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ABSTRACT 

Chronic kidney disease (CKD) is a progressive condition characterised by abnormalities in 

kidney structure or function, and is classified by cause of injury, eGFR and albuminuria.1 It 

carries an enormous global burden, affecting approximately 788 million adults worldwide, 

accounting for nearly 1.5 million deaths annually, and currently ranking as the ninth leading 

cause of death globally.1,2 In Canada alone, there are an estimated 4 million people who have 

CKD, costing Canadians approximately $40 billion annually in both direct and indirect costs.1,2 

Altogether, the irreversible nature of CKD, the absence of curative options, increasing risk 

beyond kidney outcomes, and the financial burden of CKD underscore the critical importance of 

accurate kidney function assessment to facilitate early recognition and intervention. 

Glomerular filtration rate (GFR) is widely considered the best method in determining the 

kidney's health and function in both research and clinical settings.1 It is also used in estimating 

the risk for kidney failure using tools such as the Kidney Failure Risk Equation.3 Multiple eGFR 

equations have been developed; however, serum creatinine (SCr) based equations are more 

utilised given that it is inexpensive, widely standardised, and routinely measured.1,4 In 2021, two 

new equations were developed, the 2021 Chronic Kidney Disease Epidemiology Collaboration 

(CK21) and the European Kidney Function Consortium Equation (EKFC), both of which were 

race-free equations. In North America, the CK21 has been widely adopted; however, the EKFC 

has been shown to have potential benefits in other populations.  

Current evidence shows that EKFC shifts CKD prevalence but does not meaningfully 

improve prediction of outcome risk, with discrimination remaining the same across equations.5,6 

Important methodological gaps remain, however. Prior analyses report only relative measures 

such as hazard ratios and reclassification metrics; none model the cumulative incidence function 

directly to estimate and assess the accuracy of a patient's absolute outcome risk. Calibration has 
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also not been formally assessed, a clinically relevant metric that provides insight as to whether 

predicted probabilities match reality. Furthermore, current studies are limited to two European 

populations or focus on a cardiovascular high-risk cohort, with no general North American 

population assessed. Lastly, there have been limited studies comparing the usage of eGFR in 

kidney failure risk tools using the EKFC. This thesis addresses these gaps by comparing CK21 

and EKFC in a population-based Ontario cohort, evaluating discrimination, calibration, and 

reclassification for kidney and cardiovascular outcomes, and assessing their performance as 

inputs to the KFRE. 
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CHAPTER 1: INTRODUCTION  

1.1 Problem 

Chronic kidney disease (CKD) is a progressive condition characterised by persistent (≥ 3 

months) abnormal kidney structure or function, most commonly classified using eGFR, and 

albuminuria.1 In Canada alone, there are an estimated 4 million people who have CKD costing 

Canadians approximately $40 billion annually.2,7,8 Beyond kidney specific outcomes, individuals 

with CKD have an increased risk of cardiovascular morbidity and overall mortality highlighting 

the interconnection of kidney health across different biological systems.2,9 It is considered to be 

irreversible, but the risks of progression and its associated complications can be minimised if 

detected and managed early which requires an accurate assessment of kidney function.1 

Measured GFR (mGFR) remains the gold standard for assessing kidney function, however, it is 

impractical on a large scale due to cost and time, leading clinicians to rely on estimated GFR 

(eGFR). Most commonly calculated using only serum creatinine (SCr) obtained from a routine 

blood test,10–12 eGFR has become the primary measure used globally to diagnose and stage 

CKD.13,14 These measures help inform decision making related to CKD from monitoring 

progression, predicting adverse clinical outcomes, and determining eligibility for treatments such 

as kidney replacement therapy (KRT).15,16   

Currently, there has been adoption of newer SCr-based eGFR equations – primarily the Chronic 

Kidney Disease Epidemiology Collaboration 2021 (CK21),1,10 and the European Kidney 

Function Consortium (EKFC).1,17 Health regions in Canada have been adopting the CK21 

equation over its 2009 predecessor (CK09), with Ontario laboratories now using the equation.18–

20 However, no studies have compared the prognostic utility of EKFC against CK21 in a general 

North American population. Furthermore, previous comparison studies have only assessed 
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metrics that focus on how risk is ranked and how patients are assigned to risk categories,5,6,21,22 

leaving unanswered which eGFR equation produces more prognostically accurate estimates and 

greater net clinical benefit. Lastly, while other studies have compared the association of eGFR 

equations to clinical outcomes, these studies utilised a cause-specific approach, not a competing 

risk framework, which is more appropriate for prognostication.  

1.2 Purpose and Rationale 

Accurate prediction of patient outcomes is of greater clinical relevance for eGFR equations than 

accurate estimation of measured GFR. They aid in the timely prevention and management of 

CKD, and at a system level can guide health policy and inform clinical laboratories on the 

optimal eGFR equation for clinical prognostication. From a public health perspective, identifying 

and implementing the equation that best predicts outcomes could improve care at the population 

level in a cost-effective manner. The purpose of this study is to examine and compare the 

prognostic utility of eGFR equations, primarily the CKD-EPI and EKFC, to clinically relevant 

endpoints and kidney failure risk using population level data. 

1.3 Objectives of the Study 

The objectives of this study are the following: 

1) to compare the association and prognostic performance of the EKFC and CK21 eGFR 

equations for Major Adverse Kidney Events (MAKE; need for dialysis, kidney 

transplantation, eGFR < 15 mL/min/1.73m2 or a GFR decline from baseline of 30% or 

more), and Major Adverse Cardiovascular Events (MACE; a composite of acute coronary 

syndrome, ischemic stroke, CV death) and MACE + (MACE plus hospitalization for 

heart failure).  
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2) to compare the 4-variable Kidney Failure Risk Equation (KFRE) using EKFC and CK21 

eGFR inputs for predicting the need for kidney replacement therapy. 

1.4 Thesis Outline  

Following this introduction chapter, the thesis will begin with a background of the literature 

(Chapter 2) on the population-level burden of chronic kidney disease (CKD) and its kidney and 

cardiovascular complications, the role of the estimated glomerular filtration rate (eGFR) in CKD 

identification and risk prediction, and the history of competing creatinine-based eGFR equations, 

and the downstream consequences of equation choice for risk classification and clinical 

management. Chapter 3 addresses the first thesis objective, comparing the CK21 and EKFC 

equations for the prediction of major adverse kidney events (MAKE) and major adverse 

cardiovascular events (MACE) in a population-based cohort of approximately 5.5 million 

Ontario adults, using Fine-Gray competing risks models, in a manuscript titled "GFR 

ESTIMATING EQUATIONS AND THEIR ASSOCIATION WITH ADVERSE CLINICAL 

OUTCOMES: A POPULATION-BASED RETROSPECTIVE COHORT STUDY " (intended for 

submission). Chapter 4 addresses the second thesis objective, evaluating the impact of eGFR 

equation choice – CKD-EPI versus EKFC – as an input to the 4-variable Kidney Failure Risk 

Equation (KFRE) in a general population sub-cohort of those with CKD (eGFR < 60 

mL/min/1.73m2) in a manuscript titled "COMPARISON OF GFR ESTIMATING EQUATION 

INPUTS FOR THE KIDNEY FAILURE RISK EQUATION (KFRE): A POPULATION-BASED 

RETROSPECTIVE COHORT STUDY" (intended for submission). Finally, Chapter 5 presents 

a summary of the findings of the thesis, alongside a discussion of its strengths, limitations, and 

avenues for future research. 
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CHAPTER 2: BACKGROUND 

2.1 Importance of Assessing CKD 

Chronic kidney disease (CKD) is a progressive condition characterised by abnormalities in 

kidney structure or function, and is classified by cause of injury, eGFR and albuminuria.1 It can 

arise from different aetiologies with diabetes and hypertension being the most common,2 but the 

core mechanisms leading to CKD remain largely shared.23 It begins with an initial injury to the 

nephrons, creating increased mechanical stress as remaining nephrons compensate via 

hyperfiltration.23 This compensation is often why CKD goes undiagnosed until later stages as 

overall kidney function can initially remain preserved.23,24 However, sustained hyperfiltration 

eventually leads to progressive nephron loss, at which point the damage is generally 

irreversible,23 with the cycle repeating if no intervention is taken. Should CKD progress to its 

end stages, kidney replacement therapy (KRT) – dialysis or kidney transplantation – becomes 

necessary as no curative therapies are available. Beyond kidney specific outcomes, individuals 

with CKD also face an elevated risk of a wide range of adverse health outcomes that can 

compete with kidney failure to cause death, underscoring that CKD carries a systemic burden 

extending well beyond the kidney.2,9  

CKD carries an enormous global burden – it affects approximately 788 million adults worldwide, 

accounts for nearly 1.5 million deaths annually, and is currently the ninth leading cause of death 

globally.1,2 Unlike many other leading causes of death, CKD mortality has continued to rise, with 

it estimated to become the fifth leading cause of years of life lost globally by 2040.25 In Canada 

alone, there are an estimated 4 million people who have CKD, costing Canadians approximately 

$40 billion annually in both direct and indirect costs.7,8 For those living with end-stage kidney 

disease, the cost per patient on dialysis is approximately $100,000 which was estimated in 2017, 
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with current costs likely considerably higher.8 Altogether, the irreversible nature of CKD, the 

absence of curative options, increasing risk beyond kidney outcomes, and the financial burden of 

CKD underscore the critical importance of accurate kidney function assessment to facilitate early 

recognition and intervention. 

2.2 Measuring Kidney Health and Function 

Glomerular filtration rate (GFR) is widely considered the best method in determining the 

kidney’s health and function in both research and clinical settings.1 This can be assessed either 

using exogenous or endogenous markers, each offering their own set of benefits and drawbacks.4 

Measured glomerular filtration rate (mGFR) is considered the gold standard and is preferred 

when accuracy and precision are needed.4 However, mGFR requires administration of an 

exogenous agent (e.g. iohexol, inulin and iothalamate) which takes time and can be costly on a 

large scale varying on the agent and procedure.4 Estimated glomerular filtration rate (eGFR) 

addresses the issue of time and cost as it depends on endogenous markers that can be collected 

during routine blood work.1,4 The most commonly used endogenous marker in clinical practice is 

serum creatinine, a byproduct of muscle metabolism.4,10 However, a drawback of using these 

markers is that age, sex, muscle mass, diet, and other factors impact the availability, factors 

which exogenous markers are specifically chosen to avoid.4,10 eGFR attempts to resolve this 

through mathematical prediction models derived from population data designed to closely 

correlate with mGFRs.1,10 

2.3 History of creatinine-based kidney function tests 

Multiple eGFR equations have been developed over the years; however, serum creatinine (SCr) 

based equations are more utilised given that it is inexpensive, widely standardised, and routinely 

measured.1,10 The first widely utilised equation to measure kidney function was the Cockcroft-
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Gault in 1976 which estimated creatinine clearance from age, sex, and body weight;26 however, 

creatinine clearance overestimates true GFR because creatinine is not only filtered by the 

glomerulus but also secreted by the renal tubules. The Modification of Diet in Renal Disease 

(MDRD), published in 1999, was the first widespread equation that estimated GFR using SCr.27 

It introduced a race coefficient and utilised a more diverse demographic cohort;27 however, it 

only included patients with CKD, resulting in underestimated eGFRs for healthier individuals.28 

The 2009 Chronic Kidney Disease Epidemiology Collaboration (CK09) equation was developed 

improving on these limitations with a larger sample and increased accuracy in healthier 

individuals, and, until recently, was the longstanding global standard.1,28,29 However, an issue 

which remained from both the MDRD and the CK09 was the race coefficient; race is a social 

construct rather than a biological one, and its inclusion in clinical tools brings up questions about 

equitability.10,30 In 2021, two new equations were developed, the 2021 Chronic Kidney Disease 

Epidemiology Collaboration CK21 and the European Kidney Function Consortium Equation 

(EKFC), both of which were race-free equations.10,17 CK21 remained largely the same as its 

predecessor CK09 being refitted without race,10 making it easier for laboratories to transition 

over. EKFC took a new approach by normalising SCr to age- and sex-specific medians, 

producing a race-free equation that also spans a wider age range (≥ 2 in EKFC vs ≥ 18 in 

CK21).17 These new equations are being adopted globally, with the latest publication of the 

Kidney Disease: Improving Global Outcomes (KDIGO) guidelines, a leading international body 

on CKD, recommending both CK21 and EKFC for creatinine only GFR estimating equations 

alongside CK09, and other equations modified for their region;1 a contrast with their 2012 

guideline where only CK09 was recommended.29  
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2.4 Kidney Failure Risk Equation 

The Kidney Failure Risk Equation (KFRE) is a tool by Tangri et al developed in 2011 as a way 

for predicting future risk of kidney failure in CKD patients.3 It is currently validated in over 1 

million individuals across 60 cohorts,9 with it garnering international support from organisations 

such as KDIGO,1 and its current use globally. The equation has 2 main time horizons that it 

predicts at 2- and 5-years, with there being a 4- and 8-variable format.3 Age, sex, eGFR, and 

urine ACR are included in the 4-variable model, with serum bicarbonate, albumin, phosphorus 

and calcium included in an 8-variable model.3 Currently, both the 2009 and 2021 CKD-EPI 

equations have been validated as an eGFR input in the KFRE equation,31,32 with the KFRE 

initially developed and derived using the 2009 CKD-EPI equation,3 and the updated 2021 

equation being for validated usage afterwards.32 However, there are currently no studies 

validating the usage of EKFC in the KFRE at this time, with no comparison studies existing to 

determine whether EKFC offers any benefit as an eGFR input. 

2.5 Clinical Endpoints of Kidney Failure 

2.5.1 Major Adverse Kidney Events  

Major adverse kidney events (MAKE) is a composite kidney outcome that is used to capture the 

full spectrum of clinically meaningful kidney deterioration in clinical trials. While no universal 

consensus definition exists across the literature,33 the International Society of Nephrology 

provided guidance on the topic during a meeting to formulate an international consensus 

regarding a composite outcome for clinical trials.34 During the meeting, they defined MAKE as 

the composite of kidney transplantation, start of maintenance dialysis, and death from kidney 

failure, and also included outcomes based on eGFR alone including a sustained eGFR below 15 

mL/min/1.73m2, and a percent decline in eGFR (varies depending on context).34 In the present 
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study, MAKE was defined as initiation of dialysis or transplantation, eGFR <15 mL/min/1.73m2, 

or a sustained ≥30% decline in eGFR from baseline.  

A potential issue of eGFR-dependent MAKE components is that the equation used at baseline 

and follow-up directly determines which participants meet the criteria. This is concerning for 

studies comparing eGFR equations, as the structural properties of the equations could be 

attributed to outcome detection rather than true differences in prognostic performance between 

equations. Using hard clinical endpoints such as kidney replacement therapy (KRT) is therefore 

important in this context as they are objective and can corroborate findings for MAKE. KRT, 

defined as the initiation of maintenance dialysis or kidney transplantation,34 has traditionally 

served as a clinical endpoint in nephrology studies. Unlike eGFR-based components of MAKE, 

it has no equation dependent criteria allowing it to help corroborate findings for MAKE.  

2.5.2 Major Adverse Cardiovascular Outcomes  

Individuals with CKD also carry increased risk of developing major cardiovascular events, with 

risk increasing as eGFR declines.35 Most individuals with CKD either develop a disability or die 

from cardiovascular disease prior to progressing to kidney failure, making an eGFR equation’s 

ability to stratify cardiovascular disease risk important.36 Major adverse cardiovascular events 

(MACE) is a composite cardiac outcome that was developed to standardise cardiovascular 

outcomes across clinical trials.37  Developed by the Standardised Data Collection for 

Cardiovascular Trials Initiative and the US Food and Drug Administration, MACE is defined as 

the first occurrence of acute coronary syndrome, ischemic stroke, or cardiovascular death, with 

MACE+ extending this definition to incorporate hospitalisation for heart failure.37 In the present 

study, MACE/MACE+ is consistent with this definition using validated ICD-10 diagnostic 
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codes, with validation studies supporting the accuracy of these codes in administrative and 

electronic health record databases.38–43 

2.6 Diagnostic Accuracy to Prognostic Utility 

Historically, the statistical accuracy of the relation of mGFR to eGFR has been the primary 

method of ascertaining an equation’s clinical utility. This paradigm led to the development of the 

major eGFR equations including older equations such as MDRD and CK09,27,28 as well as  

newer equations such as CK21 and EKFC.10,17 While different methods were used in the 

development of these equations, mGFR served as the reference standard to develop and validate 

these equations. However, treating mGFR accuracy as the focal point of eGFR equations does 

not encapsulate its use case in the clinical setting, with values being used to help with 

prognostication, determine treatment eligibility, and estimate the likelihood of kidney failure 

among other outcomes.1,15,16 Consequently, this demonstrates the importance of eGFR’s 

association to patient outcomes over its association with accurate mGFR estimates. In this 

context, an eGFR equation that demonstrates strong prognostic accuracy would therefore justify 

its use at a population level.  

2.7 Current Literature on Recent Equations 

There are a growing number of studies comparing the prognostic utility between equations, but 

currently the literature comparing EKFC against CKD-EPI equations remains limited. Current 

studies conducted in European populations have consistently demonstrated that EKFC adoption 

produces systematically lower eGFR values and higher CKD prevalence compared to CKD-EPI 

equations.5,6 Russel et al., in a cohort of 1.7 million Stockholm adults, reported a median eGFR 

reduction of 4.9 mL/min/1.73m2 and a 38% relative increase in CKD G3–G5 prevalence,5 while 

Veltkamp et al. similarly observed a mean reduction of 6.3 mL/min/1.73m2 and a 29% relative 
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increase in CKD prevalence in a Dutch cohort.6 Both studies found that reclassified individuals 

presented with more events, but this did not translate to higher risk as the hazard ratios did not 

reflect higher risk.5,6 Regarding prognostic performance, studies have largely looked at metrics 

regarding discrimination and reclassification. Emrich et al. found no improvement in 

cardiovascular risk prediction across CK09, CK21, and EKFC in a high-cardiovascular-risk 

cohort.21 Russel et al. reported that EKFC reclassification improved net reclassification for 

mortality and cardiovascular outcomes but was negative for kidney replacement therapy.5 

Consistent with this, Veltkamp et al. found that EKFC reclassified predominantly older 

individuals to worse eGFR categories relative to CK09, and provided equal-to-improved risk 

stratification for all-cause mortality and acute kidney injury, though reclassification for kidney 

failure with replacement therapy was less consistent.6  

2.8 Conclusion 

Current evidence shows that EKFC shifts CKD prevalence but does not meaningfully improve 

prediction of outcome risk, with discrimination remaining the same across equations. Important 

methodological gaps remain, however. Prior analyses report only relative measures such as 

hazard ratios and reclassification indices; none model the cumulative incidence function directly 

to estimate and assess the accuracy of a patient's absolute outcome risk. Calibration has also not 

been formally assessed, a clinically relevant metric that provides insight as to whether predicted 

probabilities match reality. Furthermore, current studies are limited to two European populations 

or focus on a cardiovascular high-risk cohort, with no general North American population 

assessed.  
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3.1 Abstract 

Objectives 

To compare the association and ability to predict clinical outcomes of the Chronic Kidney 

Disease Epidemiology Collaboration 2021 (CK21) and the European Kidney Function 

Consortium (EKFC) estimating equations for kidney and cardiac outcomes.  

Design 

Population-based retrospective cohort study. 

Setting 

Linked ICES healthcare administrative datasets in Ontario, Canada. 

Participants 

Adult Ontario residents (≥18) with two outpatient eGFR measurements (90 to 730 days apart). 

(n=5,507,066) 

Main Outcomes Measures 

Fine-Gray subdistribution hazard ratios for composite kidney outcome (MAKE) and composite 

cardiac outcomes (MACE/MACE+) by EKFC and CK21, alongside metrics for discrimination 

(C-statistics/AUC), calibration (observed-to-expected ratios, and calibration plots), overall 

prediction accuracy (Brier scores), clinical utility (decision curve analysis), and reclassification 

table with hazard ratio analysis. 

