whether the condition was indeed serious. This was
probably because several people were treated for other conditions (such as urinary tract infections)
and did not require treatment specifically for kidney disease.

Discussion

Our findings suggest that there was limited understanding of kidney dysfunction among those
told about the condition, a result which mirrors the findings of studies from elsewhere (Ene-
lIordache et al., 2016; Kazley et al., 2014; Slevin & Taylor, 2015; Teasdale et al., 2017; Wright
Nunes et al., 2016). The lack of symptoms experienced by many of those who were told that
they had impaired kidneys led them to doubt that they had the condition, a finding also cor-
roborated elsewhere (Kazley et al,, 2014). Receiving a diagnosis provides a label for a condition,
affording ‘permission’ to be ill (Jutel, 2009) and the packaging of symptoms with a label for
treatment (Rosenberg, 2002). But when the condition is asymptomatic, a diagnosis may not
provide confirmation of a condition, instead it can promote anxiety and disbelief (Walker &
Rogers, 2017; Wright Nunes et al, 2016). A desire on the part of medical practitioners not
to alarm a patient or overburden someone with other non-communicable conditions with a
diagnosis of asymptomatic kidney disease may result in non or partial disclosure (Crinson
et al, 2010; Daker-White et al., 2015; Nash et al., 2018). It is also important to note that
there is some uncertainty over the interpretation of kidney dysfunction in older people (Hart
& Anderson, 2018; Nguyen & Goldfarb, 2012). Many of our respondents were over 60 years
of age and mild kidney impairment may have been part of the ageing process and the staging
provided during the study was not confirmed with repeat testing for those with early stage kid-
ney dysfunction.

Other research in the UK and Australia shows that perceptions of chronic kidney disease,
informed by the information that patients have on the condition, shapes patients wellbeing and
their response to treatment (Kazley et al, 2014), as well as influencing health outcomes (Chilcot,
2012). Indeed, Nash and colleagues (Nash et al., 2018) argue for greater attention in primary care
facilities to the process of diagnosis to improve the quality of care, based on their findings from
Canada.
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In our study setting in Uganda, improving the rates of early diagnosis and treatment is impor-
tant given access to, and affordability of, dialysis treatment for later stage kidney disease. Based on
our findings several other factors affect the ways in which people react to a diagnosis, particularly a
diagnosis which may be symptomless and ‘chronic’. Leventhal and colleagues (2016) in their
‘Common-sense model of illness self-management’ describe how a model of acute illness shapes
the way in which people respond to being diagnosed with a chronic condition. An acute illness
is generally characterised by symptoms which cause someone to seek care, from a health service
provider or to self-treat. In contrast, many chronic conditions are asymptomatic but ‘the acute
model leads patients to expect symptoms and a short time-line’ (p. 939) (Leventhal et al,, 2016),
which is an approach that does not fit with the long-term management of asymptomatic pro-
gression. A delay in seeking care is often attributed to the lack of symptoms for conditions such
as hypertension and diabetes (Musinguzi et al, 2018; Nnko et al, 2015; Rutebemberwa et al.,
2013) but also for people living with HIV, before they experience significant illness as a result
of the infection (Kawuma et al., 2018; Seeley et al., 2019). Many infectious diseases, common in
the Ugandan setting (malaria for example), provide symptoms which lead the person affected to
seck immediate treatment (Ladner et al., 2017). As Leventhal and colleagues (2016) note ‘patients
will not take drugs unless they perceive a need to do so, particularly if asymptomatic’ (p. 939), in
addition they may not, as we show in our findings, acknowledge that they have been told they have
a condition, if they have no symptoms: a self-assessment which may be supported in the view of the
patient by the “failure’ of the health services to offer treatment. This ‘common-sense’ assessment of
health needs to be understood if people are to be encouraged to be screened for kidney disease and,
if found affected but asymptomatic, supported to engage with follow-up and the monitoring of
their condition.

Conclusion

Kidney disease causes both morbidity and mortality in rural Uganda, but in our study most people
had a limited understanding of the condition, including of the asymptomatic nature of early stage
disease. Our findings point to the importance of understanding the context in which people receive
information on conditions which are new to them, the comparisons they may make with the pro-
gression of other conditions, and the ways in which they may interpret the type of treatment
offered for conditions which they are told are serious.
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Introduction

Chronic Kidney disease is a major
cause of morbidity and mortality
in the world. Developing countries
such as sub-Saharan Africa have
a big burden of CKD which are
forecast to rise in the coming 3
decades. The burden and drivers
of CKD in SSA has not been
described. We determined the
prevalence of CKD and its
associated factors in a general
population cohort in Kalungu
District, South-western Uganda.

Objectives:

+ To determine the prevalence of
and risk factors for chronic
kidney disease (CKD).
+ To assess the optimum method
of estimating glomerular
filtration rate (eGFR) using
lohexol GFR as the gold
standard among rural Ugandan
populations.

An adapted World Health Organization (WHO,
STEPwise approach to surveillance
questionnaire was used to collect data on
cardio-vascular disease risk factors from the
general population cohort (GPC).
Anthropometric measurements and blood test;
for hemoglobin, blood sugar, HIV screening,
Hepatitis B and C viruses as well as the
creatinine level were performed. The
estimated glomerura filtration rate (eGFR ) wa;
calculated using the Epi-CKD formula,
neglecting the race component of the equatior
. All statistical analyses were performed using
STATA 13 SE (Stata Corp, College.P:

Characterization of Chronic Kidney Disease in Uganda

Kalyesubula R, Hau J, Tomilnson L, Kusemererwa S, Seeley J, Kamali A, Smeeth L, Newton R
Medical Research Council/UVRI, Entebbe; London School of Hygiene and tropical Medicine

Actotal of 5,979 (83.46%) individuals enrolled
with average age of 39.12 years (Range: 16
to 103 yrs), composing of 3,627 (60.66%)
females. HIV prevalence was 9.68% and
about 40% of the population was pre-
hypertensive.
The mean serum creatinine was 0.75 mg/d!
(95% CI0.74 — 0.75), and using the CKD-EPI
equation, the average eGFR was 109.32
ml/min per 1.73 m? (95% CI 108.76 —
109.88).

The overall prevalence of decreased renal

funetion (eGFR < 60 mL/min per 1.73 m?)
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95% Cl 1.37,4.42) were associated with CKD.
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Conclusions

+ High prevalence of kidney disease
in Uganda

= CKD in Uganda is not fully explained
by traditional risk factors.

Recommendations

* Need to establish the risk factors
of CKD using prospective studies

= Advocate for preventive
effarts for CKD
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13 [28%) patients had CKD) stage 3. 6/13 had low predicted risk of
progression at 5 yvears of whom 4 /6 progressed unexpectedly. 1713 was
identfied as having high risk at 5 yearsand that | patient progressed to
CED5SDT.

6/18 (KD 34 patients with predicted low risk progressed to CED 5D/
Tunexpectedly. 1/6 had emergency abdominal surgery, 1/6 patient had
unexplained rapid progression and 4/ had acute upper gastro-intes-
tinal haemorrhage cawsing terminal decline of kidney function,
Conclusions: The number of patients analysed was small. The &-vari-
able equation accurately predicted high risk of progression to CKDSDT
in 7/0 CKD3¥4 patients,

Conwversely, 618 patients with predicted low risk progressed to
CEDSDIT. Acute medical events including upper gastro-intestinal bleed
accounted for most instances of unexpected progression,
NORMOTENSIVE SUBJECTS IN CKD
Vera, J', Heidi, N', JANKOWSKI, J*'

"University Hospital RWTH Aschen, Institute for Molecular Cardiovascular
Research, Aschen, Germamy