Results  

From October 1, 2007, to December 31, 2021, among 5,507,066 adults [mean age 52.20 (SD 

±17.16); males 43.9%], the mean eGFR differed by 8.9 mL/min/1.73m2 based on eGFR equation 

used (CK21 95.76 SD 19.49; EKFC 86.86 SD 18.87) with an increase in CKD (eGFR < 60) of 

83% (506,838 / 276,588) using EKFC. MAKE occurred in 27.5% of patients defined with CK21 
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and 28.8% in EKFC, with combined MACE and MACE+ occurring in 15.2% of the cohort. Both 

equations demonstrated equivalent discrimination for MAKE and MACE outcomes at the 2-and 

5-year timepoints. Calibration slopes exceeded 1.0 for both equations, with EKFC demonstrating 

slightly better calibration overall, but results varied by stratified analyses. Decision curve 

analyses (DCA) demonstrated a mild improvement in clinical utility for the CK21 equation at the 

2-year threshold for MAKE, and no differences for MAKE at 5-year and MACE. EKFC 

reclassified 24% of participants to a more severe CKD stage with reclassified individuals 

showing a higher risk in all categories for MAKE and MACE. 

Conclusions 

Adoption of the EKFC would categorise more individuals with CKD and reclassify select 

individuals at higher risk with no substantive improvements in overall predictive performance for 

kidney and cardiac outcomes. 
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3.2 Introduction  

The glomerular filtration rate (GFR) is the standard measure of kidney function, but measuring it 

directly is expensive and time-consuming.4 Estimating equations (eGFR), which combine serum 

creatinine with variables such as age and sex, offer a practical alternative and are widely used to 

assess kidney function, guide treatment, and inform prognosis. Beyond estimating GFR, these 

equations are strong predictors of kidney and cardiovascular outcomes.44 In North America, the 

most frequently applied equation is the race-free CK21 equation as recommended by major 

Nephrology societies and guidelines.1,45,46 The European Kidney Function Consortium equation 

(EKFC) was developed in 2021 to be utilised across the age spectrum by rescaling serum 

creatinine to an age- and sex-specific median normal value (the Q-value), showing improved 

calibration in European populations.17 It is endorsed by the European Federation of Clinical 

Chemistry and Laboratory Medicine and is being considered for widespread adoption in 

Europe.47 However, the implications of transitioning to the EKFC from CK21 in terms of CKD 

classification and prediction of kidney and cardiovascular clinical events in a North American 

population remain less clear. This study seeks to address this gap by assessing whether the two 

equations differ in their ability to predict clinically relevant kidney and cardiovascular endpoints. 

3.3 Methods 

3.3.1 Study Design and Setting  

We conducted a retrospective cohort study in Ontario using deidentified, linked health 

administrative databases housed at the Institute for Clinical Evaluative Sciences. ICES is an 

independent, non-profit research institute whose legal status under Ontario’s health information 

privacy law allows it to collect and analyze healthcare and demographic data, without consent, 

for health system evaluation and improvement. The use of the data in this project is authorised 
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under section 45 of Ontario’s Personal Health Information Protection Act (PHIPA) and does not 

require review by a Research Ethics Board. Data was obtained from October 2002 to December 

2023, accounting for the accrual window (October 2007 – December 2021), 5 years lookback 

window and a 2-year follow-up period. The dataset from this study is held securely in coded 

form at ICES. While legal data sharing agreements between ICES and data providers (e.g., 

healthcare organizations and government) prohibit ICES from making the dataset publicly 

available, access may be granted to those who meet pre-specified criteria for confidential access, 

available at www.ices.on.ca/DAS (email: das@ices.on.ca). The full dataset creation plan and 

underlying analytic code are available from the authors upon request, understanding that the 

computer programs may rely upon coding templates or macros that are unique to ICES and are 

therefore either inaccessible or may require modification. 

3.3.2 Data Sources  

All data used for baseline variables (sociodemographic, comorbidities, and healthcare 

utilisation), outcome development (kidney and cardiac composite), and lab measures [serum 

creatinine (SCr) and albumin-to-creatinine ratio (ACR)] were sourced from six ICES databases 

using unique, ICES-generated encoded identifiers for each patient to link the datasets together. 

These datasets were linked using unique encoded identifiers and analyzed at ICES. The Ontario 

Laboratory Information System (OLIS) was used to source outpatient SCr and ACR values at 

baseline with outpatient SCr during follow-up. Discharge Abstract Database (CIHI-DAD) was 

used to identify outcomes and comorbidities using International Classification of Diseases-10 

(ICD-10) codes from hospital admissions in Ontario, with National Ambulatory Care Reporting 

System (NACRS) being used for similar purposes but for ambulatory care centre visits in 

Ontario. The Ontario Health Insurance Plan (OHIP) database was used to identify primary care, 

https://can01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.ices.on.ca%2FDAS&data=05%7C02%7Cschow065%40uottawa.ca%7C441ffc2248b141809ef508dec7b98262%7Cd41fdab17e154cfdb5fa7200e54deb6b%7C1%7C0%7C639167796784613930%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=RPoe6UJr%2BSPBG4BcR%2Bj8GFS46IExC2JSzSV2Eaf8Quc%3D&reserved=0
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emergency, and specialist visits through physician service claims; the Canadian Organ 

Replacement Registry (CORR) was used to identify patients undergoing renal replacement 

therapy (hemodialysis, and kidney transplant); lastly, the Ontario Registered Persons Database 

(RPDB) was used for demographic and vital statistics. Sensitivity, specificity and positive 

predictive values of ICD-10 codes used for defining primary outcomes are presented in 

Appendix A. 

3.3.3 Study Cohort 

We included Ontario adults aged 18 and greater with 2 outpatient SCr measurements (90 to 730 

days apart) within the accrual period (October 1, 2007 to December 31, 2021) with an additional 

2-year follow-up period (December 31, 2023); comorbidities were also collected with a 5-year 

lookback window. Follow-up started from index date, defined as the date of the second SCr 

measurement, until the participants met the following: outcome met, death, emigration, or end of 

study on December 31, 2023. Participants were excluded based on the following criteria as seen 

in Figure 1: missing identification data, <2 eGFR measurements or unidentifiable values, non-

Ontario resident, death prior to index date, short follow-up (<90 days), patients who met the 

outcomes prior to index, pregnant within 10 months of index (pregnancy can increase eGFR by 

~50%),48 and <18 years of age at index (CK21 has been validated for those ≥18).10 

3.3.4 Index Kidney Function Measurement 

Baseline eGFR measurements were calculated as the mean from two index outpatient SCr 

measurements (µmol/L) between 90 to 730 days apart using both the CK21 and the EKFC 

equations. Index eGFR values were then placed in 5 eGFR categories as outlined in KDIGO 

2024 Clinical Practice Guidelines for Chronic Kidney Disease.  
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3.3.5 Outcomes 

Our main outcomes of interest were i) Major Adverse Kidney Event (MAKE) for our composite 

kidney endpoint, defined as the first occurrence of any of the following: initiation of chronic 

dialysis, kidney transplantation, a decline in eGFR of greater than 30% from baseline, or 

reaching an eGFR below 15 mL/min/1.73m2;34 and ii) Major Adverse Cardiovascular Event 

(MACE) as our composite cardiac endpoint,37 defined using validated ICD-10 codes, consists of 

the first occurrence of acute coronary syndrome,40 ischemic stroke,41 or cardiovascular death,39 

as well as MACE+, defined as hospitalisation for heart failure.42,43 Our secondary outcomes of 

interest are i) kidney replacement  therapy (KRT),34 defined as the initiation of chronic dialysis 

and kidney transplantation; and ii) overall mortality. 

MAKE outcomes that relied on eGFR were calculated by their own equation, CK21 or EKFC. 

Cardiovascular death was defined as death within 1 week of a cardiovascular hospitalisation. 

When possible, validated coding algorithms were employed with reported accuracy indicators.  

3.3.6 Covariates 

All models included the following covariates: eGFR category, age, sex, income quintile, rural 

living status (derived using postal codes by ICES), hypertension,49 diabetes,50,51 past 

cardiovascular disease, obesity,52 alcohol use, hypercholesterolemia, hyperkalemia,53 cancer, 

chronic liver disease,54 chronic lung disease,55 emergency room count, primary care count, and 

specialist care count.  

3.3.7 Missing Data 

A complete case analysis was conducted for this study. Of the initial 5,523,194 participants that 

met the inclusion and exclusion criteria, 16,128 (0.29%) had missing data resulting in cohort of 

5,507,066. The variables that contained the missing data were income quintile (16,128) and rural 
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status (4,268). Given the marginal number of missing data, these participants were excluded 

from the analysis. 

3.3.8 Statistical Analysis  

Baseline characteristics of the total study cohort were summarised in Table 1 using means and 

standard deviations for normally distributed continuous variables, median and interquartile range 

for non-normally distributed continuous variables, and frequencies and percentages for 

categorical variables.  

To assess whether the overall association between the eGFR categories and outcomes differs 

based on equation, we utilised an equation-stacking approach for effect modification testing. 

Each participant provided two observations with their corresponding eGFR categories (one per 

row; either CK21 or EKFC). An adjusted Fine-Gray model was then run to test for effect 

modification in all equation x eGFR category interaction terms with individuals in the G1 

category serving as the reference population for each model.56 For both outcomes, death was 

considered a competing risk; however, in the cardiac models, cardiovascular related deaths were 

removed as it is an outcome for MACE. 

Afterwards, adjusted Fine-Gray subdistribution hazard regression models were fitted to obtain 

hazard ratios (HR) and 95% confidence intervals (CIs) for each equation, with eGFR category 

being the primary exposure. The eGFR category of G1 (≥ 90) was set as the reference group for 

all models in the primary analysis. For MAKE models, all-cause death was set as the competing 

risk variable with MACE including non-cardiovascular deaths only. Follow-up time was 

calculated from the index date to the earliest outcome, competing risk event, study end date, or 

loss to follow-up. 
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Patient-level cumulative incidence function (CIF) estimates were generated at the 2- and 5-year 

timepoints from the Fine-Gray model. These predicted CIFs were then used to assess model 

calibration, discrimination, overall accuracy, and clinical utility at both timepoints. 

Discrimination was assessed using time-dependent AUC,57 which measures how well the model 

assigns higher predicted risks to those who experienced the event than to those who did not. 

Overall predictive accuracy was calculated via Brier scores, the mean squared difference 

between predicted risks and observed outcomes.58,59 Both discrimination and Brier scores were 

calculated using a marginal KM-based Inverse Probability of Censoring Weighting (IPCW) 

approach. Calibration was then assessed using calibration plots and slope capturing the 

agreement between predicted and observed risk. Decision curve analysis (DCA) was used to 

quantify clinical utility, with censored individuals treated as non-events. Kaplan-Meier curves 

and Schoenfeld residuals were used to assess the assumption of proportional hazards on cause-

specific models as an approximation in index eGFR categories and covariates for all models. 

Reclassification was also assessed by cross-tabulating eGFR with CK21 and EKFC. Fine-Gray 

models on CK21 strata G1, G2, G3a, and G3b were then run comparing the hazard between 

those reclassified down by EKFC to those that were not. To ensure that outcomes were not 

frontloaded due to equation differences or impacted by boundary bias, cumulative incidence 

curves were plotted for concordant versus discordant to visually assess the separation of the 

curves. 

All statistical analyses were performed using SAS Enterprise Guide version 8.3.7.202 (SAS 

Institute Inc., Cary, NC) and RStudio: Integrated Development for R version 1.1.456 (RStudio, 

Inc., Boston, MA). All models and interaction tests were run in SAS with hazard ratios and CIF 



20 

 

estimates being calculated. The remainder of the statistical analyses were then conducted in R. 

Packages used included riskRegression,60 survival,61 cmprsk,62 rmda,63 and prodlim.64 

3.3.9 Additional Analysis 

Fine-Gray models were repeated using kidney replacement therapy (KRT) alone and all-cause 

mortality as equation-independent outcomes to assess whether associations were driven by 

equation-dependent (eGFR decline and eGFR < 15) MAKE components. All primary analyses 

were also reconducted with age and sex removed for the MAKE outcome to determine whether 

adjusting for age- and sex-specific functions within each eGFR equation influenced model 

performance. Prespecified stratified analyses were also conducted on age, sex, and ACR 

categories for main outcomes. DCA was repeated after excluding death.  

3.4 Results 

3.4.1 Baseline Characteristics 

In Figure 1, 6,236,402 Ontario residents met the inclusion criteria of 2 eGFR values 90 to 730 

days apart and 5,507,066 participants remained after exclusion, with 702,859 (12.8%) having an 

ACR value. The mean (SD) age of the cohort was 52.2 years (17.2, see Table 1), with a median 

[IQR] follow-up time of 10 years [6–13] for both CK21 and EKFC. Baseline eGFR mean (SD) 

for EKFC was 86.9 mL/min/1.73m2 (18.9) and CK21 was 95.8 mL/min/1.73m2 (19.5), with a 

median [IQR] of 12 (6-23) SCr measures. Overall, EKFC assigned more participants lower 

eGFR values compared to CK21 as seen in Figure 2, increasing the CKD (eGFR <60) 

population by 83% (CK21: 276,588 vs EKFC: 506,838), with similar increases at progressively 

lower eGFR thresholds: eGFR <45 by 78.3% (CK21: 87,925 vs EKFC: 156,746) and eGFR <30 

by 68.1% (CK21: 18,021 vs EKFC: 30,298). Overall, there was a higher event count under 
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EKFC for MAKE outcomes (CK21: 1,515,233 vs EKFC: 1,584,836). With MACE, the event 

count was 835,915 (15.2%). 

3.4.2 Hazard Ratios 

A stepwise higher HR for MAKE was observed with lower eGFR for both equations, with the 

overall CK21 model having 1,515,233 (27.5%) MAKE outcomes and 387,423 (7.0%) deaths, 

and the overall EKFC model having 1,584,836 (28.8%) outcomes and 381,974 (6.9%) deaths 

(Table 2, Figure 3). In the overall model, CK21 produced higher hazard ratios than EKFC from 

G3a and below. This CK21–EKFC difference was further modified by age, sex, and ACR (all 

interaction p<0.0001), motivating the stratified analyses. In age-stratified models, the HRs from 

EKFC and CK21 were divergent at the youngest age group, with HRs converging in the older 

age groups. In sex-stratified models, EKFC had similar risk at G2 compared to CK21, with 

CK21 demonstrating higher risk across the eGFR categories G3a onwards. In ACR-stratified 

models, both models demonstrated a graded increase in MAKE risk, with EKFC producing 

higher HRs than CK21 in A2 and A3, with HR in A1 being similar between the two. 

Both models had 835,915 (15.2%) MACE outcomes with 428,169 (7.8%) deaths (Table 2, 

Figure 4). Age-stratified models displayed a similar trend in relative risk, however, EKFC 

consistently identified those aged 40-65 with a higher hazard compared to all other age 

categories, with CK21 only doing so for those in category G4. In sex-stratified models, the 

EKFC notably had a higher HR for females compared to CK21, with lower HR for males for 

most eGFR categories. ACR-stratified models showed higher HRs in Categories A2/A3 with 

EKFC. 

In the overall mortality model, there were 821,126 events. EKFC had a HR less than 1 for 

categories G2 and G3a, with CK21 being slightly below 1 for only G2. For KRT models, there 
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were 27,667 (0.50%) events with 806,334 (14.64%) deaths. HRs presented a similar graded 

increase, but the differences between levels were much larger, with there being minimal 

incidence of KRT in higher eGFR strata. In the models without age and sex, HRs were more 

elevated with EKFC showing consistently higher HR compared to CK21. 

See Appendix B-D for HR tables and figure on strata, and Appendix E for KRT, overall 

mortality, and no age/sex models. 

3.4.3 Discrimination  

The overall models demonstrated similar discrimination for MAKE outcomes [c-statistic 0.75 for 

both models at the 2-year mark; 0.73 and 0.74 for CK21 and EKFC at 5 years]. Discrimination 

was similar between the two equations across age, sex and ACR strata (Appendix F). For 

MACE, discrimination was higher overall, with the c-statistic being 0.82 for both models at the 

2-year mark and 0.81 at 5 years and no substantive difference across strata. For overall mortality, 

KRT and no age/sex models, the c-statistic was nearly identical at both the 2- and 5-year mark.  

3.4.4 Calibration  

Calibration slopes exceeded 1.0 across all subgroups and both equations for MAKE, with slopes 

improving at the 5-year timepoint compared to the 2-year timepoint. EKFC produced calibration 

slopes closer to the ideal value of 1.0 than CK21 at both timepoints (2-year: CK21 1.52 vs EKFC 

1.44; 5-year: CK21 1.35 vs EKFC 1.31). Visual inspection of calibration plots shows that both 

equations have some underprediction at higher risk deciles, with CK21 underpredicting more 

than EKFC (Figure 5). 

In age-stratified groups, despite better overall calibration, EKFC performed worse in calibration 

slopes in 2 of the 4 age groups (66 to <80, and ≥80), performing equally in the 40 to ≤65, and 

better in the youngest age group 18 to <40. In sex-stratified groups, calibration slopes were better 
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in males compared to females at both timepoints. EKFC had better calibrated slope values closer 

to 1, with calibration plots visually demonstrating smaller observed-vs-predicted gaps at both 

ends of the risk distribution. In ACR-stratified groups at 2 years, EKFC showed modest 

improvements in slope for ACR category 1 (CK21: 1.32 vs EKFC: 1.28), and CK21 had at ACR 

3 (CK21: 1.49 vs EKFC: 1.52), with ACR 2 showing minimal change. At the 5-year time 

horizon, slopes were near identical.  

For MACE, calibration slopes also slightly exceeded 1.0 across all subgroups, again improving 

at the 5-year timepoint (Figure 6). The two equations were nearly identical (change of slope 

<0.01) in terms of calibration slope with overlapping calibration plots. Findings were consistent 

in age- sex- and ACR stratified models, with marginal differences in slope at both timepoints.  

For overall mortality, the calibration slope was 0.93 for CK21 and 0.92 for EKFC at the 2-year 

mark, and 1.02 and 1.01 at 5 years. For KRT, the calibration slope was 1.67 for CK21 and 1.64 

for EKFC at the 2-year mark, and 1.43 and 1.41 at 5 years. For no age/sex models, the 

calibration slope was 1.90 for CK21 and 1.81 for EKFC at the 2-year mark, and 1.51 and 1.48 at 

5 years. Calibration plots were near identical. 

All plots are presented in Appendix G & H, with model metrics in Appendix F.  

3.4.5 Overall Accuracy 

Brier scores for MAKE were all marginally better for EKFC compared to CK21 across all 

models, with differences between scores ranging between <0.001 and 0.009 (Appendix F). This 

was consistent in age, sex, and ACR stratified models. For MACE, no substantive differences in 

Brier scores were noted. For overall mortality, the Brier score was 0.02 at the 2-year timepoint 

and 0.04 at 5 years for both equations. For KRT and no age/sex models, the Brier score was 

<0.01 at both timepoints for both equations.  
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3.4.6 Reclassification 

EKFC reclassified 24% of participants to a different eGFR category, with nearly all 

reclassification by EKFC being to a lower eGFR category (Table 3). Reclassified individuals 

were 13 years older compared to those who remained in the same category (mean age 62.1 (SD 

15.7) vs 49.1 (SD 16.4)). Death rates were increased, however, when stratified for age, death 

rates became similar between reclassified and non-reclassified groups. For MAKE, reclassified 

individuals had almost 1.5 times the proportion of events (concordant: 24.8% vs discordant: 

36.1%; Table 4a). Fine-Gray models comparing reclassified to non-reclassified found a slight 

increase in MAKE risk across all eGFR categories for those reclassified downwards. For MACE, 

the pattern was similar, with reclassified individuals having near 1.5 times the proportion of 

events (concordant: 12.8% vs discordant: 22.8%; Table 4b). There was also a modest increase in 

MACE risk in most categories, except G1 where those reclassified downwards received lower 

risk. The same went for overall mortality, but with 2 times the proportion of outcomes for 

reclassified individuals, with similar increase in risk in all categories except G1, where risk was 

lower in those reclassified downward (Table E4). For KRT, outcomes were similar in proportion 

between reclassified vs non-reclassified, however, the risk in those moved downwards did show 

a substantial increase in risk in G2 [2.800 (2.622–2.990)], G3a [1.685 (1.566–1.814)], and G3b 

[1.394 (1.263–1.539)] categories (Table E5). When age and sex were removed from the MAKE 

models, the HRs did show an increase in risk for those discordantly classified in few categories 

(Table E6). 