Introduction: Hypertension is a major risk factor for cardiovascular
disease and is also a risk factor for chromic renal failure, Despite of
advancements in lowering blood pressure, the best approach to lower
it, remains controversial due to the lack of information on its devel-
opment. We therefore, performed plasma proteomics to identify the
markers discriminating hypertengive from normotensgives,

Methods: Flasma samples from hypertensive (n=118) and normotensive
subjects (n=8 5)from the “ nGenious Hypercare” cohort were used for the
study. We performed liquid chromatography enline coupled to electro-
spray ionization quadrupole ion trap mass spectrometry for analysis of
the plasma samples. Hypertension spedfic plasma peptides were identi-
fied and a model was developed using least absolute shrinkage and se-
lection operator logistic regression. The underlying peptides were
identfied and sequenced offline using matrix assisted laser desorption
lonization mass specirometry. Further, to get an insight in to the mech-
anisms, pathwayamlysis was peﬁmmed using KEGG and GO databases.
Results: By comparison of plasma samples, 17 biomarkers were iden-
tified discriminating hypertensives from normotensives, 0% of the
features selected were found to occur less likely in hypertensive pa-
tients, A cross-validated predictor model was developed with the
overall R square of 0.4 3 and the area under the ROC curve was 0.591
with 95% confidence interval 0.8482 to 0.9349, P=0.0001. The mean
value of the cross-validated predictor score of normotensive and hy-
pertensive patients was found to be -2007 = 03568 and 3383
0.2643, respectively. Phosphtidylinositol 3 kinase regulatory, humanin,
anoctamin 10, NIK related protein kinase, Mannose-6- phospho isom-
erase, wyptophan, erythrocyte membrane glycopeptide, ranscription
factor Dp-2, pleckstrin homology domain-containing family O mem ber
1, cardiac ph.rxspholamba n, ostencalcin or sarcnlipin, rasrelated pcm‘tein
Rab-13, protein prune homolog, nexilin and palladin were the identi-
fied peptides. The pathway analysis revealed that these proteins had
mostly cardiac related functions.

Conclusions: Plasma protecmics model was able to predict the hyper-
tensive-normotensive status based on 27 molecular features. After
validation in other cohorts for reproducibility, the identified markers
may be useful to clarify the causes of hypertension and to predict the
development of hypertension and hence of cardiovascular events,
SEQUENCING IN A CHRONIC KIDNEY E'
DISEASE COHORT

JAYASINGHE, K*'~, Zortnitza, 57, Kerr, PG, Andrew, T7,
John, WP, Lilian, J°, Ryan, J", Elly, L', Mallett, A", Quinlan, ¢*'%"*
'"Monash Health, Nephrology, Clayton, Australia, “Monash University,
Medicne, Clayton, Australia, “Murdoch Childrens Research Institute, Kid-
ney Development- Disesse and Regenerstion, Parkville, Australia, *Mur-
doch Children's Research Institute, Victorian Clinical Genetics Service,
Melboumne, Austrelis, *Australian Genomics Hesith Alllsnce, Austrelian

Genomics Health Alliance, Melboume, Australia, “University of, Depart-
ment of Paedistrics, Melboume, Australia, 'Floyal Melbourne Hos pital,

SAT-194

PLASMA PEPTIDOMICS BASED
MULTIVARIABLE MODEL FOR THE
CLASSIFICATION OF HYPERTENSIVE FROM

SAT-195
DIAGNOSTIC UTILUTY OF WHOLE-EXOME

Kidney Intemstionsl Reports (2018) 4, 51-5437

Mephrology, Melbourne, Australia, “Austin Hospitsl, Mephrology, Heidsl-
berg, Australis, *Monssh Childrens Hospital, MNephrology, Mustralis,
“Melboume Genomics Health Alllance, Victorian Clinical Genetice Service,
Melboume, Australia, "Australian Genomic Health Alliance, KidGen Renal
Genetics  Flagship, Australia, Australia, "“Royal Childrens Hospital,
Nephrology, Melboume, Australia

introduction: Genomic technologies enable the rapid and cost-effective
sequendng of DNA and have demonstrated a definitive diagnosis in
several patient groups. The dinical utility of whole exome sequencing
[(WES) in a kidney disease cohort is mot yet well established. We
describe the patient characteristics and diagnostic yield of a cohort of
200 patients with suspected genetic kidney disease referred for WES via
a multidisciplinary renal genetics clinic.

Methods: 200 sequential patients were recruited into a prospective
observational cohort study through five tertiary academic centres in
Victoria, Australia, Patients were referred by their treating nephrolo-
gigt to a dedicated renal genetic service funded by the Melbourne
Genomics Health Alliance. Following review by a multidisciplinary
team, congisting of a nephrologist, clinical peneticist and genetic
counsellor, patients were recruited for genomic sequendng, with
analysis for a pre-determined list of genes of interest. We measured the
diagnostic yield and its effect on short term clinical management.
Results Singleton WES was performed on 123 adult patients and
83 paediatric patients. Majority were fernale (1 18) and median age was
27 years (range 0-73 years). 100 of these patients were isclated cases
(77 had a known positive family history). From 104 exome results
available to date (38 paediatric and 66 adults), 43 patients recelved a
positive molecular diagnosis (41%) and of these 22 (51%) resulted in a
change from the original clinical diagnosis. The diagnostic yvield was
greater in the paediatric cohort (53%) compared to the adult cohort
(35%). The effects of genomic testing on clinical management is
currently being analysed.

Conclusions: Singleton WES resulted in a substantial number of posi-
tive diagnoses in both adult and paediatric patients. The ongoing
analysis of this cohort will allow delineation of the sensitivity of exome
sequendng to current dia ic methods, enable health economic
analysis of testing and facilitate identification of the clinical predictors
of a pogitive diagnosis. To our knowledge, this is the larpest prospec-
tive kidney disease cohart to undergo whole exome sequencing with
integrated utility analysis to date.

SAT-196

HOW TO ESTIMATE GLOMERULAR FILTRATION ]
RATE IN SUB-SAHARAN AFRICA: DESIGN AND ‘.)
METHODS OF THE AFRICAN RESEARCH ON

KIDNEY DISEASES (ARK) STUDY

Kalyesubula, R*', Fabian, J°, Newton, R®, George Anna, J°,
Dreyer, G°, Naicker, 57, Crampin, M”, Smeeth, L®, Tomlinson, L®
"Makerere University, Medicine and Physiology, Kempals, Uganda,
University of the Witwatersrand, Intemal Medicing, Johannesburg, South
Africa, *Medical Research Council- UVRI & London School of Hygiene and
Tropical Medicine Research Unit, Epidemiology, Entebbe, Ugands,
*University of the Witwatersrand, Chemical Psthology, Johsnnesburg,
South Africs, “Barts and The London MHS Trust, Mephrology, London,
United Kingdorm, c'Lln'ru'u!rsibg,l' of Witwatemrand, Internzl Madicing, Johan-
nesburg, South Africa, "Malawi Epidemiology and Intervention Research
Unit MEIRU, Epidemiology, Blantyre, Malawl, *London School of Hygiens
and Tropical Medicine, Mon Communicable Disesse, London, United
Kingdom

introduction: Chronic kidney disease (CKD) is a substantal cause of
morbidity and maortality worldwide with disproportionate effects in
sub-Saharan Africa [SSA). The optimal methods to accurately estimate
glomerular filtration rate (eGFR) and therefore facilitate identification of
CED among African popubitions are uncertain, We plan to measure
iohexol exdretion and corrvelate measured GFR with existing equations
to determine the optimal methods to estimate GFR and determine the
prevalence of CED in Malawi, South Africa and Uganda