Cumulative incidence curves were also assessed between concordant and discordant groups. 

Individuals who were reclassified had a higher incidence of events for the MACE and overall 

mortality outcomes.  
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3.4.7 Decision Curve Analysis 

For MAKE, across majority of models, the DCA demonstrated benefits over flagging all or 

flagging none of the patients, with the finding holding when deaths were excluded. Only in the 

≥80 age group and ACR A3 category at 2 years did treating all patients provide benefit equal to 

either equation. The overall model shows a small net benefit from utilising the CK21 equation at 

the 2-year mark at lower risk thresholds, with the 5-year DCA looking identical (Figure 7). In 

sex-stratified DCA, findings were the same as the overall DCA. Across all age categories, the 

DCAs were identical between equations apart from the 66 to <80 and ≥80 age groups. At both 

the 2- and 5-year DCAs for the 66 to <80 age group, CK21 showed greater net benefits 

compared to EKFC, with the 2-year DCA showing a more pronounced separation; the same was 

for the ≥80 age group, but to a lesser extent. In ACR models, CK21 shows a slight benefit 

compared to EKFC in normal and moderate albuminuria levels, with severe levels showing 

equivalence.  

For MACE, across all models including stratified models, both equations displayed no separation 

in their DCA curves (Figure 8). Both equations demonstrated benefits compared to flagging all 

or flagging none of the patients; this finding held when deaths were excluded. However, clinical 

utility was limited in age group 18–39 where the equations offered marginal benefits over 

flagging none, and ≥80 where both equations tracked closely the flagging-all line. 

For overall mortality, results were similar to MACE with no differences in clinical utility, even 

after excluding for deaths. For KRT, at 2-years there was equivalent clinical utility, with CK21 

performing better at 5-years at lower risk thresholds. All DCA plots are in Appendix I. 
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3.5 Discussion  

3.5.1 Population-Level Impact of EKFC Adoption on eGFR and CKD Prevalence 

In a large, population-based comparison of the EKFC and CK21, adopting the EKFC in a North 

American population would decrease the mean eGFR by 8.9 mL/min/1.73m2 and increase the 

CKD (eGFR <60 mL/min/1.73m2) population by over 80%, while providing comparable 

prognostication for kidney and cardiovascular events. This was largely consistent across sex, age 

groups, and ACR categories. The EKFC would reclassify a select number of individuals who are 

at higher risk of adverse events but would not improve overall prediction of adverse clinical 

events.  

Adoption of the EKFC would also significantly increase CKD prevalence. In a study conducted 

by Russel et al. on 1.7 million Stockholm adults, they reported a median eGFR reduction of 4.9 

mL/min/1.73m2 with CKD G3–G5 prevalence rising from 4.5% to 6.2% (a 38% relative 

increase);5 another study by Veltkamp et al. on 285,686 Utrecht adults reported a mean reduction 

of 6.3 mL/min/1.73m2 with a 29% relative increase in CKD prevalence.6 Both studies used 

CK09 as the comparator rather than CK21, which explains their lower magnitude compared to 

our cohort, as CK21 produces higher eGFR measures in non-Black populations,10 further 

separating the eGFR values.  

3.5.2 Equivalent Prognostic Performance for Kidney and Cardiovascular Outcomes 

We found both equations were similar in predicting MAKE. Russel et al. and Veltkamp et al. 

examined KRT as an individual endpoint and reported equivalent discrimination between 

equations, consistent with our findings for both the MAKE composite and KRT outcome.5,6 Our 

analysis extends prior work by modelling absolute outcome risk through Fine-Gray 

subdistribution models, evaluating discrimination and calibration with censoring-adjusted C-
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statistics and Brier scores, and adding decision curve analysis and ACR-stratified models. 

Furthermore, with our sensitivity analysis of KRT, we found that CK21 had a modest overall 

benefit in the DCA at the 5-year timepoint in lower risk thresholds. 

For MACE, no major differences between equations were observed across Fine-Gray 

subdistribution hazard ratios, discrimination, calibration, Brier scores, or DCA, indicating that 

both equations offer interchangeable population-level prediction of cardiovascular events. Those 

reclassified downwards did have increased risk but were modest in magnitude. Emrich et al., 

comparing CK09, CK21, and EKFC in a high-cardiovascular-risk cohort similarly found 

equivalent discrimination across all three equations, with offsetting NRI changes among event 

and non-event participants and no improvement in cardiovascular prediction.21 Our combined 

use of Fine-Gray competing-risks models, IPCW-corrected metrics, decision curve analysis, and 

ACR stratification extends prior work that largely reported discrimination only. It also 

generalises findings to a general cohort with 5.5 million adults and reinforces the conclusion that 

equation choice has minimal cardiovascular prognostic consequence at the population level. 

3.5.3 Reclassified Individuals Show Higher Risk Dependent on Baseline eGFR Category 

Majority of the reclassification by EKFC resulted in lower GFR categories, consistent with prior 

studies in Europe and in a high cardiac-risk cohort.5,6,21 While model metrics indicated that 

model prediction were equivalent between equations, reclassification revealed that those 

reclassified  were, on aggregate, at a modestly higher risk for both MAKE and MACE, with the 

same findings in sensitivity outcomes KRT and overall mortality. The reclassified group had 

twice the proportion of deaths; however, age-stratified analysis showed similar death rates 

between both groups with an increased mean age of 13 years in reclassified group, indicating that 

mortality was driven primarily by age. Prior studies attributed the decreased risk observed in 
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reclassified groups primarily to EKFC’s modeling of age-related physiological GFR decline.5,6 

After adjusting for age and comorbidities, the subdistribution hazard was slightly elevated, 

suggesting that EKFC’s downward reclassification captures higher-risk individuals, with results 

remaining consistent for overall mortality. KRT, however, showed a larger relative effect than the 

other outcomes. This was evident in the CIF curves which depicted a progressive separation that 

continue to widen across the 16 years of follow-up consistent with a biological signal, rather than 

an early front-loaded separation expected from a mathematical artefact. Furthermore, the 

reclassification signal was not uniform across the eGFR distribution as reclassified individuals 

with higher kidney function (G1-G2) had a higher cumulative incidence of all four outcomes, 

indicating that EKFC identified genuinely higher-risk individuals. In CKD categories (G3a–

G3b), the reclassified group again had higher cumulative incidence of death and MACE, but 

similar or lower incidence of the kidney-specific outcomes KRT and MAKE. The excess risk in 

reclassified CKD patients therefore appears to reflect competing mortality and comorbidity 

burden rather than accelerated kidney progression. This finding provides a mechanism for the 

outcome-dependent reclassification reported by Russel et al., whose net reclassification 

improvement improved for mortality and MACE but was negative for kidney failure with 

replacement therapy.5 While our findings suggest that equation structure alone does not fully 

explain the reclassification pattern, they extend Russel et al.’s interpretation by demonstrating 

that the direction and clinical meaning of EKFC reclassification depend on where a patient lies 

on the CK21 eGFR distribution. Overall, although EKFC reclassifies a substantial proportion of 

patients downward, the associated prognostic signal is modest, location-dependent, and 

unaccompanied by any gain in clinical utility, which does not provide sufficient justification for 

adopting EKFC over CK21. 
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3.5.4 Subgroup Analyses by Age, Sex, and Albuminuria Category 

EKFC's step-function age has a more aggressive correction compared to CK21’s continuous 

function, placing more of the younger age category at G1, and fewer ≥80 individuals in higher 

GFR categories compared to CK21. While this did not impact the risk in older age groups as 

both HRs converged, HRs sharply rose at younger ages with there being greater separation 

between the two models. This stronger correction for age also resulted in a greater attenuation of 

EKFC HRs in the overall mortality outcome, where age is a strong confounder, making it 

difficult to fully ascertain EKFC's prognostic value in age-adjusted models. In sex-stratified 

models, there were no major differences with MAKE as EKFC provided lower HRs for most 

eGFR categories. However, with MACE, EKFC produced higher HRs in females, highlighting 

EKFC’s higher weighting for female coefficient in the EKFC’s sex-specific Q-values. This was 

not observed with MAKE as eGFR values from both equations similarly stratify kidney function 

categories, whereas MACE is a cardiovascular outcome, resulting in equation-specific 

differences to become more visible. Our study also included ACR stratified analysis, which 

found steeper HR gradients by EKFC, being more pronounced for MAKE than MACE. In our 

models where age and sex were removed, we found similar findings to Russel et al comparing 

models with and without age,5 where the strength of the association changed, but predictive 

performance did not. 

3.5.5 Policy Implications for EKFC Adoption 

Currently, laboratories in North America have been adopting CK21 creatinine equation, with 

65.8% of laboratories in the United States and major laboratories in Canada adopting CK21 over 

CK09;65–67 Switching from CK21 to EKFC would see a decrease in the population’s average 

eGFR if implemented as is, with potentially earlier treatment being made available due to this 
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shift. At the same time, it would also increase the burden on healthcare resources highlighted by 

the DCA. Our study indicates that adoption of EKFC would not improve prediction of adverse 

clinical outcomes compared with CK21; however, EKFC’s eGFR categories appear more 

appropriate for risk stratification of those outcomes, which is an argument for adopting EKFC in 

Canada. Given the modest gains, the benefits may not justify the cost that would be incurred 

from such a shift as indicated by our DCA.  

3.5.6 Strength and Limitations 

A few limitations are present in our study. First, there are issues with misclassification for some 

comorbidities not being validated (hypercholesterolemia) or reliant on self-report (alcoholism). 

However, outcomes and key comorbidities were identified using previously validated case 

definitions, with consistency found across subgroups. Second, due to data unavailability, we 

were unable to assess variables such as medication use and muscle mass, potentially leading to 

unmeasured confounding. However, the size of our cohort, the consistency of our results across 

subgroups, consistency with previous studies, and the comprehensive framework utilised 

strengthens the results of our study. Third, we ran a complete case analysis removing any missing 

data. The number of datapoints removed was minuscule compared to our total representing less 

than 1 percent, which also highlights the completeness of data; furthermore, all missing data was 

deemed to be missing at random. Fourth, we could not assess cystatin C eGFRs as it was not 

widely adopted in North America. However, creatinine only equations are the most common 

eGFR equation worldwide reflecting real-world applications. Fifth, individuals with repeat 

creatinine testing may be a select group. In Canada, healthcare is publicly funded leading to no 

cost barriers which would improve generalizability. Sixth, cause of death in large health 

administrative databases are often inaccurate or untimely making it difficult to assess 
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cardiovascular deaths in retrospective studies.68 However, we used a proxy with any recorded 

inpatient or emergency visits with ICD codes related to the circulatory system 1 week prior to 

death being classified as such. Lastly, population-specific Q values were not used in this study 

with default values being used which may not reflect the creatinine distribution accurately in our 

study population. However, this method is consistent with prior validation studies 

internationally,5,69–71 and a study that did use North American Q-values found modest impacts on 

eGFR values.72 

3.6 Conclusion 

In this large population-based comparison, the EKFC and CK21 equations demonstrated 

equivalent prediction of kidney and cardiovascular outcomes. Though EKFC’s downward 

reclassification identified individuals at modestly higher risk, these did not translate into 

improved discrimination. Calibration and decision curve analysis revealed small differences 

between the equations, but these were insufficient to favour EKFC over CK21. Therefore, 

adoption of EKFC in a North American population would not improve risk prediction at either 

the individual or population level, while its systematically lower eGFR values would shift more 

patients into worse eGFR categories. 
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Chapter 3: Figures  

Figure 1. Patient flowchart diagram  

 

Ontario residents with two 

outpatient SCr values 90-730 

days apart from Oct 2007 to Dec 

2021 

N = 6,236,402 

Full Cohort 

N = 5,523,194 

Excluded 

N = 713,208 (11.4%) 
 

1) Non-Ontario resident at index: 10,794 

2) Death before index date: 288 

3) Short follow-up (<90 days): 32,670 
4) MAKE at or before index: 11,890 

5) eGFR outliers (≥200 or <15): 11,962 

6) MACE at or before index: 327,795 
7) Pregnant within 10 months of index: 

85,213 

8) Age <18 years: 232,596 

 

Cohort with two index eGFR 

measures 

N = 5,507,066 
18 to < 40: 1,365,987 
40 to ≤ 65: 2,861,048 

66 to <80: 991,942 

≥80: 288,089 
 

Cohort with two index ACR 

measures 

N = 702,859 
 

Missing data 

N = 16,128 (0.3%) 
1) Income Quintile: 16,128 

2) Urban vs Rural status: 4,268 
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Figure 2. eGFR Category Distribution Across Age Groups 
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Figure 3. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) forest plot for MAKE by eGFR categories relative to G1 

(≥90), accounting for all-cause mortality as a competing risk 
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Figure 4. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) forest plot for MACE by eGFR categories relative to G1 

(≥90), accounting for non-CVD mortality as a competing risk 

 

 

 



36 

 

Figure 5. Calibration scatter plot: observed versus predicted MAKE risk by decile in the overall cohort, with CKD-EPI 2021 and 

EKFC equations at 2- and 5-year horizons. 
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Figure 6. Calibration scatter plot: observed versus predicted MACE risk by decile in the overall cohort, with CKD-EPI 2021 and 

EKFC equations at 2- and 5-year horizons. 
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Figure 7. Decision Curve Analysis for MAKE using CKD-EPI 2021 and EKFC eGFR values for the overall cohort.  
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Figure 8. Decision Curve Analysis for MACE using CKD-EPI 2021 and EKFC eGFR values for the overall cohort. 
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Chapter 3: Tables 

Table 1. Baseline Characteristics 

 Complete Cohort Baseline Age (in years) 

Characteristics 
N=5,507,066 

18 to <40 40 to ≤65 66 to <80 ≥80  
N=1,365,987 N=2,861,048 N=991,942 N=288,089 

Demographics 

Age; mean (SD) 52.20 (17.16) 29.81 (6.28) 52.66 (7.23) 72.01 (4.25) 85.57 (3.97) 

Sex           

Male 2,417,977 (43.9%) 536,732 

(39.3%) 

1,324,816 

(46.3%) 

454,314 

(45.8%) 

102,115 

(35.4%) 

Female 3,089,089 (56.1%) 829,255 

(60.7%) 

1,536,232 

(53.7%) 

537,628 

(54.2%) 

185,974 

(64.6%) 

Living Status 
 

        

Urban 4,955,861 (90.0%) 1,282,342 

(93.9%) 

2,562,610 

(89.6%) 

857,912 

(86.5%) 

252,997 

(87.8%) 

Rural 551,205 (10.0%) 83,645 

(6.1%) 

298,438 

(10.4%) 

134,030 

(13.5%) 

35,092 

(12.2%) 

Income Quintile            

  1 1,074,287 (19.5%) 306,462 

(22.4%) 

528,608 

(18.5%) 

179,754 

(18.1%) 

59,463 

(20.6%) 

  2 1,109,032 (20.1%) 287,252 

(21.0%) 

559,258 

(19.5%) 

201,701 

(20.3%) 

60,821 

(21.1%) 

  3 1,109,185 (20.1%) 278,141 

(20.4%) 

576,086 

(20.1%) 

198,256 

(20.0%) 

56,702 

(19.7%) 

  4 1,135,159 (20.6%) 270,224 

(19.8%) 

605,894 

(21.2%) 

204,144 

(20.6%) 

54,897 

(19.1%) 

  5 1,079,403 (19.6%) 223,908 

(16.4%) 

591,202 

(20.7%) 

208,087 

(21.0%) 

56,206 

(19.5%) 

Baseline data 

Follow-up in yrs (CK21); 

median [IQR] 

10 (6-13) 10 (6-12) 11 (7-13) 8 (5-12) 4 (2-7) 
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Follow-up in yrs (EKFC); 

median [IQR] 

10 (6-13) 10 (6-12) 11 (7-13) 8 (5-12) 4 (2-7) 

Follow-up in yrs (MACE); 

median [IQR] 11 [6–13] 10 [6–13] 12 [8–13] 10 [5–13] 5 [2–8] 

Follow-up in yrs (KRT); median 

[IQR] 

11 [8-13] 10 [6-13] 12 [9-14] 11 [7-14] 6 [3-10] 

Follow-up in yrs (Overall 

Mortality); median [IQR] 

12 (8-13) 10 (6-13) 12 (9-14) 12 (7-14) 6 (3-10) 

Measure of kidney function 

CK21 index eGFR  

(mean (SD)) 

95.76 (19.49) 113.49 

(13.47) 

96.16 (13.79) 78.96 (15.68) 65.64 (17.20) 

EKFC index eGFR  

(Mean (SD)) 

86.86 (18.87) 102.39 

(11.56) 

89.25 (13.71) 68.14 (13.43) 53.94 (13.79) 

eGFR measurements post-index 

[IQR] 

12 (6-23) 6 (3-12) 13 (7-23) 21 (11-37) 15 (6-29) 

Time between index and first 

repeat eGFR measurement 

(days) [IQR] 

365 (162-618) 435 

(204-843) 

372 

(179-626) 

266 

(119-428) 

203 (93-378) 

Comorbidities in the past 5 years (n, %) 

Hypertension 631,514 (11.5%) 54,647 

(4.0%) 

388,778 

(13.6%) 

156,266 

(15.8%) 

31,823 

(11.0%) 

Hypercholesterolemia 29,158 (0.5%) 809 (0.1%) 10,974 

(0.4%) 

12,312 

(1.2%) 

5,063 (1.8%) 

Hyperkalemia 7,434 (0.1%) 621 (0.0%) 2,536 (0.1%) 2,606 (0.3%) 1,671 (0.6%) 

Diabetes mellitus 401,662 (7.3%) 40,733 

(3.0%) 

239,071 

(8.4%) 

101,313 

(10.2%) 

20,545 

(7.1%) 

Obesity 22,879 (0.4%) 4,771 (0.3%) 13,013 

(0.5%) 

4,441 (0.4%) 654 (0.2%) 

Alcoholism 68,263 (1.2%) 24,395 

(1.8%) 

34,283 

(1.2%) 

7,942 (0.8%) 1,643 (0.6%) 

Past cardiovascular disease 110,020 (2.0%) 3,448 (0.3%) 35,713 

(1.2%) 

42,861 

(4.3%) 

27,998 

(9.7%) 
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Chronic liver disease 33,534 (0.6%) 6,677 (0.5%) 19,724 

(0.7%) 

5,681 (0.6%) 1,452 (0.5%) 

Chronic lung disease 212,995 (3.9%) 42,865 

(3.1%) 

101,801 

(3.6%) 

49,286 

(5.0%) 

19,043 

(6.6%) 

Cancer 133,061 (2.4%) 9,226 (0.7%) 62,834 

(2.2%) 

46,204 

(4.7%) 

14,797 

(5.1%) 

Healthcare Utilization     

Primary care 2658532 (48.59) 648279 (45.69) 1387733 

(48.56) 

495284 (52.76) 127236 

(49.75) 

Specialist Visit 868030 (15.87) 123887 (8.73) 417432 (14.61) 254276 (27.09) 72435 

(28.32) 

Emerge Depart Visits 3092159 (56.52) 791800 (55.81) 1541221 

(53.93) 

558114 (59.45) 201024 

(78.61) 
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Table 2. CK21 and EKFC event frequencies, and adjusted subdistribution hazard Ratios (95% CI) for MAKE & MACE by eGFR 

categories relative to G1 (≥90), accounting for all-cause/non-CVD mortality as a competing risk 

eGFR Category CK21 EKFC 
MAKE MACE MAKE MACE 

G1 (≥90) 761,051/3,633,882 
(20.94%)  

REF 

333,697/3,633,882 
(9.18%)  

REF 

461,076/2,634,869 
(17.50%)  

REF 

163,897/2,634,869 
(6.22%) 

 REF 

G2 (60-89) 598,534/1,596,596 
(37.49%)  

1.228 (1.223-1.232) 

375,590/1,596,596 
(23.52%)  

1.084 (1.078-1.089) 

845,917/2,365,359 
(35.76%)  

1.245 (1.240-1.251) 

457,039/2,365,359 
(19.32%)  

1.144 (1.136-1.153) 
G3a (45-59) 103,050/188,663 

(54.62%)  
1.541 (1.528-1.553) 