Methods: The African Research on Kidney Disease [ARK) study is a
three country study embedded within existing coborts. We seek to
enrol 3,000 adults =18 years stratified by eGFR using baseline serum
aeatinine, Study procedures include questionnaires on socio-de-
mographics and potential risk factors for kidney disease, anthropom-
etry, body composition, blood pressure, blood chemistry and urine
microecopy and albuminuria, All paticipants will have a measured GFR
(mvGFR) by plasma clearance of ichexol at 120, 180 and 240 minutes.
Blood and urine samples will be bio-banked.
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pre-existing symptoms, 233 (28.5%) used telemedicine fadlity and
sought telephonic advice from (private] physidans, while 149 [18.2%)
were able to undertake an in-person visit to their regular healthcare
provider. Among those with ESKD, seven subjects were undergoing
regular inwentre haemodialysis. Four of them reported missing their
scheduled sessicns. One developed severe breathlessness and died
despite receiving dialysis.

Conclusions: This is the first study conducted in India to assess the
effect of the ongoing COVID 19 pandemic on risk perceptions and ac-
cess to health services for persons with CED. Our findings provide
ingights into the risk perceptions, and practices prevailing in a high
CED burden setting in rural India. We highlight the urgent need for
comprehensive guidelines that address continuum of care for NCDs/
CED during the current and future disruptions to routine healthcare
service delivery. Priovitization by povernments to ensure uninter-
rupted essential primary healthcare services would be key to preparing
for future pandenyics,

Conflict of interest: STOF CKDu study is funded by the Government of
Andhra Pradesh under a grand challenges research programme in
parmership with Indian Council of Medical Research,
POPULATION COHORT STUDY

Kalyesubula, R*', Sekitolaks, I, Tomlin, K3, Hansan, C%,
Ssebunya, B®, Makanga, R®, Hughes, P7, Kwizera Mbonye, M7,
Saealey, J°, Liam, S', Robert, N¥, A Tomlinson, L'

"London School of Hygiene and Tropical Medicing, Non Communicable
Disease Epidemiology, London, United Kingdom; *MRC/UVRI & LSHTM
Research Unit, Non Communicable Disesses, Entebbe, Ugands: *London
Sehool of Hygiene and Tropical Medicine, Epidemiology, London, United
Kingdom; “London School of Hygiens and Tropical Medicing, Bioatstistics,
London, United Kingdom: *MRCANRI B LSHTM Resesrch Unit, Mon
Communicable Disesss, Entebbe, Uganda; SMRC/UVRI & LSHTM Research
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Laboratory, Entebbe, Ugands; ®London School of iene and Tropical
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Introduction: The burden of kidney disease in sub-Saharan Africa is
currently poody understood. Very limited monitoring and treatment is
available for people affected. The association with other diseases and
with mortality is unknown in this setting. We sought to determine the
association between kidney function and subsequent all-cause mortality.
Methods: In a general population cohort with detailed measurement of
health-related parameters in rural Uganda, we estimated the baseline
glomerular filtration rate (GFR) between 2011-2014 in 5,678 particdpants.
We followed partidpants up to March 2019 with regular ascertainment
of mortality and migration. Using multivariable cox regression, we
determined aseociations between baseline eGFR and maortality.

Results: The median age of the participants at baseline was 3b years
[IQR 24-50), £0.7% were female, 14.6% hypertensive, 9.7% HIV-pos-
itive and 1.8% diabetic. We registered 140 deaths with a median
follow-up of 5.0 vears. Adjusting for age and sex, HIV, hypertension,
diabetes, BMI, marital status, and alcohol and tobacon use parti.cipanu
with eGFR =45 L'nlsl.‘l.nin,‘l.?_im‘ had six-fold higher mortality compared
to those with eGFR =0%0mlsfmin/1.73m” (HR 6.12 (95% CI 2.27-16.45))
with strong evidence of a linear trend for risk of mortality as renal
function declined [P<0.001).

Conclusions: In a prospective cohort with high rates of follow-up we
found that baseline kidney function was associated with subsequently
increased mortality in a graded manner. Improved under standing of the
determinants of kidney disease and iis progression are needed in order

to inform interventions for prevention and treatment.
Mo comflict of interest
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QUALTY OF LIFE IN PATIENTS WITH DIABETIC
NEPHROPATHY: FINDINGS FROM THE KNOW-

CKD (KOREAN COHORT STUDY FOR OUTCOME

IN PATIENTS WITH CHRONIC KIDNEY DISEASE) COHORT
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introduction: Diabetic nephropathy (DN) is a major cause of end-stage
renal disease, and can affect quality of life {(ol) because it requires
arduous lifelong management. This study analyzed (ol differences at
bageline and after 5 years between DN anDiabetic nephropathy (DN]) is
a major cause of end-stage renal disease, and can affect quality of life
[(ol) because it requires arduocus lifelong management. This study
analyzed QoL differences at baseline and after 5 years between DN and
non-DN - patients with other chronic kidney disease [CKD).d non-DMN
patients with other chronic kidney disease (CEL).
Methods: The analysis included subjects (n=1766) from the KRNOW-
CED (KoreaN cohort study for Outcome in patients With Chronic
Kidney Disease) cohort who completed the Kidney Disease Quality of
Life Short Form (KDQOL-SF). The factars that influenced the QoL of
partidpants with DN fn=3%0) were first amalyzed, and differences in
(ol between DN and non-DN participants was examined. To maintain
homopeneity, most factors that influenced the QoL of participants with
DM were controlled by propensity score-matched pair sampling using
the greedy matching technique. In total, 239 DN and 230 non-DN
subjects were finally selected, and differences in the mean KINQOL-SE
scores between the 2 groups were then analyezed.
Results In the multivariate linear regression model, higher QoL scores
were found for taller DN subjects and lower QoL scores were found for
those who were unemployved or unmarried, received Medical Aid, had
lower economic status, had higher platelet counts and alkaline phos-
phatase levels, and used clopidogrel or insulin, Patient satisfaction [39.9
ve, 6.5, P:O.ﬂﬂj and general health [35.1 ve., 391, l':ﬂﬂdlj WETE
significantly lower in the DN group than in the non-DN group. Scores
penerally decreazed in both groups during the 5-year follow-up, and
the scores in the work status, sexual function, and role-physical do-
mains were lower among patients with DN than among non-DN pa-
tients, but the differences were not statistically significant.
Conclusions: In conclusion, among the DN subjects, socioecononmic
factors were found to be strong risk factors for im paired Qol, as well as
high pltelet counts, high alkaline phosphatase levels, and daopidogrel
and insulin use. The DN subjects showed lower (oL than the non-DN
subjects in the domains of patient satisfaction and general health. In
conclusion, we confirmed that DN itself affected (ol more strongl_r,r
than other types of CED.
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introduction: The Indian Chronic Kidney Disease (ICKDY) study is an
ongo'mg, nationwide, multi-centric pcmspective onhart sh.u:l_gr recruiﬁng
particdpants with mild to moderate CKD that aime to identify risk
facrors for CKD development and progression and implement effective
therapies. Here, we repart the baseline socio demographic, etiology of
CED, risk factors and laboratory parameters in the inception cohort.
Methods: Patients with confirmed CED between 1870 vears of age and
estimated glomerular filtration vate (eGFR) of 15-60ml/min/1.73m" or
eGFR =60mlfmin/l.73m2 and proteinuriafalbuominuria with stable
dlinical course for at least 3 months have been recruited. Organ ans-
plant recipients, those with malignancy for last 2 years, non-Indian
ethnia:itjr, pregnancy in case of fermales, on h.nmummprn’eﬂive ther-
apy, life expectancy <1 year and with poor functional status are
excluded. Socio-demographic details, histor v related to kidney diseases,
traditional and indigenous risk factors, CVI and other co-morbidities
are recorded. Blood and urine samples are being collected at baseline
and annually. Primary cutcome of the sudy is time to ESRDJRRT, 50%
decline in ¢GFR and any new cardiovascular event

Results: Total 4056 CED subjects has been enrolled. The mean age of
the cohort was 50.3 +/-11 8 years with 67.2% males. Median eGFR was
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