80,884/188,663 
(42.87%)  

1.288 (1.277-1.300) 

186,620/350,092 
(53.31%)  

1.447 (1.436-1.457) 

135,947/350,092 
(38.83%)  

1.352 (1.338-1.365) 
G3b (30-44) 40,845/69,904 

(58.43%)  
1.654 (1.633-1.676) 

35,702/69,904 
(51.07%)  

1.437 (1.418-1.456) 

72,606/126,448 
(57.42%)  

1.488 (1.472-1.505) 

62,284/126,448 
(49.26%)  

1.538 (1.518-1.557) 
G4 (15-29) 11,753/18,021 

(65.22%)  
2.266 (2.206-2.326) 

10,042/18,021 
(55.72%)  

1.753 (1.709-1.799) 

18,617/30,298 
(61.45%)  

1.786 (1.749-1.824) 

16,748/30,298 
(55.28%)  

1.844 (1.806-1.883) 
*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count  
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Table 3. Cross-classification of eGFR categories between CK21 and EKFC equations (N = 5,507,066) 

  CKD-EPI 2021         

EKFC G1 (≥90) G2 (60-<90) G3a (45-<60) G3b (30-<45) G4 (15-<30) 

G1 (≥90) 2,634,869  

(72.5%) 

0 0 0 0 

G2 (60-<90) 999,013 (27.5%) 1,366,341-345* 

(85.6%) 

1-5* (0.0%) 0 0 

G3a (45-<60) 0 230,251-255* 

(14.4%) 

119,821-825* 

(63.5%) 

17 (0.0%) 0 

G3b (30-<45) 0 0 68,838 (36.5%) 57,569  

(82.4%) 

41 (0.2%) 

G4 (15-<30) 0 0 0 12,318 (17.6%) 17,980  

(99.8%) 

*Suppressed values according to ICES guidelines 
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Table 4a. Risk of Major Adverse Kidney Events among individuals with concordant vs. discordant eGFR category assignment 

between CK21 and EKFC, stratified by CK21 eGFR category 

MAKE Outcome 
Concordant Discordant Fine-Gray SD 

HR (95% CI) Events Total Events Total 

G1 (90+) 449,918 (17.1%) 2,634,869 311,133 (31.1%) 999,013 1.217 (1.210–1.224) 

G2 (60–<90) 481,560 (35.2%) 1,366,345 116,974 (50.8%) 230,251 1.095 (1.087–1.103) 

G3a (45–<60) 65,212 (54.4%) 119,824 37,838 (55.0%) 68,838 1.099 (1.084–1.114) 

G3b (30–<45) 34,231 (59.5%) 57,569 6,604 (53.6%) 12,318 1.032 (1.004–1.061) 

G4 (15–<30) 11,719 (65.2%) 17,980 0 0 — 

Total 1,042,640 (24.8%) 4,196,587 472,549 (36.1%) 1,310,420   

 

Table 4b. Risk of Major Adverse Cardiovascular Events among individuals with concordant vs. discordant eGFR category assignment 

between CK21 and EKFC, stratified by CK21 eGFR category 

MACE/MACE+ 

Outcome 

Concordant Discordant Fine-Gray SD 

HR (95% CI) Events Total Events Total 

G1 (90+) 163,897 (6.2%) 2,634,869 169,800 (17.0%) 999,013 0.881 (0.872–0.889) 

G2 (60–<90) 287,239 (21.0%) 1,366,345 88,351 (38.4%) 230,251 1.116 (1.107–1.126) 

G3a (45–<60) 47,593 (39.7%) 119,824 33,291 (48.4%) 68,838 1.099 (1.082–1.116) 

G3b (30–<45) 28,983 (50.3%) 57,569 6,716 (54.5%) 12,318 1.075 (1.045–1.106) 

G4 (15–<30) 10,032 (55.8%) 17,980 0 0 — 

Total 537,744 (12.8%) 4,196,587 298,158 (22.8%) 1,310,420  
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4.1 Abstract 

Objectives 

To evaluate the impact of estimated glomerular filtration rate (eGFR) equation choice on the 

performance of the 4-variable Kidney Failure Risk Equation (KFRE), comparing CKD-EPI 2021 

(CK21) and the European Kidney Function Consortium (EKFC) equation in a population-based 

chronic kidney disease cohort. 

Design 

Population-based retrospective cohort study. 

Setting 

Linked ICES healthcare administrative datasets in Ontario, Canada. 

Participants 

Adult Ontario residents (≥18) with chronic kidney disease (eGFR < 60) defined by two 

outpatient eGFR measures 90 to 730 days apart and available albuminuria measurements (n = 

21,686). 

Main Outcomes Measures 

Kidney replacement therapy within 2 and 5 years. KFRE performance was evaluated using the 

CK21 and EKFC eGFR inputs. Discrimination (AUC), calibration (observed-to-expected (OE) 

ratios, calibration plots), prediction accuracy (Brier scores), risk classification at clinically 

relevant KFRE thresholds, decision-curve analysis (DCA) and net reclassification improvement 

(NRI) were assessed before and after recalibration.  

Results  

Among 21,686 adults [mean age 70.6 (SD ±13.5); males 51.9%], mean eGFR differed 

substantially between equations (46.5 mL/min/1.73m2 using CK21 vs. 41.3 mL/min/1.73m2 
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using EKFC). During follow-up, 416 (1.9%) participants initiated KRT within 2 years and 1,139 

(6.5%) within 5 years. Despite differences in eGFR estimates, KFRE discrimination was nearly 

identical using either equation (2-year AUC 0.929 versus 0.928; 5-year AUC 0.913 versus 

0.910). Calibration was poorer with EKFC before recalibration (2-year O/E ratio 0.621 versus 

0.751; 5-year O/E ratio 0.728 versus 0.894) but improved substantially after recalibration. 

Equation choice influenced classification around clinically relevant KFRE thresholds. At 2 years, 

the proportion of patients exceeding a 10% KFRE risk threshold was 6.4% using CK21 and 5.0% 

using recalibrated EKFC, whereas at 5 years the proportion exceeding a 5% threshold was 22.5% 

and 25.2%, respectively. NRI analyses demonstrated no improvement in risk prediction with 

EKFC compared with CK21. 

Conclusions 

Despite a reduction in eGFR estimates with the EKFC, discrimination and overall predictive 

performance were nearly identical compared to CK21. Noted differences in calibration and risk 

classification were observed at clinically relevant decision thresholds. 
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4.2 Introduction  

Although differences among eGFR equations have been extensively evaluated against 

measured GFR, less is known about their impact on downstream risk prediction models, 

particularly on kidney failure. The KFRE is the most widely used tool for predicting risk of 

kidney failure at both 2- and 5-year timepoints, incorporating eGFR with additional variables 

such as age, sex and albumin-to-creatinine ratio (ACR). Because eGFR is a key component of 

the KFRE,3 systematic differences in eGFR estimates may alter predicted kidney failure risk 

even when the underlying risk of disease progression remains unchanged. Such differences may 

have important clinical implications as KFRE thresholds are increasingly used to guide 

nephrology referral and advanced CKD care. Importantly, changes in eGFR equations may 

influence not only discrimination but also calibration and risk classification around clinically 

relevant decision thresholds. 

A recent study from Europe has suggested that the CKD-EPI and EKFC equations 

provide similar discrimination when incorporated into the KFRE.73 However, formal calibration 

metrics and risk reclassification analyses have not been reported, and data from large North 

American populations remain limited. Furthermore, the extent to which recalibration may alter 

differences arising from equation choice remain unknown. 

As such, we evaluated the impact of eGFR equation choice on the performance of the 4-

variable KFRE in a large population-based cohort of adults with CKD in Ontario, Canada. 

Specifically, we compared CK21 and EKFC eGFR inputs with respect to discrimination, 

calibration, risk classification, net reclassification, and clinical utility at 2- and 5-year prediction 

horizons.  
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4.3 Methods 

4.3.1 Study Design and Setting  

We conducted a retrospective cohort study in Ontario using deidentified, linked health 

administrative databases housed at the Institute for Clinical Evaluative Sciences. ICES is an 

independent, non-profit research institute whose legal status under Ontario’s health information 

privacy law allows it to collect and analyze healthcare and demographic data, without consent, 

for health system evaluation and improvement. The use of the data in this project is authorised 

under section 45 of Ontario’s Personal Health Information Protection Act (PHIPA) and does not 

require review by a Research Ethics Board. Data was obtained from October 2002 to December 

2023, accounting for the accrual window (October 2007 – December 2021), 5 years lookback 

window and a 2-year follow-up period. The dataset from this study is held securely in coded 

form at ICES. While legal data sharing agreements between ICES and data providers (e.g., 

healthcare organizations and government) prohibit ICES from making the dataset publicly 

available, access may be granted to those who meet pre-specified criteria for confidential access, 

available at www.ices.on.ca/DAS (email: das@ices.on.ca). The full dataset creation plan and 

underlying analytic code are available from the authors upon request, understanding that the 

computer programs may rely upon coding templates or macros that are unique to ICES and are 

therefore either inaccessible or may require modification. 

4.3.2 Data Sources  

All data used for baseline variables (sociodemographic, comorbidities, and healthcare 

utilisation), outcome development (KRT), and lab measures [serum creatinine (SCr) and 

albumin-to-creatinine ratio (ACR)] were sourced from six ICES databases using unique, ICES-

generated encoded identifiers for each patient to link the datasets together. These datasets were 

https://can01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.ices.on.ca%2FDAS&data=05%7C02%7Cschow065%40uottawa.ca%7C441ffc2248b141809ef508dec7b98262%7Cd41fdab17e154cfdb5fa7200e54deb6b%7C1%7C0%7C639167796784613930%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=RPoe6UJr%2BSPBG4BcR%2Bj8GFS46IExC2JSzSV2Eaf8Quc%3D&reserved=0
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linked using unique encoded identifiers and analyzed at ICES. The Ontario Laboratory 

Information System (OLIS) was used to source outpatient SCr and ACR values at baseline with 

outpatient SCr during follow-up. Discharge Abstract Database (CIHI-DAD) was used to identify 

outcomes and comorbidities using International Classification of Diseases-10 (ICD-10) codes 

from hospital admissions in Ontario, with National Ambulatory Care Reporting System 

(NACRS) being used for similar purposes but for ambulatory care centre visits in Ontario. The 

Ontario Health Insurance Plan (OHIP) database was used to identify primary care, emergency, 

and specialist visits through physician service claims; the Canadian Organ Replacement Registry 

(CORR) was used to identify patients undergoing renal replacement therapy (hemodialysis, and 

kidney transplant); lastly, the Ontario Registered Persons Database (RPDB) was used for 

demographic and vital statistics. Sensitivity, specificity and positive predictive values of ICD-10 

codes used for defining primary outcomes are presented in Appendix J. 

4.3.3 Study Cohort 

We included Ontario adults aged 18 and greater classified as having CKD (eGFR <60 

mL/min/1.73m2) using 2 outpatient SCr measurements (90 to 730 days apart) within the accrual 

period (October 1, 2007, to December 31, 2021). There were an additional 2-year follow-up 

period (December 31, 2023) and a 5-year lookback window to collect data on comorbidities. 

Follow-up started from index date, defined as the date of the second SCr measurement, until the 

participants met the following: outcome met, death, administrative censoring, emigration, or end 

of study on December 31, 2023. Participants were excluded based on the following criteria as 

seen in Figure 1: missing identification data, <2 eGFR measurements or unidentifiable values, 

non-Ontario resident, death prior to index date, short follow-up (<90 days), patients who met the 

outcomes prior to index, pregnant within 10 months of index (pregnancy can increase eGFR by 
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~50%),48 <18 years of age at index (CK21 has been validated for those ≥18),10 no ACR values 

available from index date to 1 year, and classified greater than eGFR category G3a (KFRE is 

validated for those lower than G3a).3 There were no missing data in the dataset. 

4.3.4 Index Kidney Function Measurement 

Baseline eGFR measurements were calculated as the mean from two index outpatient SCr 

measurements (µmol/L) between 90 to 730 days apart using both the CK21 and the EKFC 

equations. Baseline ACR values were taken from spot urine samples measured within 1 year of 

index.  

4.3.5 Outcomes 

The outcome of interest is initiation of kidney replacement therapy (KRT), defined as 

chronic dialysis or kidney transplantation.34 

4.3.6 KFRE Risk Predictions 

The 4-variable KFRE equation (North American calibrated) was used for risk prediction 

calculated at both 2- and 5-year timepoints.3 These were generated separately using both EKFC 

and CK21 eGFR inputs. The EKFC-based KFRE risk predictions were recalibrated using KM 

O/E values, as the KFRE was developed using the CKD-EPI derived eGFR measurements.3,32 

4.3.7 Statistical Analysis 

Baseline characteristics of the total study cohort were summarised in Table 1 using 

means and standard deviations for normally distributed continuous variables, median and 

interquartile range for non-normally distributed continuous variables, and frequencies and 

percentages for categorical variables.  

Discrimination was assessed using time-dependent AUC,57 which measures how well the 

model assigns higher predicted risks to those who experienced the event than to those who did 
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not. Overall predictive accuracy was calculated via Brier scores, the mean squared difference 

between predicted risks and observed outcomes.58,59 Both discrimination and Brier scores were 

calculated using a marginal KM-based Inverse Probability of Censoring Weighting (IPCW) 

approach. Calibration was then assessed using calibration plots and slope capturing the 

agreement between predicted and observed risk. Decision curve analysis (DCA) was then used to 

assess clinical utility, and a categorical net reclassification improvement (NRI) was used to 

assess reclassification, with both censored observations and deaths treated as non-events. All 

analyses were conducted at the 2- and 5-year timepoints, with clinical thresholds used for 

reclassification being 10% at 2 years and 5% at 5 years. 

All statistical analyses were performed using SAS Enterprise Guide version 8.3.7.202 

(SAS Institute Inc., Cary, NC) and RStudio: Integrated Development for R version 1.1.456 

(RStudio, Inc., Boston, MA). KFRE risk predictions were calculated in SAS, with the remainder 

of the statistical analyses then conducted in R. Packages used included riskRegression,60 

survival,61 rmda63 and prodlim.64 

4.3.8 Additional Analysis 

Prespecified stratified analyses were conducted on age, sex, and ACR categories. 

Statistical analyses conducted on the main models were replicated for each of the subgroups 

using the same methods. Sensitivity analyses were then run with both equations being compared 

with values calibrated and uncalibrated, and the DCA and NRI were repeated after excluding 

deaths before the time horizon. All analyses were also reconducted comparing EKFC to the 

CK09 equation. 



54 

 

4.4 Results 

4.4.1 Cohort Characteristics 

Among 702,859 Ontario residents with paired outpatient SCr and urine ACR 

measurements, 21,686 individuals met eligibility criteria and were included in the primary CK21 

versus EKFC analysis (Figure 1). Mean (SD) age was 70.6 (13.5) years, 51.9% were male, and 

median (IQR) follow-up was 5.9 (3.7–9.4) years. Median (IQR) ACR was 4 (1–18) mg/mmol, 

while mean eGFR was lower using EKFC than CK21 (41.3 vs 46.5 mL/min/1.73m2). During 

follow-up, 416 (1.9%) individuals developed kidney failure within 2 years and 1,139 (6.5%) 

within 5 years, while 1,305 (6.0%) and 3,744 (21.2%) deaths occurred over the corresponding 

time horizons. Baseline characteristics are presented in Table 1. 

4.4.2 Discrimination  

Discrimination was excellent and nearly identical across eGFR equations. In the overall 

cohort, the 4-variable KFRE achieved AUCs of 0.929 and 0.928 at 2 years using CK21 and 

EKFC, respectively, and 0.913 and 0.910 at 5 years (Supp. Table K1 & K2). Similar findings 

were observed across age, sex, and ACR strata, with absolute differences in AUC generally 

<0.01 and no consistent difference for either equation. Brier scores were similarly comparable 

across all analyses. 

4.4.3 Calibration  

Before recalibration, both equations overpredicted kidney failure risk, although 

overprediction was greater when EKFC-derived eGFR values were used. At 2 years, O/E ratios 

were 0.75 for CK21 and 0.62 for EKFC; corresponding values at 5 years were 0.89 and 0.73, 

respectively (Supp. Table K1). Calibration slope intercepts demonstrated a similar pattern, 

indicating greater overestimation of risk with EKFC inputs. Following recalibration, calibration 
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improved substantially for both equations. Overall, O/E ratios approached one at both time 

horizons and were similar between equations (2-year O/E: 0.94 for CK21 vs 0.92 for EKFC; 5-

year OE: 0.90 vs 0.86; Supp. Table K2). Calibration plots demonstrated close agreement 

between predicted and observed risk across deciles of risk for both equations (Figure 2). 

Calibration slopes and Brier scores remained highly similar, suggesting equivalent overall 

predictive performance after recalibration. With CK09 values, the same directional pattern was 

observed in comparison to EKFC, but the gap was more attenuated as CK09 itself overpredicted 

risk more than CK21 (Supp. Table K3 & K4). All plots are presented in Appendix K, L & M. 

4.4.4 Net Reclassification Improvement 

Equation choice resulted in modest differences in risk classification around clinically 

relevant KFRE thresholds (Figure 3). At the 2-year horizon, EKFC classified fewer individuals 

above the 10% kidney failure risk threshold than CK21, resulting in a significant negative net 

reclassification improvement (NRI) when calibrated EKFC was compared with uncalibrated 

CK21 (NRI −0.059; 95% CI −0.087 to −0.034; Table 2). This was driven primarily by EKFC’s 

lower KFRE scores reclassifying individuals who developed kidney failure below the treatment 

threshold (Figure 4). 

In contrast, reclassification differences at 5 years were small and not statistically 

significant, with KFRE scores being closer between equations (Figure 5). When both equations 

were recalibrated, reclassification effects were substantially attenuated, indicating that much of 

the observed difference was attributable to calibration rather than discrimination. Findings were 

similar in analyses comparing CK09 with EKFC. CK09 demonstrated a modest reclassification 

advantage at 2 years, which largely disappeared after recalibration (Table 3). 
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4.4.5 Decision Curve Analysis 

DCA demonstrated nearly identical clinical utility for CK21- and EKFC-based KFRE 

models across a broad range of clinically relevant risk thresholds at both 2 and 5 years, with the 

uncalibrated EKFC performing worse compared to the other models (Figures 6 & 7). Overall, all 

models provided greater net benefit than treating all or treating no patients. After recalibration, 

decision curves for CK21 and EKFC were essentially superimposable, indicating no meaningful 

difference in clinical usefulness between equations. CK09 performed similarly to EKFC, with 

uncalibrated version underperforming. All plots are presented in Appendix N and O. 

4.5 Discussion 

In this population-based cohort of 21,686 adults with CKD, we evaluated the impact of 

replacing the CK21 with the EKFC equation as the eGFR input for the KFRE. We found that 

despite lower eGFR values with EKFC, predictive performance of the KFRE remained similar 

across equations. Discrimination, overall calibration (after recalibration), risk reclassification, 

and decision-curve analyses demonstrated minimal differences between CK21, CK09, and 

EKFC. These findings suggest that adoption of EKFC is unlikely to meaningfully alter kidney 

failure risk prediction at the population level. However, shifts in the proportion of patients 

exceeding referral and management thresholds were observed with the EKFC. This may lead to 

significant clinical implications on referral patterns, multidisciplinary CKD clinic enrollment, 

and kidney replacement therapy for regions considering implementation of the EKFC. 

As reported in previous studies,5,6,74 there is a notable decrease in eGFR estimates with 

EKFC between both equations. EKFC produced eGFR values that were on average 

approximately 5 mL/min/1.73m2 lower than CK21 and 2 mL/min/1.73m2 lower than CK09. 

Despite these differences, discrimination remained virtually unchanged across equations, with 
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differences in AUC generally less than 0.01, and NRI showing modest or no change. These 

findings provide reassurance that implementation of alternative creatinine-based eGFR equations 

is unlikely to substantially alter the prognostic utility of the KFRE. 

Our findings extend those of Lanot and colleagues, who evaluated CK09, CK21, and 

EKFC as KFRE inputs in the French CKD-REIN cohort (n = 2,169).73 Similar to their study, we 

observed excellent discrimination across equations, only modest differences in performance, and 

found clinical utility to be grossly similar. However, several important distinctions exist. First, 

our cohort was approximately ten times larger and population-based rather than restricted to 

nephrology-referred patients. Second, we formally quantified calibration using multiple metrics 

rather than relying primarily on visual inspection. Third, we evaluated both recalibrated and 

uncalibrated models and examined clinical consequences using reclassification analyses and 

decision curve analyses. Fourth, we conducted a sensitivity analysis excluding deaths in both our 

NRI and decision-curve methodology. Together, these analyses provide a more comprehensive 

assessment of the practical impact of changing eGFR equations in routine clinical practice. 

Although discrimination was nearly identical, we observed differences in calibration 

before recalibration. Both CK21 and EKFC tended to overpredict kidney failure risk, with 

overprediction greater when EKFC eGFR inputs were used. Following recalibration, calibration 

improved substantially and differences between equations narrowed considerably. These findings 

suggest that most apparent differences in prognostic performance are attributable to baseline risk 

calibration rather than intrinsic differences in discriminatory ability. Importantly, recalibration 

largely eliminated differences in calibration, risk classification and clinical utility.  

The clinical implications of these findings are relevant given increasing international 

interest in adopting EKFC. Because KFRE thresholds are frequently used to guide nephrology 
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referral, multidisciplinary care, dialysis planning, and access to KRT education, systematic shifts 

in eGFR estimates could theoretically alter care pathways.1 Our results suggest that such effects 

are likely modest. Although statistically significant reclassification was observed at the 2-year 

horizon before recalibration, the absolute number of reclassified individuals was small relative to 

the overall cohort and largely disappeared following recalibration. Decision-curve analyses 

further demonstrated nearly identical net benefit across clinically relevant thresholds, indicating 

little practical difference in patient management regardless of the eGFR equation used. However, 

the systematic reduction in eGFR with the EKFC shifted the proportion of individuals exceeding 

the 2-year 10% and 5-year 5% risk thresholds that would have clinical implications at a 

population-level. 

Our findings highlight the importance of local validation when implementing new eGFR 

equations. EKFC was developed and validated primarily in European populations, whereas our 

study was conducted in a large North American healthcare system. The improved calibration of 

CK21 at the 2-year horizon and the attenuation of differences after recalibration illustrates the 

importance of local recalibration for maintaining accurate risk prediction. 

There are a few limitations present in our study that warrant consideration. First, cystatin 

C measurements were unavailable, preventing the evaluation of combined creatinine-cystatin C 

equations. However, creatinine only equations are the most common eGFR equation worldwide 

reflecting real-world applications,12 as well with the KFRE being developed without cystatin C.3 

Second, factors such as muscle mass, nutritional status, and medication use could not be assessed 

due to data unavailability potentially leading to unmeasured confounding. However, the size of 

our cohort, the consistency of our results across subgroups, consistency with previous studies, 

and the comprehensive framework utilised strengthens the results of our study. Third, our 
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findings were derived from a Canadian healthcare system and may not fully generalise to other 

populations. However, the original KFRE was developed in Canadian populations, making 

Ontario an appropriate validation setting.3 Finally, the KFRE itself was originally developed 

using CKD-EPI-based eGFR estimates,3 which may inherently favour CKD-EPI-derived inputs. 

However, the consistency of findings across multiple analyses suggests that any such effect is 

unlikely to be clinically meaningful. 
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Chapter 4: Figures  

Figure 1. Patient flowchart diagram 

 

 

 

Ontario residents with two 

outpatient SCr values 90-730 

days apart from Oct 2007 to Dec 

2021 

N = 6,236,402 

Cohort with two index ACR 

measures 

N = 702,859 

Exclusion Criteria 
 

1) Non-Ontario resident at index: 10,794 

2) Death before index date: 288 

3) Short follow-up (<90 days): 32,670 

4) MAKE at or before index: 11,890 
5) eGFR outliers (≥200 or <15): 11,962 

6) MACE at or before index: 327,795 

7) Pregnant within 10 months of index: 
85,213 

8) Age <18 years: 232,596 

9) Missing values: 16,128 

10) No ACR values: 4,804,207  
 

 

 

Final Cohort 

N = 21,686 
18 to < 40: 717 

40 to ≤ 65: 5,696 

66 to <80: 10,012 

≥80: 5,261 

Patients without CKD (eGFR < 

60 by both equations): 

N = 681,173 
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Figure 2. Calibration plots for the 4-variable KFRE comparing CKD-EPI 2021 (CK21; blue circles) against EKFC (green squares) as 

eGFR inputs, shown at the 2-year (left) and 5-year (right) horizons 
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Figure 3. KFRE Risk Distribution by Equation and Calibration. 
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Figure 4. Scatterplot comparing 2-year kidney failure risk (threshold 10%) estimated by the 4-variable KFRE using uncalibrated 

CKD-EPI 2021 (CK21) versus calibrated EKFC eGFR inputs  
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Figure 5. Scatterplot comparing 5-year kidney failure risk (threshold 5%) estimated by the 4-variable KFRE using uncalibrated CKD-

EPI 2021 (CK21) versus calibrated EKFC eGFR inputs 
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Figure 6. Decision curve analysis for the 4-variable KFRE at the 2-year horizon, with death treated as a competing event. CKD-EPI 

(blue) 2021 and EKFC (green) eGFR inputs, each uncalibrated (light) and recalibrated (dark). The "All" (treat everyone) and "None" 

(treat no one) reference strategies are shown for comparison 
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Figure 7. Decision curve analysis for the 4-variable KFRE at the 5-year horizon, with death treated as a competing event. CKD-EPI 

(blue) 2021 and EKFC (green) eGFR inputs, each uncalibrated (light) and recalibrated (dark). The "All" (treat everyone) and "None" 

(treat no one) reference strategies are shown for comparison 
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Chapter 4: Tables 

Table 1. Baseline Characteristics 

 Complete Cohort Baseline Age (in years) 

Characteristics 
N=21,686 

18 to <40 40 to ≤65 66 to <80 ≥80  
N=717 N=5,696 N=10,012 N=5,261 

Demographics 

Age; mean (SD) 70.60 (13.53) 31.73 (5.67) 56.84 (6.83) 73.32 (4.22) 85.62 (3.81) 

Sex           

Female 10,426 (48.1%) 233 (32.5%) 2,375 (41.7%) 4,839 (48.3%) 2,979 (56.6%) 

Male 11,260 (51.9%) 484 (67.5%) 3,321 (58.3%) 5,173 (51.7%) 2,282 (43.4%) 

Income Quintile  
     

  1 4,911 (22.6%) 203 (28.3%) 1,432 (25.1%) 2,145 (21.4%) 1,131 (21.5%) 

  2 4,597 (21.2%) 145 (20.2%) 1,190 (20.9%) 2,136 (21.3%) 1,126 (21.4%) 

  3 4,416 (20.4%) 140 (19.5%) 1,145 (20.1%) 2,038 (20.4%) 1,093 (20.8%) 

  4 4,101 (18.9%) 122 (17.0%) 1,041 (18.3%) 1,945 (19.4%) 993 (18.9%) 

  5 3,661 (16.9%) 107 (14.9%) 888 (15.6%) 1,748 (17.5%) 918 (17.4%) 

Measure of kidney function 

Follow-up in yrs; median 

[IQR] 
5.91 [3.67–9.40] 4.91 [2.76–7.51] 6.26 [4.01–9.92] 6.36 [4.13–9.92] 4.89 [2.95–7.73] 

CK21 index eGFR  

(mean (SD)) 

46.47 (10.68) 42.19 (12.78) 46.40 (11.31) 47.49 (10.04) 45.18 (10.58) 

EKFC index eGFR  

(Mean (SD)) 

41.30 (9.34) 40.70 (11.93) 43.76 (10.15) 41.77 (8.48) 37.83 (8.51) 

ACR (Median [IQR]) 4 (1-18) 45 (9-155) 7 (1-51) 3 (1-12) 3 (1-11) 

eGFR measurements post-

index [IQR] 

20 (9-39) 26 (12-64) 23 (10-48) 20 (10-40) 15 (7-29) 

Time between index and 

first repeat eGFR 

measurement (days) 

[IQR] 

365 (162-618) 435 (204-843) 372 (179-626) 266 (119-428) 203 (93-378) 

Comorbidities 
Hypertension 5,042 (23.3%) 245 (34.2%) 1,691 (29.7%) 2,325 (23.2%) 781 (14.8%) 
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Diabetes mellitus 4,012 (18.5%) 49-55* (7.5%) 1,156-1162* (20.3%) 2,152 (21.5%) 649 (12.3%) 

Healthcare Utilization Past 5 Years Median  

Primary care count 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1) 

Specialist Visit count 0 (0-1) 1 (0-2) 0 (0-1) 0 (0-1) 0 (0-1) 

Emerge Depart Visits 

count 
1 (0-2) 1 (0-3) 1 (0-2) 1 (0-2) 1 (0-3) 
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Table 2. Categorical NRI for CK21 versus EKFC at 2- and 5-year horizons. 

Uncalibrated CK21 vs Calibrated EKFC 

Timepoint Death 

handling 

N Threshold Reclassified NRI Events NRI Non-

events 

NRI Total 95% CI 

2yr Exclude 20,381 0.1 300 −0.072 0.013 −0.059 −0.087 to 

−0.034 

2yr Non-event 21,686 0.1 315 −0.072 0.013 −0.059 −0.086 to 

−0.033 

5yr Exclude 13,913 0.05 366 0.017 −0.020 −0.004 −0.015 to 

+0.007 

5yr Non-event 17,657 0.05 563 0.017 −0.028 −0.011 −0.021 to 

−0.001 

Table 3. Categorical NRI for CK09 versus EKFC at 2- and 5-year horizons. 

Uncalibrated CK09 vs Calibrated EKFC 

Timepoint Death 

handling 

N Threshold Reclassified NRI 

Events 

NRI Non-

events 

NRI Total 95% CI 

2yr Exclude 26,299 0.1 527 −0.111 0.019 −0.092 −0.124 to 

−0.063 

2yr Non-event 27,877 0.1 561 −0.111 0.019 −0.092 −0.122 to 

−0.063 

5yr Exclude 18,201 0.05 293 −0.016 0.011 −0.005 −0.014 to 

+0.003 

5yr Non-event 22,717 0.05 361 −0.016 0.009 −0.008 −0.016 to 

+0.000 
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CHAPTER 5: DISCUSSION 

5.1 Summary of Thesis 

In this population-based cohort of Ontario adults, the thesis examines how the choice of two 

contemporary creatinine-based estimated glomerular filtration rate (eGFR) equations affect the 

prediction of clinical outcomes, using linked provincial health administrative datasets. A 

background on the population-level burden of chronic kidney disease (CKD) and the ongoing 

discussion surrounding competing eGFR equations and their consequences for risk classification 

and clinical management was presented in Chapter 2. Next, in Chapter 3 (Manuscript I), we 

compared the CKD-EPI 2021 (CK21) and EKFC equations for the prediction of two clinical 

outcomes, major adverse kidney events (MAKE) and major adverse cardiovascular events 

(MACE). Finally, the consequences of equation choice for individual-level kidney failure 

prediction were explained in Chapter 4 (Manuscript II), in which the 4-variable Kidney Failure 

Risk Equation (KFRE) was compared for prediction of kidney failure using CK21 and EKFC 

eGFR values as inputs. Analyses also included both inputs left uncalibrated, and calibrated, as 

well as comparing CK09 and EKFC as an input. This discussion chapter will highlight the novel 

findings presented in the thesis, their implications for the risk-based identification and clinical 

management of CKD in North America, and the limitations of the two manuscripts. Future 

avenues of research are also described. 

5.2 Novel Findings 

Across both manuscripts, we found that the choice between the EKFC and CK21 creatinine-

based equations carries prognostic consequences, but that these consequences depend on the 

outcome examined, timepoint of interest, and whether the equation is used directly to estimate 

eGFR or an input to a downstream risk model. In Manuscript I, we conducted the first 
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population-based comparison of the EKFC and CK21 equations in a North American population 

for MAKE, and the largest comparison to date for MACE. Using Fine-Gray subdistribution 

hazard models, we found that being reclassified into a worse GFR category by EKFC was 

associated with modestly higher subdistribution hazards for MAKE, MACE, kidney replacement 

therapy, and all-cause mortality, relative to individuals who were not reclassified. Importantly, 

this elevated risk among EKFC-reclassified individuals persisted after adjustment for age and 

comorbidities, indicating that EKFC's reclassification captures a modest but real prognostic 

signal, instead of one that is entirely age-driven, adding nuance to prior interpretations. However, 

despite these findings, the magnitude of this signal was small and did not translate into improved 

discrimination, calibration, or net benefit at the model level. 

Building off the observation that equation choice influences kidney failure risk estimation, 

Manuscript II sought to examine whether EKFC offers any advantage when used as an input to 

the 4-variable Kidney Failure Risk Equation (KFRE). We found that EKFC was unlikely to 

substantially alter the prognostic utility of the KFRE in a North American population, a result 

that held for both the CKD-EPI 2009 (CK09) and CK21 equations. While EKFC did demonstrate 

substantial overprediction when left uncalibrated due to lower eGFR values, recalibrating the 

baseline risk improved calibration substantially with differences between equations narrowing. 

This systematic reduction in eGFR with EKFC shifted the proportion of patients exceeding 

clinical thresholds on the 2- and 5-year KFRE, a population-level effect with potential 

downstream implications for nephrology referral and multidisciplinary CKD care. 

5.3 Implications for Clinical Practice 

Our findings have direct implications for the choice of eGFR estimating equation in North 

American clinical practice. If the EKFC were to be applied, the lower eGFR values would cause 
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an increase in the CKD population, with patients potentially being referred earlier for treatment. 

However, when assessing eGFR’s use case in our study for predicting clinical outcomes, or when 

used as an input in the KFRE, there was not enough evidence in our study to support a change in 

North America. CK21 is already being used in laboratory reporting, clinical decision support, 

and guideline-based CKD staging across Canada and the United States,1,9,19 and our data does 

not provide sufficient evidence that transitioning to EKFC will yield better prognostic 

performance. While there were instances of EKFC demonstrating benefits in certain metrics and 

strata, the systematic decrease of eGFR and the confusion associated with changing a population-

wide reporting standard is not justifiable.  

It should be noted that this recommendation is specific to the North American context and should 

not be read as a critique of the EKFC equation itself. EKFC was developed and validated in large 

European cohorts, where it has been shown to perform well. Comparator studies from the first 

manuscript largely agree on all results,5,6,73 with the comparator study from second manuscript 

indicating some differences. However, these should not be taken as a discouragement of the 

usage of EKFC abroad, rather that adoption of an equation should be based on evidence specific 

to one’s population. Mirroring KDIGO’s position, an eGFR equation should be adopted that has 

been validated for that population.1 

5.4 Limitations 

There are few limitations that warrant mentioning found across both manuscripts. First, there are 

issues with misclassification for some comorbidities not being validated (hypercholesterolemia) 

or reliant on self-report (alcoholism). However, outcomes and key comorbidities were identified 

using previously validated case definitions, with consistency found across subgroups. Second, 

due to data unavailability, we were unable to assess variables such as medication use and muscle 
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mass, potentially leading to unmeasured confounding. However, the size of our cohort, the 

consistency of our results across subgroups, consistency with previous studies, and the 

comprehensive framework utilised strengthens the results of our study. Third, we ran a complete 

case analysis removing any missing data. The number of datapoints removed was minuscule 

compared to our total representing less than 1 percent, which also highlights the completeness of 

data. Fourth, we could not assess creatinine-cystatin C eGFRs as it was not available nor 

routinely reported in our cohort. However, creatinine is the most common eGFR equation 

worldwide reflecting real-world applications. Furthermore, specific to our second manuscript, 

the KFRE was developed without cystatin C, as well as prior studies finding minimal differences 

when assessing creatinine-cystatin based eGFRs as an input into the KFRE.73 Fifth, individuals 

who get creatinine tested twice can be more likely to have CKD problems leading to a selection 

bias. In Ontario where we sourced our datasets from, healthcare is publicly funded leading to no 

cost barriers, as well with creatinine being routinely ordered in a standard metabolic assay not 

limiting our sample to measurements taken specifically for CKD concerns. Sixth, population-

specific Q values were not used in this study with default values being used which may not 

reflect the creatinine distribution accurately in our study population. However, this method is 

consistent with prior validation studies internationally,5,69–71 and studies that did use North 

American Q-values found marginal difference in equation accuracy.72 

5.5 Future Research Avenues 

Several avenues for future research follow from the limitations of this work. First, we did not 

have access to Q-values derived specifically for our Ontario population and relied on the 

European default values (0.90 mg/dL for males, 0.70 mg/dL for females) used throughout the 

EKFC literature. Because the Q-value anchors the EKFC equation to a population's normal 
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serum creatinine, the difference between European-derived values and the true Ontario 

distribution may have attenuated the benefits of EKFC over CK21 in our cohort. A population 

specific rederivation of EKFC's Q-values would represent the most direct extension of this 

thesis.  

Second, given the slight increased risk observed in those reclassified downward when switching 

to EKFC, this group may warrant intensified surveillance and preventative therapies. Whether 

this benefit would be seen in clinical practice, and whether it would be an adequate use of limited 

health resources remains uncertain. Future work can model the projected changes in nephrology 

visits, lab testing, medication use, and healthcare costs that would follow EKFC adoption, and 

weigh these against the expected reduction in adverse outcomes. 

Third, both manuscripts were limited to creatinine-based estimates. The EKFC cystatin-C and 

combined creatinine equations have not been assessed in North American compared to any of the 

corresponding CKD-EPI equations, potentially yielding different results. In a similar limitation, 

access to serum bicarbonate, albumin, phosphorus, and calcium measures will additionally 

enable us to conduct an assessment on the 8-variable KFRE equation as well.  

Fourth, to increase generalisability, validation beyond Ontario will be essential. Expanding this 

study to other Canadian provinces as well as United States health systems or cohorts with 

differing demographics would confirm whether observed reclassification patterns and prognostic 

differences hold across regional populations. 

5.6 Conclusions 

In this large retrospective study cohort, we observed that EKFC would decrease the mean 

population eGFR, increase prevalence of CKD, and increase the proportion of CKD patients 

meeting clinical threshold for care. Though EKFC's downward reclassification identified 
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individuals at modestly higher risk, this did not translate into improved discrimination, with 

small differences in DCA and calibration. Similar findings were seen when used as an input for 

the KFRE equations, with uncalibrated inputs greatly overpredicting risk. However, this 

drawback can be addressed with recalibration, highlighting the importance of local validation 

when implementing new eGFR equations. Overall, in our study, adoption of EKFC in a North 

American population would not meaningfully improve risk prediction, while systematically 

lowering the eGFR values. 
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THESIS SUPPLEMENTARY MATERIAL 

Chapter 3: Supplemental Material  

Appendix A. Sensitivity and specificity of outcome definitions 

Outcome 

(component) 

Data source & code 

/ definition 

Sens. Spec. PPV Ref. 

Composite Kidney Outcome: Major Adverse Kidney Events 

Need for dialysis CORR; treatment 

code ≠ 171/181 

Reference-standard registry (mandatory 

across Canadian); not ICD-coded  
  

Kidney transplant CORR; treatment 

code = 171/181 
96% ― 98% 75 

eGFR <15 

ml/min/1.73m2 

OLIS; serum 

creatinine (LOINC 

14682-9) 

Laboratory-defined 
76 

≥30% decline in 

eGFR from baseline 

OLIS; serum 

creatinine (LOINC 

14682-9) 

Laboratory-defined 
76 

Composite Cardiac Outcome: Major Adverse Cardiovascular Events 

Acute coronary 

syndrome / acute MI 

ICD-10 I21.x  
88.8% 92.8% 88.5% 39 

Ischemic stroke ICD-10 I63.x ≥82% ≥95% ~82% 77,78 

Heart-failure 

hospitalization 

ICD-10 I50.x 
75% 97% ≥87% 43 

Cardiovascular death RPDB death + 

circulatory cause 

(I00–I99) 

Proxy definition, not validated 

― 
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Appendix B. Age-Stratified Analysis 

Table B1. CK21 and EKFC event frequencies, and adjusted subdistribution hazard Ratios (95% CI) for MAKE by eGFR categories 

relative to G1 (≥90)*, accounting for all-cause mortality as a competing risk, by age-group 

eGFR 

Category 

CKD-EPI 2021 EKFC 

18 to <40 40 to ≤65 66 to <80 ≥80 18 to <40 40 to ≤65 66 to <80 ≥80 

G1 (≥90) 142,500/1,283

,690 

493,491/2,043,

688 

122,045/296,

390 

3,015/10,114 96,804/1,157,

992 

361,589/1,468,

296 

2,676/8,550 7/31 

11.10% 24.15% 41.18% 29.81% 8.36% 24.63% 31.30% 22.58% 

REF REF REF REF REF REF REF REF 

G2 (60-

89) 

7,842/79,568 219,037/773,47
7 

289,380/570,
179 

82,275/173,3
72 

12,559/204,52
4 

421,651/1,317,
312 

361,732/734,
363 

49,975/109,1
60 

9.86% 28.32% 50.75% 47.46% 6.14% 32.01% 49.26% 45.78% 

0.98 (0.96 - 

1.00) 

1.25 (1.24 - 

1.25) 

1.37 (1.36 - 

1.38) 

1.84 (1.78 - 

1.90) 

0.85 (0.83 - 

0.86) 

1.38 (1.38 - 

1.39) 

1.80 (1.73 - 

1.87) 

2.13 (1.01 - 

4.50) 
G3a (45-

59) 

870/1,498 16,485/31,787 53,474/90,59

0 

32,221/64,78

8 

933/2,090 28,383/59,903 106,213/186,

160 

51,091/101,9

39 

58.08% 51.86% 59.03% 49.73% 44.64% 47.38% 57.05% 50.12% 
7.14 (6.47 - 

7.88) 

2.62 (2.58 - 

2.67) 

1.78 (1.76 - 

1.80) 

2.05 (1.97 - 

2.13) 

6.42 (5.86 - 

7.05) 

2.27 (2.24 - 

2.30) 

2.31 (2.22 - 

2.40) 

2.49 (1.18 - 

5.27) 

G3b (30-

44) 

587/745 6,377/8,803 18,175/28,22
2 

15,706/32,13
4 

670/868 8,326/11,848 33,630/52,57
0 

29,980/61,16
2 

78.79% 72.44% 64.40% 48.88% 77.19% 70.27% 63.97% 49.02% 

13.40 (11.53 - 

15.58) 

4.93 (4.76 - 

5.11) 

2.15 (2.11 - 

2.19) 

2.09 (2.01 - 

2.17) 

15.28 (13.31 - 

17.53) 

4.51 (4.38 - 

4.65) 

2.92 (2.80 - 

3.04) 

2.53 (1.20 - 

5.35) 
G4 (15-

29) 

428/486 2,799/3,293 4,701/6,561 3,825/7,681 450/513 3,088/3,689 7,232/10,299 7,847/15,797 

88.07% 85.00% 71.65% 49.80% 87.72% 83.71% 70.22% 49.67% 

23.80 (18.97 - 
29.86) 

10.25 (9.54 - 
11.01) 

3.10 (2.98 - 
3.22) 

2.32 (2.20 - 
2.44) 

29.59 (23.60 - 
37.11) 

9.62 (9.00 - 
10.30) 

4.01 (3.82 - 
4.21) 

2.80 (1.32 - 
5.93) 

*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count
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Figure B1. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) forest plot for MAKE by eGFR categories relative to 

G1 (≥90)*, accounting for all-cause mortality as a competing risk, by age-group 

 

*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count
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Figure B2. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) forest plot for MAKE by eGFR categories relative to 

G1 (≥90)*, accounting for all-cause mortality as a competing risk, by age-group; Y-axis is on log10 scale. 

 

 

*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 



92 

 

Figure B3. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) heat map for MAKE by eGFR categories relative to G1 

(≥90)*, accounting for all-cause mortality as a competing risk, by age-group; colour is on log10 scale 

 

 

*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Table B2. CK21 and EKFC event frequencies, and adjusted subdistribution hazard Ratios (95% CI) for MACE by eGFR categories 

relative to G1 (≥90), accounting for all-cause mortality as a competing risk, by age-group 

eGFR 

Category 

CKD-EPI 2021 EKFC 

18 to <40 40 to ≤65 66 to <80 ≥80 18 to <40 40 to ≤65 66 to <80 ≥80 

G1 (≥90) 22,976/1,283,6

90 

(1.79%) 

REF 

220,388/2,043,6

88 

(10.78%) 

REF 

86,335/296,39

0 

(29.13%) 

REF 

3,998/10,114 

(39.53%) 

REF 

21,420/1,157,9

92 

(1.85%) 

REF 

139,923/1,468,2

96 

(9.53%) 

REF 

2,545/8,550 

(29.77%) 

REF 

9/31 

(29.03%) 

REF 

G2 (60-89) 2,083/79,568 

(2.62%) 

1.45 

(1.39-1.52) 

104,743/773,477 

(13.54%) 

1.27 

(1.26-1.28) 

190,788/570,1

79 

(33.46%) 

1.18 
(1.17-1.19) 

77,976/173,3

72 

(44.98%) 

0.83 
(0.81-0.86) 

3,599/204,524 

(1.76%) 

1.04 

(1.00-1.07) 

178,287/1,317,3

12 

(13.53%) 

1.43 
(1.42-1.44) 

227,419/734,3

63 

(30.97%) 

1.06 
(1.01-1.10) 

47,734/109,1

60 

(43.73%) 

0.64 
(0.31-1.29) 

G3a (45-

59) 

176/1,498 

(11.75%) 

3.63 

(3.08-4.28) 

8,770/31,787 

(27.59%) 

2.43 

(2.38-2.49) 

39,831/90,590 

(43.97%) 

1.65 

(1.63-1.67) 

32,107/64,78

8 

(49.56%) 

1.17 

(1.15-1.18) 

199/2,090 

(9.52%) 

3.13 

(2.68-3.64) 

14,491/59,903 

(24.19%) 

2.50 

(2.46-2.55) 

73,332/186,16

0 

(39.39%) 

1.42 

(1.36-1.48) 

47,925/101,9

39 

(47.01%) 

1.12 

(1.11-1.14) 

G3b (30-

44) 

115/745 

(15.44%) 

4.14 

(3.37-5.09) 

3,523/8,803 

(40.02%) 

3.55 

(3.42-3.68) 

14,965/28,222 

(53.03%) 

2.10 

(2.06-2.15) 

17,099/32,13

4 

(53.21%) 

1.33 

(1.31-1.35) 

132/868 

(15.21%) 

4.05 

(3.34-4.91) 

4,522/11,848 

(38.17%) 

3.84 

(3.71-3.96) 

26,461/52,570 

(50.33%) 

1.93 

(1.85-2.02) 

31,169/61,16

2 

(50.96%) 

1.30 

(1.28-1.32) 
G4 (15-29) 85/486 

(17.49%) 

4.14 

(3.04-5.65) 

1,548/3,293 

(47.01%) 

4.41 

(4.17-4.67) 

4,079/6,561 

(62.17%) 

2.77 

(2.67-2.87) 

4,330/7,681 

(56.37%) 

1.52 

(1.47-1.57) 

85/513 

(16.57%) 

3.99 

(2.92-5.45) 

1,749/3,689 

(47.41%) 

5.12 

(4.85-5.41) 

6,241/10,299 

(60.60%) 

2.60 

(2.48-2.73) 

8,673/15,797 

(54.90%) 

1.52 

(1.48-1.55) 

*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Figure B4. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) forest plot for MACE by eGFR categories relative to 

G1 (≥90), accounting for non-CVD mortality as a competing risk, by age-group

 

*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Figure B5. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) line plot for MACE by eGFR categories relative to G1 

(≥90), accounting for non-CVD mortality as a competing risk, by age-group; Y-axis is on log10 scale.

 

*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Figure B6. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) heat map for MACE by eGFR categories relative to G1 

(≥90), accounting for non-CVD mortality as a competing risk, by age-group; colour is on log10 scale

 

*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Appendix C. Sex-Stratified Analysis 

Table C1. CK21 and EKFC event frequencies, and adjusted subdistribution hazard Ratios (95% CI) for MAKE by eGFR categories 

relative to G1 (≥90), accounting for all-cause mortality as a competing risk, by sex 

eGFR 

Category 

CK21 EKFC 
Male Female Male Female 

G1 (≥90) 320,206/1,566,393 

(20.44%) 

REF 

440,845/2,067,489 

(21.32%) 

REF 

186,121/1,105,273 

(16.84%) 

REF 

274,955/1,529,596 

(17.98%) 

REF 

G2 (60-89) 264,312/741,809 

(35.63%) 

1.22 (1.22 - 1.23) 

334,222/854,787 

(39.10%) 

1.23 (1.22 - 1.23) 

378,600/1,113,569 

(34.00%) 

1.24 (1.23 - 1.25) 

467,317/1,251,790 

(37.33%) 

1.25 (1.24 - 1.26) 

G3a (45-59) 41,620/75,464 

(55.15%) 

1.63 (1.61 - 1.66) 

61,430/113,199 

(54.27%) 

1.48 (1.46 - 1.49) 

75,328/140,992 

(53.43%) 

1.53 (1.51 - 1.55) 

111,292/209,100 

(53.22%) 

1.39 (1.37 - 1.40) 

G3b (30-44) 16,376/26,709 

(61.31%) 

1.92 (1.88 - 1.96) 

24,469/43,195 

(56.65%) 

1.51 (1.49 - 1.54) 

27,791/46,552 

(59.70%) 

1.70 (1.67 - 1.73) 

44,815/79,896 

(56.09%) 

1.37 (1.35 - 1.39) 

G4 (15-29) 5,311/7,602 

(69.86%) 

2.95 (2.83 - 3.07) 

6,442/10,419 

(61.83%) 

1.90 (1.84 - 1.97) 

7,635/11,591 

(65.87%) 

2.32 (2.24 - 2.40) 

10,982/18,707 

(58.71%) 

1.53 (1.49 - 1.57) 
*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Figure C1. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) forest plot for MAKE by eGFR categories relative to 

G1 (≥90), accounting for all-cause mortality as a competing risk, by sex

 

*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Figure C2. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) heat map for MAKE by eGFR categories relative to G1 

(≥90), accounting for all-cause mortality as a competing risk, by sex; colour is on log10 scale 

 
*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Table C2. CK21 and EKFC event frequencies, and adjusted subdistribution hazard Ratios (95% CI) for MACE by eGFR categories 

relative to G1 (≥90), accounting for non-CVD mortality as a competing risk, by sex 

eGFR 

Category 

CK21 EKFC 

Male Female Male Female 

G1 (≥90) 188,533/1,566,393 

(12.04%) 

REF 

145,164/2,067,489 

(7.02%) 

REF 

95,115/1,105,273 

(8.61%) 

REF 

68,782/1,529,596 

(4.50%) 

REF 

G2 (60-89) 189,830/741,809 

(25.59%) 

1.03 (1.03-1.04) 

185,760/854,787 

(21.73%) 

1.17 (1.16-1.18) 

245,571/1,113,569 

(22.05%) 

1.04 (1.03-1.05) 

211,468/1,251,790 

(16.89%) 

1.30 (1.28-1.31) 

G3a (45-59) 34,470/75,464 

(45.68%) 

1.25 (1.23-1.27) 

46,414/113,199 

(41.00%) 

1.43 (1.41-1.45) 

59,618/140,992 

(42.28%) 

1.19 (1.17-1.20) 

76,329/209,100 

(36.50%) 

1.57 (1.55-1.60) 

G3b (30-44) 14,227/26,709 

(53.27%) 

1.43 (1.40-1.46) 

21,475/43,195 

(49.72%) 

1.63 (1.60-1.66) 

24,443/46,552 

(52.51%) 

1.35 (1.32-1.38) 

37,841/79,896 

(47.36%) 

1.77 (1.74-1.80) 

G4 (15-29) 4,302/7,602 

(56.59%) 

1.80 (1.74-1.87) 

5,740/10,419 

(55.09%) 

2.00 (1.93-2.07) 

6,615/11,591 

(57.07%) 

1.66 (1.60-1.71) 

10,133/18,707 

(54.17%) 

2.09 (2.04-2.15) 

*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Figure C3. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) forest plot for MACE by eGFR categories relative to 

G1 (≥90), accounting for non-CVD mortality as a competing risk, by sex 

 
*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Figure C4. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) heat map for MACE by eGFR categories relative to G1 

(≥90), accounting for non-CVD mortality as a competing risk, by sex; colour is on log10 scale 

 
*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Appendix D. ACR-Stratified Analysis 

Table D1. CK21 and EKFC event frequencies, and adjusted subdistribution hazard Ratios (95% CI) for MAKE by eGFR categories 

relative to G1 (≥90), accounting for all-cause mortality as a competing risk, by ACR category 

eGFR 

Category 

CKD-EPI 2021 EKFC 
A1 (<3) A2 (3-30) A3 (>30) A1 (<3) A2 (3-30) A3 (>30) 

G1 (≥90) 83,377/329,635 

(25.29%) 

REF 

29,336/74,861 

(39.19%) 

REF 

6,347/11,093 

(57.22%) 

REF 

47,368/224,568 

(21.09%) 

REF 

16,776/49,801 

(33.69%) 

REF 

4,014/7,747 

(51.81%) 

REF 

G2 (60-89) 70,296/166,939 

(42.11%) 

1.22 (1.20 - 

1.23) 

28,538/48,097 

(59.33%) 

1.47 (1.45 - 

1.50) 

7,017/9,458 

(74.19%) 

1.72 (1.66 - 

1.78) 

100,937/246,745 

(40.91%) 

1.25 (1.23 - 

1.27) 

35,690/62,359 

(57.23%) 

1.67 (1.63 - 

1.70) 

7,733/10,629 

(72.75%) 

1.93 (1.85 - 

2.00) 

G3a (45-59) 12,070/21,722 

(55.57%) 

1.41 (1.38 - 

1.44) 

8,558/13,131 

(65.17%) 

1.67 (1.62 - 

1.72) 

3,359/4,281 

(78.46%) 

2.16 (2.06 - 

2.26) 

22,083/39,946 

(55.28%) 

1.40 (1.37 - 

1.43) 

12,471/18,983 

(65.70%) 

2.03 (1.97 - 

2.09) 

3,888/5,050 

(76.99%) 

2.44 (2.32 - 

2.56) 

G3b (30-44) 4,126/7,187 

(57.41%) 

1.35 (1.30 - 

1.41) 

4,638/7,131 

(65.04%) 

1.68 (1.62 - 

1.75) 

2,941/3,623 

(81.18%) 

2.59 (2.46 - 

2.73) 

7,677/13,096 

(58.62%) 

1.39 (1.34 - 

1.43) 

7,058/10,775 

(65.50%) 

2.03 (1.95 - 

2.10) 

3,614/4,476 

(80.74%) 

3.03 (2.87 - 

3.19) 

G4 (15-29) 649/1,170 

(55.47%) 

1.26 (1.14 - 

1.39) 

1,486/2,245 

(66.19%) 

1.90 (1.78 - 

2.04) 

1,923/2,286 

(84.12%) 

3.53 (3.30 - 

3.79) 

1,306/2,298 

(56.83%) 

1.25 (1.17 - 

1.34) 

2,296/3,547 

(64.73%) 

2.15 (2.03 - 

2.28) 

2,349/2,839 

(82.74%) 

4.10 (3.83 - 

4.39) 
 
*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Figure D1. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) forest plot for MAKE by eGFR categories relative to 

G1 (≥90), accounting for all-cause mortality as a competing risk, by ACR category 

*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Figure D2. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) forest plot for MAKE by eGFR categories relative to 

G1 (≥90), accounting for all-cause mortality as a competing risk, by ACR category; Y-axis is on log10 scale. 

**Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Figure D3. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) heat map for MAKE by eGFR categories relative to G1 

(≥90), accounting for all-cause mortality as a competing risk, by ACR category; colour is on log10 scale 

 
*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Table D2. CK21 and EKFC event frequencies, and adjusted subdistribution hazard Ratios (95% CI) for MACE by eGFR categories 

relative to G1 (≥90), accounting for non-CVD mortality as a competing risk, by ACR category 

eGFR 

Category 

CKD-EPI 2021 EKFC 

A1 (<3) A2 (3-30) A3 (>30) A1 (<3) A2 (3-30) A3 (>30) 

G1 (≥90) 40,325/329,635 

(12.23%) 

REF 

15,471/74,861 

(20.67%) 

REF 

3,121/11,093 

(28.13%) 

REF 

19,469/224,568 

(8.67%) 

REF 

7,855/49,801 

(15.77%) 

REF 

1,774/7,747 

(22.90%) 

REF 

G2 (60-89) 41,349/166,939 

(24.77%) 

1.02 

(1.01-1.04) 

18,069/48,097 

(37.57%) 

1.10 

(1.07-1.13) 

4,289/9,458 

(45.35%) 

1.23 

(1.18-1.30) 

52,773/246,745 

(21.39%) 

1.00 

(0.98-1.02) 

20,675/62,359 

(33.15%) 

1.13 

(1.09-1.16) 

4,483/10,629 

(42.18%) 

1.32 

(1.24-1.40) 

G3a (45-59) 8,807/21,722 

(40.54%) 

1.24 

(1.21-1.27) 

6,242/13,131 

(47.54%) 

1.25 

(1.21-1.29) 

2,165/4,281 

(50.57%) 

1.36 

(1.28-1.44) 

14,886/39,946 

(37.27%) 

1.15 

(1.11-1.18) 

8,680/18,983 

(45.73%) 

1.28 

(1.23-1.33) 

2,504/5,050 

(49.58%) 

1.44 

(1.34-1.54) 

G3b (30-44) 3,409/7,187 

(47.43%) 

1.33 

(1.27-1.38) 

3,674/7,131 

(51.52%) 

1.33 

(1.28-1.39) 

1,928/3,623 

(53.22%) 

1.47 

(1.38-1.56) 

6,164/13,096 

(47.07%) 

1.29 

(1.25-1.34) 

5,486/10,775 

(50.91%) 

1.35 

(1.29-1.42) 

2,413/4,476 

(53.91%) 

1.61 

(1.50-1.73) 

G4 (15-29) 660/1,170 

(56.41%) 

1.63 

(1.49-1.78) 

1,185/2,245 

(52.78%) 

1.44 

(1.34-1.54) 

1,224/2,286 

(53.54%) 

1.56 

(1.45-1.69) 

1,258/2,298 

(54.74%) 

1.47 

(1.37-1.57) 

1,945/3,547 

(54.84%) 

1.51 

(1.42-1.61) 

1,553/2,839 

(54.70%) 

1.70 

(1.57-1.84) 
 

*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Figure D4. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) forest plot for MACE by eGFR categories relative to 

G1 (≥90), accounting for non-CVD mortality as a competing risk, by ACR category 

 
*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Figure D5. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) forest plot for MACE by eGFR categories relative to 

G1 (≥90), accounting for non-CVD mortality as a competing risk, by ACR category; Y-axis is on log10 scale. 

**Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Figure D6. CK21 and EKFC adjusted subdistribution hazard Ratios (95% CI) heat map for MACE by eGFR categories relative to G1 

(≥90), accounting for non-CVD mortality as a competing risk, by ACR category; colour is on log10 scale

 

*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Appendix E. Sensitivity Analysis for KRT, Overall Mortality, and no age/sex models 

Table E1. CK21 and EKFC event frequencies, and adjusted hazard Ratios (95% CI) for overall mortality by eGFR categories relative 

to G1 (≥90) 

eGFR Category CKD21 EKFC 

G1 (≥90) 253,311/3,633,882  

(6.97%) 

106,387/2,634,869  

(4.04%)  
REF REF 

G2 (60-89) 397,259/1,596,596  

(24.88%) 

428,584/2,365,359  

(18.12%)  
0.957 (0.951–0.962) 0.732 (0.726–0.738) 

G3a (45-59) 105,914/188,663  

(56.14%) 

172,724/350,092  

(49.34%)  
1.228 (1.217–1.238) 0.865 (0.855–0.874) 

G3b (30-44) 50,589/69,904  

(72.37%) 

89,002/126,448  

(70.39%)  
1.586 (1.568–1.605) 1.092 (1.079–1.106) 

G4 (15-29) 14,053/18,021  

(77.98%) 

24,429/30,298  

(80.63%)  
2.245 (2.195–2.295) 1.512 (1.485–1.541) 

*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Table E2. CK21 and EKFC event frequencies, and adjusted subdistribution hazard Ratios (95% CI) for KRT by eGFR categories 

relative to G1 (≥90), accounting for all-cause mortality as a competing risk 

eGFR Category CKD21 EKFC 

G1 (≥90) 6,158/3,633,882  

(0.17%) 

3,878/2,634,869  

(0.15%)  
REF REF 

G2 (60-89) 7,402/1,596,596  

(0.46%) 

7,978/2,365,359  

(0.34%)  
4.757 (4.571–4.951) 4.527 (4.344–4.717) 

G3a (45-59) 4,434/188,663  

(2.35%) 

4,824/350,092  

(1.38%)  
36.387 (34.475–38.405) 36.709 (34.682–38.854) 

G3b (30-44) 5,131/69,904  

(7.34%) 

5,760/126,448  

(4.56%)  
129.923 (123.023–137.209) 150.879 (142.292–159.984) 

G4 (15-29) 4,542/18,021  

(25.20%) 

5,227/30,298  

(17.25%)  
496.030 (468.678–524.978) 639.212 (601.227–679.598) 

 

*Adjusted for age, sex, income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, 

hyperkalemia, cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count 
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Table E3. CK21 and EKFC event frequencies, and adjusted subdistribution hazard Ratios (95% CI) for MAKE (no age and sex 

adjustment) by eGFR categories relative to G1 (≥90), accounting for all-cause/non-CVD mortality as a competing risk 

eGFR Category CK21 EKFC 

G1 (≥90) 761,051/3,633,882 

(20.94%) 

REF 

461,076/2,634,869 

(17.50%) 

REF 

G2 (60-89) 598,534/1,596,596 

(37.49%) 

1.861 (1.854-1.867) 

845,917/2,365,359 

(35.76%) 

2.094 (2.086-2.102) 

G3a (45-59) 103,050/188,663 

(54.62%) 

3.092 (3.069-3.116) 

186,620/350,092 

(53.31%) 

3.538 (3.517-3.559) 

G3b (30-44) 40,845/69,904 

(58.43%) 

3.618 (3.574-3.663) 

72,606/126,448 

(57.42%) 

4.194 (4.155-4.234) 

G4 (15-29) 11,753/18,021 

(65.22%) 

5.036 (4.909-5.166) 

18,617/30,298 

(61.45%) 

5.313 (5.209-5.418) 
*Adjusted for income quintile, rural living status, hypertension, diabetes, past cardiovascular disease, obesity, alcohol use, hypercholesterolemia, hyperkalemia, 

cancer, chronic liver disease, chronic lung disease, emergency room count, primary care count, and specialist care count  
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Table E4. Risk of overall mortality among individuals with concordant vs. discordant eGFR category assignment between CK21 and 

EKFC, stratified by CK21 eGFR category 

Overall Mortality 

Outcome 

Concordant Discordant Fine-Gray SD 

HR (95% CI) Events Total Events Total 

G1 (90+) 106,387 (4.0%) 2,634,869 146,924 (14.7%) 999,013 0.768 (0.759–0.777) 

G2 (60–<90) 281,660 (20.6%) 1,366,345 115,599 (50.2%) 230,251 1.074 (1.066–1.082) 

G3a (45–<60) 57,121 (47.7%) 119,824 48,793 (70.9%) 68,838 1.146 (1.132–1.161) 

G3b (30–<45) 40,198 (69.8%) 57,569 10,387 (84.3%) 12,318 1.155 (1.129–1.182) 

G4 (15–<30) 14,042 (78.1%) 17,980 0 0 — 

Total 499,408 (11.9%) 4,196,587 321,703 (24.6%) 1,310,420  

Table E5. Risk of kidney replacement therapy (KRT) among individuals with concordant vs. discordant eGFR category assignment 

between CK21 and EKFC, stratified by CK21 eGFR category 

KRT Outcome 
Concordant Discordant Fine-Gray SD 

HR (95% CI) Events Total Events Total 

G1 (90+) 3,878 (0.2%) 2,634,869 2,280 (0.2%) 999,013 1.082 (1.011–1.157) 

G2 (60–<90) 5,698 (0.4%) 1,366,345 1,704 (0.7%) 230,251 2.800 (2.622–2.990) 

G3a (45–<60) 3,115 (2.6%) 119,824 1,319 (1.9%) 68,838 1.685 (1.566–1.814) 

G3b (30–<45) 4,419 (7.7%) 57,569 707 (5.7%) 12,318 1.394 (1.263–1.539) 

G4 (15–<30) 4,520 (25.1%) 17,980 0 0 — 

Total 21,630 (0.5%) 4,196,587 6,010 (0.5%) 1,310,420  
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Table E6. Risk of Major Adverse Kidney Events (unadjusted for age and sex) among individuals with concordant vs. discordant eGFR 

category assignment between CK21 and EKFC, stratified by CK21 eGFR category 

MAKE Outcome 
Concordant Discordant Fine-Gray SD 

HR (95% CI) Events Total Events Total 

G1 (90+) 449,918 (17.1%) 2,634,869 311,133 (31.1%) 999,013 1.785 (1.776–1.793) 

G2 (60–<90) 481,560 (35.2%) 1,366,345 116,974 (50.8%) 230,251 1.566 (1.555–1.576) 

G3a (45–<60) 65,212 (54.4%) 119,824 37,838 (55.0%) 68,838 1.038 (1.025–1.051) 

G3b (30–<45) 34,231 (59.5%) 57,569 6,604 (53.6%) 12,318 0.891 (0.867–0.915) 

G4 (15–<30) 11,719 (65.2%) 17,980 0 0 — 

Total 1,042,640 (24.8%) 4,196,587 472,549 (36.1%) 1,310,420   
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Appendix F. C-statistic, Calibration, and Brier Scores for CK21 and EKFC at 2- and 5-year timepoints 

Table F1. C-statistic, Calibration, and Brier Scores for CK21 and EKFC at 2- and 5-year timepoints for MAKE Models 

Model 
Statistics 

CKD-EPI 2021 EKFC 

2 Year 5 Year 2 Year 5 Year 

Overall AUC 0.749 0.729 0.750 0.738 

Calibration Slope 1.521 1.348 1.442 1.313 

Brier 0.027 0.078 0.025 0.076 

18 to <40 AUC 0.658 0.619 0.666 0.633 

Calibration Slope 1.747 1.341 1.559 1.303 

Brier 0.010 0.033 0.008 0.025 

40 to ≤65 AUC 0.686 0.645 0.691 0.651 

Calibration Slope 2.131 1.502 2.295 1.579 

Brier 0.020 0.064 0.019 0.063 

66 to <80 AUC 0.659 0.630 0.648 0.619 

Calibration Slope 2.462 1.722 2.835 1.895 

Brier 0.050 0.140 0.047 0.139 

≥80 AUC 0.558 0.550 0.565 0.553 

Calibration Slope 1.622 1.269 1.901 1.352 

Brier 0.088 0.193 0.084 0.192 

Male AUC 0.734 0.721 0.735 0.730 

Calibration Slope 1.501 1.298 1.417 1.272 

Brier 0.028 0.079 0.026 0.076 

Female AUC 0.752 0.732 0.752 0.742 

Calibration Slope 1.619 1.399 1.502 1.354 

Brier 0.026 0.077 0.024 0.074 

< 3 mg/mmol AUC 0.700 0.698 0.700 0.702 

Calibration Slope 1.319 1.258 1.276 1.247 

Brier 0.028 0.091 0.025 0.089 

3 - 30 mg/mmol AUC 0.684 0.678 0.682 0.678 

Calibration Slope 1.497 1.329 1.493 1.328 

Brier 0.071 0.172 0.068 0.170 

> 30 mg/mmol AUC 0.699 0.694 0.702 0.696 

Calibration Slope 1.489 1.194 1.519 1.195 

Brier 0.169 0.222 0.165 0.221 
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Table F2. C-statistic, Calibration, and Brier Scores for CK21 and EKFC at 2- and 5-year timepoints for MACE Models 

Model 
Statistics 

CKD-EPI 2021 EKFC 

2 Year 5 Year 2 Year 5 Year 

Overall AUC 0.823 0.814 0.822 0.813 

Calibration Slope 1.111 1.084 1.117 1.087 

Brier 0.035 0.069 0.035 0.069 

18 to <40 AUC 0.696 0.692 0.696 0.691 

Calibration Slope 1.152 1.071 1.166 1.079 

Brier 0.004 0.009 0.004 0.009 

40 to ≤65 AUC 0.680 0.669 0.686 0.675 

Calibration Slope 1.229 1.135 1.206 1.120 

Brier 0.024 0.054 0.024 0.054 

66 to <80 AUC 0.650 0.638 0.651 0.640 

Calibration Slope 1.370 1.242 1.363 1.238 

Brier 0.076 0.147 0.076 0.147 

≥80 AUC 0.599 0.593 0.600 0.594 

Calibration Slope 1.530 1.299 1.552 1.322 

Brier 0.129 0.209 0.129 0.209 

Male AUC 0.789 0.780 0.788 0.780 

Calibration Slope 1.119 1.080 1.121 1.080 

Brier 0.042 0.083 0.042 0.083 

Female AUC 0.839 0.829 0.838 0.828 

Calibration Slope 1.146 1.089 1.158 1.095 

Brier 0.029 0.058 0.029 0.058 

< 3 mg/mmol AUC 0.770 0.760 0.770 0.760 

Calibration Slope 1.102 1.076 1.101 1.076 

Brier 0.038 0.080 0.038 0.080 

3 - 30 mg/mmol AUC 0.747 0.743 0.747 0.743 

Calibration Slope 1.172 1.120 1.176 1.121 

Brier 0.074 0.135 0.074 0.135 

> 30 mg/mmol AUC 0.719 0.723 0.718 0.722 

Calibration Slope 1.151 1.119 1.158 1.119 

Brier 0.110 0.177 0.110 0.177 
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Table F3. C-statistic, Calibration, and Brier Scores for CK21 and EKFC at 2- and 5-year timepoints for KRT and Overall Mortality 

Models 

Model 
Statistics 

CKD-EPI 2021 EKFC 

2 Year 5 Year 2 Year 5 Year 

Overall Mortality  AUC 0.864 0.866 0.865 0.866 

Calibration Slope 0.934 1.020 0.920 1.010 

Brier 0.018 0.042 0.018 0.042 

KRT AUC 0.851 0.856 0.859 0.862 

Calibration Slope 1.669 1.428 1.644 1.409 

Brier 0.001 0.002 0.001 0.002 

MAKE 

(unadjusted for 
age and sex) 

AUC 0.734 0.703 0.743 0.719 

Calibration Slope 1.903 1.507 1.814 1.477 

Brier 0.027 0.079 0.025 0.076 

 



119 

 

Appendix G. Calibration line plots for MAKE, MACE, KRT, and overall mortality 

Figure G1. Calibration line plot: observed versus predicted MAKE risk by decile in the overall 

cohort, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 

 

Figure G2. Calibration line plot: observed versus predicted MAKE risk by decile in the male 

subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 
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Figure G3. Calibration line plot: observed versus predicted MAKE risk by decile in the female 

subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 
 

Figure G4. Calibration line plot: observed versus predicted MAKE risk by decile in the age 18 

to <40 subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 
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Figure G5. Calibration line plot: observed versus predicted MAKE risk by decile in the age 40 

to ≤65 subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 
  

Figure G6. Calibration line plot: observed versus predicted MAKE risk by decile in the age 66 

to <80 subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 
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Figure G7. Calibration line plot: observed versus predicted MAKE risk by decile in the age ≥80 

subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 
Figure G8. Calibration line plot: observed versus predicted MAKE risk by decile in the ACR 

category A1 (<3 mg/mmol) subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year 

horizons. 
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Figure G9. Calibration line plot: observed versus predicted MAKE risk by decile in the ACR 

category A2 (3–30 mg/mmol) subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-

year horizons. 

 
Figure G10. Calibration line plot: observed versus predicted MAKE risk by decile in the ACR 

category A3 (>30 mg/mmol) subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-

year horizons. 
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Figure G11. Calibration line plot: observed versus predicted MACE risk by decile in the overall 

cohort, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 
Figure G12. Calibration line plot: observed versus predicted MACE risk by decile in the male 

subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 
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Figure G13. Calibration line plot: observed versus predicted MACE risk by decile in the female 

subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 
 

Figure G14. Calibration line plot: observed versus predicted MACE risk by decile in the age 18 

to <40 subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 
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Figure G15. Calibration line plot: observed versus predicted MACE risk by decile in the age 40 

to ≤65 subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 
   

Figure G16. Calibration line plot: observed versus predicted MACE risk by decile in the age 66 

to <80 subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 
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Figure G17. Calibration line plot: observed versus predicted MACE risk by decile in the age 

≥80 subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 
Figure G18. Calibration line plot: observed versus predicted MACE risk by decile in the ACR 

category A1 (<3 mg/mmol) subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year 

horizons. 
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Figure G19. Calibration line plot: observed versus predicted MACE risk by decile in the ACR 

category A2 (3–30 mg/mmol) subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-

year horizons. 

 
Figure G20. Calibration line plot: observed versus predicted MACE risk by decile in the ACR 

category A3 (>30 mg/mmol) subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-

year horizons. 
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Figure G21. Calibration line plot: observed versus predicted KRT risk by decile in the overall 

cohort, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 

 
Figure G22. Calibration line plot: observed versus predicted overall mortality risk by decile in 

the overall cohort, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 
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Appendix H. Calibration scatter plots for MAKE, MACE, KRT, and overall mortality 

Figure H1. Calibration scatter plot: observed versus predicted MAKE risk by decile in the 

overall cohort, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 

Figure H2. Calibration scatter plot: observed versus predicted MAKE risk by decile in the male 

subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 
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Figure H3. Calibration scatter plot: observed versus predicted MAKE risk by decile in the 

female subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 

Figure H4. Calibration scatter plot: observed versus predicted MAKE risk by decile in the age 

18 to <40 subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 
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Figure H5. Calibration scatter plot: observed versus predicted MAKE risk by decile in the age 

40 to ≤65 subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 

Figure H6. Calibration scatter plot: observed versus predicted MAKE risk by decile in the age 

66 to <80 subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 
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Figure H7. Calibration scatter plot: observed versus predicted MAKE risk by decile in the age 

≥80 subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 
Figure H8. Calibration scatter plot: observed versus predicted MAKE risk by decile in the ACR 

category A1 (<3 mg/mmol) subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year 

horizons. 
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Figure H9. Calibration scatter plot: observed versus predicted MAKE risk by decile in the ACR 

category A2 (3–30 mg/mmol) subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-

year horizons. 

 
Figure H10. Calibration scatter plot: observed versus predicted MAKE risk by decile in the 

ACR category A3 (>30 mg/mmol) subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 

5-year horizons. 
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Figure H11. Calibration scatter plot: observed versus predicted MACE risk by decile in the 

overall cohort, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 
Figure H12. Calibration scatter plot: observed versus predicted MACE risk by decile in the male 

subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 
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Figure H13. Calibration scatter plot: observed versus predicted MACE risk by decile in the 

female subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 
Figure H14. Calibration scatter plot: observed versus predicted MACE risk by decile in the age 

18 to <40 subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 
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Figure H15. Calibration scatter plot: observed versus predicted MACE risk by decile in the age 

40 to ≤65 subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 
Figure H16. Calibration scatter plot: observed versus predicted MACE risk by decile in the age 

66 to <80 subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 
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Figure H17. Calibration scatter plot: observed versus predicted MACE risk by decile in the age 

≥80 subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 
Figure H18. Calibration scatter plot: observed versus predicted MACE risk by decile in the 

ACR category A1 (<3 mg/mmol) subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 

5-year horizons. 
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Figure H19. Calibration scatter plot: observed versus predicted MACE risk by decile in the 

ACR category A2 (3–30 mg/mmol) subgroup, with CKD-EPI 2021 and EKFC equations at 2- 

and 5-year horizons. 

 
Figure H20. Calibration scatter plot: observed versus predicted MACE risk by decile in the 

ACR category A3 (>30 mg/mmol) subgroup, with CKD-EPI 2021 and EKFC equations at 2- and 

5-year horizons. 
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Figure H21. Calibration scatter plot: observed versus predicted KRT risk by decile in the overall 

cohort, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 

 
Figure H22. Calibration scatter plot: observed versus predicted overall mortality risk by decile 

in the overall cohort, with CKD-EPI 2021 and EKFC equations at 2- and 5-year horizons. 
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Figure H23. Calibration scatter plot: observed versus predicted MAKE (unadjusted for age and 

sex) risk by decile in the overall cohort, with CKD-EPI 2021 and EKFC equations at 2- and 5-

year horizons. 
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Appendix I. Decision Curve Analysis for MAKE, MACE, KRT, and overall mortality outcomes using CK21 and EKFC eGFR values 

for the overall cohort. MAKE and MACE models for female, male, age 18 to <40, 40 to ≤ 65, 66 to <80, ≥80, ACR categories A1 (<3 

mg/mmol), A2 (3-30 mg/mmol), and A3 (>30 mg/mmol) strata. 

 

 



143 

 



144 

 



145 

 



146 

 



147 

 



148 

 



149 

 



150 

 



151 

 



152 

 



153 

 



154 

 



155 

 



156 

 



157 

 



158 

 



159 

 



160 

 



161 

 



162 

  



163 

 

 

 



164 

 

Chapter 4: Supplemental Material  

Appendix J. Sensitivity and specificity of outcome definitions 

Outcome 

(component) 

Data source & code 

/ definition 

Sens. Spec. PPV Ref. 

Kidney Replacement Therapy (KRT) 

Need for dialysis CORR; treatment 

code ≠ 171/181 

Reference-standard registry (mandatory 

across Canadian); not ICD-coded  
  

Kidney transplant CORR; treatment 

code = 171/181 
96% ― 98% 75 
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Appendix K. Model discrimination, calibration and accuracy metrics  

Table K1. Discrimination and calibration performance of the uncalibrated 4-variable KFRE using CKD-EPI 2021 (CK21) and EKFC 

eGFR inputs, by stratum and prediction horizon. 

STRATUM TIMEPOINT MODEL AUC (95% CI) BRIER 

SCORE 

O:E 

RATIO 

CAL. 

INTERCEPT 

CAL. SLOPE 

OVERALL 2-year CK21 0.929 (0.917, 0.941) 0.0149 0.751 −0.373 1.024   
EKFC 0.928 (0.916, 0.940) 0.0153 0.621 −0.600 1.124  

5-year CK21 0.913 (0.905, 0.921) 0.0383 0.894 −0.287 0.864   
EKFC 0.910 (0.901, 0.918) 0.0396 0.728 −0.602 0.932 

FEMALE 2-year CK21 0.928 (0.909, 0.948) 0.0105 0.718 −0.402 1.039   
EKFC 0.928 (0.908, 0.947) 0.0107 0.567 −0.671 1.155  

5-year CK21 0.916 (0.903, 0.930) 0.0282 0.837 −0.363 0.914   
EKFC 0.914 (0.900, 0.928) 0.0294 0.653 −0.707 0.995 

MALE 2-year CK21 0.926 (0.911, 0.941) 0.019 0.767 −0.357 1.014   
EKFC 0.925 (0.910, 0.940) 0.0194 0.65 −0.562 1.103  

5-year CK21 0.906 (0.896, 0.917) 0.0478 0.927 −0.241 0.829   
EKFC 0.902 (0.891, 0.914) 0.049 0.773 −0.537 0.888 

18 TO <40 2-year CK21 0.897 (0.866, 0.929) 0.0685 0.877 −0.222 1.01   
EKFC 0.902 (0.872, 0.931) 0.0693 0.829 −0.317 1.043  

5-year CK21 0.833 (0.797, 0.869) 0.1486 1.066 −0.047 0.646   
EKFC 0.839 (0.804, 0.874) 0.1474 1.008 −0.191 0.668 

40 TO ≤65 2-year CK21 0.910 (0.892, 0.927) 0.0297 0.922 −0.112 0.945   
EKFC 0.912 (0.895, 0.928) 0.0297 0.865 −0.195 1.019  

5-year CK21 0.894 (0.882, 0.906) 0.0715 1.102 0.054 0.787   
EKFC 0.895 (0.883, 0.907) 0.0708 1.02 −0.089 0.845 

66 TO <80 2-year CK21 0.884 (0.851, 0.917) 0.0083 0.544 −0.694 0.860   
EKFC 0.887 (0.855, 0.920) 0.0088 0.399 −1.041 0.958  

5-year CK21 0.885 (0.865, 0.905) 0.0262 0.762 −0.481 0.822   
EKFC 0.886 (0.867, 0.906) 0.0277 0.561 −0.897 0.890 

≥80 2-year CK21 0.941 (0.893, 0.990) 0.0041 0.400 −0.980 1.538   
EKFC 0.941 (0.891, 0.991) 0.0046 0.249 −1.487 1.676  

5-year CK21 0.911 (0.876, 0.945) 0.0128 0.411 −1.115 1.137 
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EKFC 0.914 (0.880, 0.948) 0.0159 0.259 −1.672 1.238 

< 3 MG/MMOL 2-year CK21 0.874 (0.780, 0.967) 0.0017 0.637 −0.457 1.34   
EKFC 0.871 (0.772, 0.970) 0.0017 0.401 −0.922 1.56  

5-year CK21 0.799 (0.737, 0.861) 0.0054 0.675 −0.473 0.987   
EKFC 0.786 (0.719, 0.852) 0.0056 0.426 −0.946 1.109 

3-30 MG/MMOL 2-year CK21 0.835 (0.780, 0.891) 0.0073 0.501 −0.733 0.972   
EKFC 0.830 (0.775, 0.886) 0.0076 0.372 −1.040 1.094  

5-year CK21 0.819 (0.787, 0.851) 0.0253 0.646 −0.610 0.872   
EKFC 0.808 (0.775, 0.842) 0.0268 0.477 −0.947 0.97 

> 30 MG/MMOL 2-year CK21 0.839 (0.816, 0.863) 0.0588 0.825 −0.272 0.932   
EKFC 0.836 (0.812, 0.860) 0.0601 0.719 −0.454 1.025  

5-year CK21 0.799 (0.782, 0.816) 0.1373 0.997 −0.120 0.655   
EKFC 0.791 (0.773, 0.808) 0.1406 0.863 −0.402 0.695 

 

Table K2. Discrimination and calibration performance of the recalibrated 4-variable KFRE using CKD-EPI 2021 (CK21) and EKFC 

eGFR inputs, by stratum and prediction horizon. 

STRATUM TIMEPOINT MODEL AUC (95% CI) BRIER 

SCORE 

O:E 

RATIO 

CAL. 

INTERCEPT 

CAL. SLOPE 

OVERALL 2-year CK21 0.929 (0.917, 0.941) 0.0147 0.937 −0.083 1.043   
EKFC 0.928 (0.916, 0.940) 0.0148 0.92 −0.101 1.162  

5-year CK21 0.913 (0.905, 0.921) 0.0383 0.904 −0.269 0.866   
EKFC 0.910 (0.901, 0.918) 0.0384 0.858 −0.329 0.967 

FEMALE 2-year CK21 0.928 (0.909, 0.948) 0.0104 0.904 −0.120 1.053   
EKFC 0.928 (0.908, 0.947) 0.0104 0.852 −0.183 1.185  

5-year CK21 0.916 (0.903, 0.930) 0.0281 0.846 −0.346 0.916   
EKFC 0.914 (0.900, 0.928) 0.0283 0.777 −0.440 1.027 

MALE 2-year CK21 0.926 (0.911, 0.941) 0.0187 0.953 −0.063 1.035   
EKFC 0.925 (0.910, 0.940) 0.0189 0.956 −0.056 1.145  

5-year CK21 0.906 (0.896, 0.917) 0.0478 0.936 −0.223 0.831   
EKFC 0.902 (0.891, 0.914) 0.0479 0.905 −0.261 0.925 

18 TO <40 2-year CK21 0.897 (0.866, 0.929) 0.0676 1.062 0.097 1.046   
EKFC 0.902 (0.872, 0.931) 0.0688 1.162 0.23 1.111 
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5-year CK21 0.833 (0.797, 0.869) 0.1485 1.074 −0.028 0.649   

EKFC 0.839 (0.804, 0.874) 0.147 1.134 0.107 0.714 

40 TO ≤65 2-year CK21 0.910 (0.892, 0.927) 0.0297 1.146 0.18 0.963   
EKFC 0.912 (0.895, 0.928) 0.03 1.272 0.306 1.051  

5-year CK21 0.894 (0.882, 0.906) 0.0715 1.113 0.072 0.789   
EKFC 0.895 (0.883, 0.907) 0.0708 1.188 0.182 0.877 

66 TO <80 2-year CK21 0.884 (0.851, 0.917) 0.0079 0.69 −0.417 0.868   
EKFC 0.887 (0.855, 0.920) 0.0079 0.603 −0.557 0.977  

5-year CK21 0.885 (0.865, 0.905) 0.0261 0.771 −0.464 0.824   
EKFC 0.886 (0.867, 0.906) 0.0262 0.671 −0.629 0.917 

≥80 2-year CK21 0.941 (0.893, 0.990) 0.0041 0.511 −0.711 1.553   
EKFC 0.941 (0.891, 0.991) 0.0042 0.381 −1.016 1.716  

5-year CK21 0.911 (0.876, 0.945) 0.0127 0.416 −1.099 1.139   
EKFC 0.914 (0.880, 0.948) 0.0139 0.314 −1.410 1.277 

< 3 MG/MMOL 2-year CK21 0.874 (0.780, 0.967) 0.0017 0.822 −0.199 1.342   
EKFC 0.871 (0.772, 0.970) 0.0017 0.625 −0.473 1.565  

5-year CK21 0.799 (0.737, 0.861) 0.0054 0.685 −0.459 0.987   
EKFC 0.786 (0.719, 0.852) 0.0055 0.528 −0.722 1.114 

3-30 MG/MMOL 2-year CK21 0.835 (0.780, 0.891) 0.0071 0.642 −0.467 0.978   
EKFC 0.830 (0.775, 0.886) 0.0072 0.573 −0.579 1.107  

5-year CK21 0.819 (0.787, 0.851) 0.0252 0.654 −0.594 0.873   
EKFC 0.808 (0.775, 0.842) 0.0255 0.583 −0.704 0.986 

> 30 MG/MMOL 2-year CK21 0.839 (0.816, 0.863) 0.058 1.02 0.027 0.955   
EKFC 0.836 (0.812, 0.860) 0.0586 1.048 0.061 1.071  

5-year CK21 0.799 (0.782, 0.816) 0.1371 1.006 −0.102 0.657   
EKFC 0.791 (0.773, 0.808) 0.1372 0.997 −0.111 0.734 
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Table K3. Discrimination and calibration performance of the uncalibrated 4-variable KFRE using CKD-EPI 2009 (CK09) and EKFC 

eGFR inputs, by stratum and prediction horizon. 

STRATUM TIMEPOINT MODEL AUC (95% CI) BRIER 

SCORE 

O:E 

RATIO 

CAL. 

INTERCEPT 

CAL. SLOPE 

OVERALL 2-year CK09 0.937 (0.926, 0.948) 0.012 0.629 -0.601 1.038   
EKFC 0.936 (0.925, 0.947) 0.012 0.624 -0.591 1.105  

5-year CK09 0.923 (0.915, 0.930) 0.032 0.762 -0.551 0.870   
EKFC 0.919 (0.912, 0.927) 0.032 0.736 -0.578 0.927 

FEMALE 2-year CK09 0.941 (0.925, 0.957) 0.009 0.592 -0.635 1.079   
EKFC 0.941 (0.925, 0.957) 0.009 0.562 -0.680 1.161  

5-year CK09 0.925 (0.913, 0.938) 0.024 0.709 -0.611 0.924   
EKFC 0.923 (0.910, 0.936) 0.024 0.658 -0.689 0.988 

MALE 2-year CK09 0.931 (0.916, 0.946) 0.016 0.648 -0.583 1.015   
EKFC 0.930 (0.915, 0.945) 0.016 0.658 -0.543 1.071  

5-year CK09 0.917 (0.908, 0.927) 0.039 0.792 -0.516 0.835   
EKFC 0.914 (0.904, 0.924) 0.039 0.783 -0.510 0.885 

18 TO <40 2-year CK09 0.907 (0.878, 0.936) 0.064 0.792 -0.397 1.032   
EKFC 0.910 (0.883, 0.937) 0.064 0.825 -0.324 1.054  

5-year CK09 0.834 (0.799, 0.869) 0.145 1.010 -0.206 0.629   
EKFC 0.837 (0.802, 0.871) 0.144 1.034 -0.139 0.654 

40 TO ≤65 2-year CK09 0.927 (0.912, 0.941) 0.024 0.785 -0.335 0.971   
EKFC 0.928 (0.914, 0.942) 0.023 0.866 -0.192 1.020  

5-year CK09 0.912 (0.902, 0.922) 0.058 0.965 -0.199 0.802   
EKFC 0.912 (0.902, 0.923) 0.057 1.032 -0.067 0.854 

66 TO <80 2-year CK09 0.891 (0.859, 0.924) 0.007 0.448 -0.919 0.867   
EKFC 0.893 (0.861, 0.925) 0.007 0.413 -1.001 0.930  

5-year CK09 0.895 (0.876, 0.913) 0.022 0.627 -0.756 0.829   
EKFC 0.895 (0.876, 0.914) 0.022 0.571 -0.864 0.882 

≥80 2-year CK09 0.938 (0.891, 0.985) 0.004 0.313 -1.246 1.469   
EKFC 0.940 (0.894, 0.986) 0.004 0.254 -1.463 1.577  

5-year CK09 0.924 (0.895, 0.953) 0.012 0.317 -1.437 1.152   
EKFC 0.926 (0.898, 0.955) 0.013 0.257 -1.673 1.232 
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< 3 MG/MMOL 2-year CK09 0.856 (0.761, 0.951) 0.001 0.494 -0.713 1.290   
EKFC 0.854 (0.757, 0.950) 0.001 0.416 -0.886 1.404  

5-year CK09 0.806 (0.749, 0.862) 0.004 0.521 -0.735 0.990   
EKFC 0.796 (0.738, 0.855) 0.004 0.437 -0.911 1.055 

3-30 MG/MMOL 2-year CK09 0.845 (0.794, 0.897) 0.006 0.402 -0.964 0.996   
EKFC 0.843 (0.791, 0.894) 0.006 0.375 -1.028 1.071  

5-year CK09 0.831 (0.801, 0.861) 0.022 0.521 -0.862 0.895   
EKFC 0.822 (0.790, 0.853) 0.023 0.481 -0.934 0.957 

> 30 MG/MMOL 2-year CK09 0.847 (0.824, 0.869) 0.056 0.706 -0.494 0.948   
EKFC 0.844 (0.821, 0.867) 0.055 0.724 -0.443 1.005  

5-year CK09 0.808 (0.792, 0.824) 0.131 0.878 -0.386 0.653   
EKFC 0.800 (0.784, 0.817) 0.132 0.877 -0.368 0.688 

 

Table K4. Discrimination and calibration performance of the recalibrated 4-variable KFRE using CKD-EPI 2009 (CK09) and EKFC 

eGFR inputs, by stratum and prediction horizon. 

STRATUM TIMEPOINT MODEL AUC (95% CI) BRIER 

SCORE 

O:E 

RATIO 

CAL. 

INTERCEPT 

CAL. SLOPE 

OVERALL 2-year CK09 0.937 (0.926, 0.948) 0.012 0.917 -0.107 1.071   
EKFC 0.936 (0.925, 0.947) 0.012 0.923 -0.097 1.139  

5-year CK09 0.923 (0.915, 0.930) 0.031 0.868 -0.324 0.897   
EKFC 0.919 (0.912, 0.927) 0.031 0.865 -0.312 0.959 

FEMALE 2-year CK09 0.941 (0.925, 0.957) 0.008 0.876 -0.155 1.106   
EKFC 0.941 (0.925, 0.957) 0.008 0.841 -0.197 1.190  

5-year CK09 0.925 (0.913, 0.938) 0.023 0.815 -0.390 0.947   
EKFC 0.923 (0.910, 0.936) 0.023 0.782 -0.430 1.017 

MALE 2-year CK09 0.931 (0.916, 0.946) 0.015 0.937 -0.083 1.051   
EKFC 0.930 (0.915, 0.945) 0.015 0.966 -0.043 1.107  

5-year CK09 0.917 (0.908, 0.927) 0.038 0.898 -0.285 0.863   
EKFC 0.914 (0.904, 0.924) 0.039 0.914 -0.240 0.918 

18 TO <40 2-year CK09 0.907 (0.878, 0.936) 0.063 1.097 0.144 1.096   
EKFC 0.910 (0.883, 0.937) 0.063 1.153 0.218 1.121  

5-year CK09 0.834 (0.799, 0.869) 0.144 1.110 0.042 0.663 
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EKFC 0.837 (0.802, 0.871) 0.144 1.161 0.150 0.696 

40 TO ≤65 2-year CK09 0.927 (0.912, 0.941) 0.023 1.133 0.163 1.004   
EKFC 0.928 (0.914, 0.942) 0.024 1.271 0.304 1.050  

5-year CK09 0.912 (0.902, 0.922) 0.057 1.088 0.030 0.828   
EKFC 0.912 (0.902, 0.923) 0.057 1.199 0.198 0.883 

66 TO <80 2-year CK09 0.891 (0.859, 0.924) 0.006 0.670 -0.447 0.881   
EKFC 0.893 (0.861, 0.925) 0.006 0.622 -0.523 0.947  

5-year CK09 0.895 (0.876, 0.913) 0.021 0.725 -0.536 0.848   
EKFC 0.895 (0.876, 0.914) 0.021 0.681 -0.604 0.906 

≥80 2-year CK09 0.938 (0.891, 0.985) 0.004 0.474 -0.788 1.496   
EKFC 0.940 (0.894, 0.986) 0.004 0.387 -0.998 1.611  

5-year CK09 0.924 (0.895, 0.953) 0.011 0.371 -1.224 1.177   
EKFC 0.926 (0.898, 0.955) 0.012 0.310 -1.418 1.268 

< 3 MG/MMOL 2-year CK09 0.856 (0.761, 0.951) 0.001 0.762 -0.275 1.293   
EKFC 0.854 (0.757, 0.950) 0.001 0.646 -0.441 1.408  

5-year CK09 0.806 (0.749, 0.862) 0.004 0.622 -0.551 0.993   
EKFC 0.796 (0.738, 0.855) 0.004 0.540 -0.691 1.058 

3-30 MG/MMOL 2-year CK09 0.845 (0.794, 0.897) 0.006 0.612 -0.513 1.007   
EKFC 0.843 (0.791, 0.894) 0.006 0.577 -0.572 1.082  

5-year CK09 0.831 (0.801, 0.861) 0.021 0.613 -0.660 0.907   
EKFC 0.822 (0.790, 0.853) 0.022 0.585 -0.696 0.971 

> 30 MG/MMOL 2-year CK09 0.847 (0.824, 0.869) 0.053 1.012 0.016 0.989   
EKFC 0.844 (0.821, 0.867) 0.054 1.053 0.067 1.047  

5-year CK09 0.808 (0.792, 0.824) 0.128 0.983 -0.143 0.683   
EKFC 0.800 (0.784, 0.817) 0.129 1.010 -0.085 0.724 
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Appendix L1. Calibration line plots of observed versus predicted risk by deciles comparing 

uncalibrated CK21 to calibrated EKFC input to KRT at the 2- and 5-year horizons.  
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Appendix L2. Calibration line plots of observed versus predicted risk by deciles comparing 

uncalibrated CK21 to uncalibrated EKFC input to KRT at the 2- and 5-year horizons 
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Appendix L3. Calibration line plots of observed versus predicted risk by deciles comparing 

calibrated CK21 to calibrated EKFC input to KRT at the 2- and 5-year horizons 
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Appendix M1. Calibration line plots of observed versus predicted risk by deciles comparing 

uncalibrated CK09 to calibrated EKFC input to KRT at the 2- and 5-year horizons. 
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Appendix M2. Calibration line plots of observed versus predicted risk by deciles comparing 

uncalibrated CK09 to uncalibrated EKFC input to KRT at the 2- and 5-year horizons. 
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Appendix M3. Calibration line plots of observed versus predicted risk by deciles comparing 

calibrated CK09 to calibrated EKFC input to KRT at the 2- and 5-year horizons. 
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Appendix N. Decision Curve Analysis for KRT outcomes comparing KFRE inputs using CK21, EKFC, CK21 (recalibrated), EKFC 

(recalibrated) for the overall cohort, and for age 18 to <40, 40 to ≤ 65, 66 to <80, ≥80, male, female,  ACR categories A1 (<3 

mg/mmol), A2 (3-30 mg/mmol), and A3 (>30 mg/mmol) strata. 
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Appendix O. Decision Curve Analysis for KRT outcomes comparing KFRE inputs using CK09, EKFC, CK09 (recalibrated), EKFC 

(recalibrated) for the overall cohort, and for age 18 to <40, 40 to ≤ 65, 66 to <80, ≥80, male, female,  ACR categories A1 (<3 

mg/mmol), A2 (3-30 mg/mmol), and A3 (>30 mg/mmol) strata. 
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Appendix P. Categorical NRI: Sensitivity analyses 

Table P1. Categorical NRI for CK21 versus EKFC at 2- and 5-year horizons. 

 

Calibrated CK21 vs Calibrated EKFC 

Timepoint Death 

handling 

N Threshold Reclassified NRI Events NRI Non-

events 

NRI Total 95% CI 

2yr Exclude 20,381 0.1 115 −0.014 0.001 −0.013 −0.032 to 

+0.004 

2yr Non-event 21,686 0.1 130 −0.014 0.001 −0.014 −0.030 to 

+0.004 

5yr Exclude 13,913 0.05 375 0.02 −0.022 −0.002 −0.012 to 

+0.009 

5yr Non-event 17,657 0.05 584 0.02 −0.030 −0.009 −0.020 to 

+0.002 

Uncalibrated CK21 vs Uncalibrated EKFC 

Timepoint Death 

handling 

N Threshold Reclassified NRI Events NRI Non-

events 

NRI Total 95% CI 

2yr Exclude 20,381 0.1 243 0.024 −0.011 0.013 −0.001 to 

+0.029 

2yr Non-event 21,686 0.1 274 0.024 −0.012 0.012 −0.002 to 

+0.027 

5yr Exclude 13,913 0.05 723 0.04 −0.053 −0.013 −0.025 to 

−0.001 

5yr Non-event 17,657 0.05 1,088 0.04 −0.063 −0.023 −0.035 to 

−0.011 
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Table P2. Categorical NRI for CK09 versus EKFC at 2- and 5-year horizons. 

Calibrated CK09 vs Calibrated EKFC 

Timepoint Death 

handling 

N Threshold Reclassified NRI 

Events 

NRI Non-

events 

NRI Total 95% CI 

2yr Exclude 26,299 0.1 98 −0.019 0.002 −0.017 −0.037 to 

0.000 

2yr Non-event 27,877 0.1 110 −0.019 0.002 −0.017 −0.036 to 

+0.001 

5yr Exclude 18,201 0.05 262 0.004 −0.006 −0.002 −0.011 to 

+0.007 

5yr Non-event 22,717 0.05 386 0.004 −0.010 −0.006 −0.015 to 

+0.004 

Uncalibrated CK09 vs Uncalibrated EKFC 

Timepoint Death 

handling 

N Threshold Reclassified NRI 

Events 

NRI Non-

events 

NRI Total 95% CI 

2yr Exclude 26,299 0.1 145 −0.017 0 −0.017 −0.034 to 

−0.002 

2yr Non-event 27,877 0.1 161 −0.017 0 −0.017 −0.032 to 

−0.003 

5yr Exclude 18,201 0.05 356 0.006 −0.013 −0.007 −0.015 to 

+0.001 

5yr Non-event 22,717 0.05 526 0.006 −0.018 −0.012 −0.020 to 

−0.004 
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Appendix Q. Density scatter plot comparing EKFC and CK21 
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