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Abstract

IMPORTANCE Kidney function is usually estimated from serum creatinine level, whereas an
alternative glomerular filtration marker (cystatin C level) associates more closely with future risk of
cardiovascular disease (CVD) and mortality.

OBJECTIVES To evaluate whether testing concordance between estimated glomerular filtration
rates based on cystatin C (eGFRcys) and creatinine (eGFRcr) levels would improve risk stratification
for future outcomes and whether estimations differ by age.

DESIGN, SETTING, AND PARTICIPANTS A prospective population-based cohort study (UK
Biobank), with participants recruited between 2006-2010 with median follow-up of 11.5 (IQR, 10.8-
12.2) years; data were collected until August 31, 2020. Participants had eGFRcr greater than or equal
to 45 mL/min/1.73 m2, albuminuria (albumin <30 mg/g), and no preexisting CVD or kidney failure.

EXPOSURES Chronic kidney disease status was categorized by concordance between eGFRcr and
eGFRcys across the threshold for hronic kidney disease (CKD) diagnosis (60 mL/min/1.73 m2).

MAIN OUTCOMES AND MEASURES Ten-year probabilities of CVD, mortality, and kidney failure
were assessed according to CKD status. Multivariable-adjusted Cox proportional hazards models
tested associations between CVD and mortality. Area under the receiving operating curve tested
discrimination of eGFRcr and eGFRcys for CVD and mortality. The Net Reclassification Index assessed
the usefulness of eGFRcr and eGFRcys for CVD risk stratification. Analyses were stratified by older
(age 65-73 years) and younger (age <65 years) age.

RESULTS There were 428 402 participants: median age was 57 (IQR, 50-63) years and 237 173
(55.4%) were women. Among 76 629 older participants, there were 9335 deaths and 5205 CVD
events. Among 351 773 younger participants, there were 14 776 deaths and 9328 CVD events. The
10-year probability of kidney failure was less than 0.1%. Regardless of the eGFRcr, the 10-year
probabilities of CVD and mortality were low when eGFRcys was greater than or equal to 60 mL/min/
1.73 m2; conversely, with eGFRcys less than 60 mL/min/1.73 m2, 10-year risks were nearly doubled
in older adults and more than doubled in younger adults. Use of eGFRcys better discriminated CVD
and mortality risk than eGFRcr. Across a 7.5% 10-year risk threshold for CVD, eGFRcys improved case
Net Reclassification Index by 0.7% (95% CI, 0.6%-0.8%) in older people and 0.7% (95% CI, 0.7%-
0.8%) in younger people; eGFRcr did not add to CVD risk estimation.

CONCLUSIONS AND RELEVANCE The findings of this study suggest that eGFRcr 45 to 59 mL/min/
1.73 m2 includes a proportion of individuals at low risk and fails to capture a substantial proportion
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Abstract (continued)

of individuals at high-risk for CVD and mortality. The eGFRcys appears to be more sensitive and
specific for CVD and mortality risks in mild CKD.
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Introduction

Kidney Disease Improving Global Outcomes guidelines recommended estimation of glomerular
filtration rate based on cystatin C level (eGFRcys) testing for confirmation of chronic kidney disease
(CKD) in the absence of other markers of kidney damage and in circumstances when estimated
glomerular filtration rate is based on serum creatinine (eGFRcr) level may be less accurate.1

Glomerular filtration rate decreases with age2; however, muscle mass and activity are the main
determinants of serum creatinine levels at fixed GFR.3 Older people tend to have lower muscle
mass,4 leading to lower creatinine generation, which may result in overestimation of GFR.3 These
competing factors lead eGFRcr to have potential discordance with eGFRcys, which may be especially
pronounced in older adults. Furthermore, eGFRcys has a greater association vs eGFRcr with future
risk of cardiovascular disease (CVD) and death.5,6 However, the recommendation to conduct
concordance testing for CKD with cystatin C is rarely implemented.7

To examine whether the use of cystatin C as a concordance test for CKD could improve
detection of high-risk CKD, we compared the estimated prevalence of CKD based on eGFRcr,
eGFRcys, and parallel analysis (eGFRcr-cys) among people with an eGFRcr greater than or equal to 45
mL/min/1.73 m2 and no albuminuria. We stratified the analyses by age to assess whether
concordance testing had similar value in younger compared with older adults. We hypothesized that
there would be substantially higher risk for adverse outcomes (including CVD, all-cause mortality,
and kidney failure) in the subset of patients with CKD confirmed by eGFRcys testing.

Methods

Participants and Baseline Data Collection
Participants were from the prospective cohort study UK Biobank. Details of the recruitment
procedure and protocol have been described previously8,9 (eMethods 1 in the Supplement). Of
502 536 participants aged 37 to 73 years initially recruited, we excluded 76 who withdrew ongoing
consent for follow-up; 33 491 participants with missing biochemistry data at baseline; 24 006 with
urine albumin to creatinine ratio greater than or equal to 30 mg/g, because this level signifies CKD
regardless of eGFR; 15 998 with a history of myocardial infarction, stroke, or kidney failure; and 563
with eGFRcr less than 45 mL/min/1.73 m2 at baseline, leaving 428 402 participants in the final cohort.
Participants provided written informed consent for baseline phenotyping and prospective follow-up,
with electronic linkage to hospital health records and death registries, allowing extraction of
diagnoses from these records using International Statistical Classification of Disease, Tenth Revision
(ICD-10) codes. No financial compensation was provided. Ethical approval was granted by the North
West Multi-Centre Research Ethics Committee. This study is reported according to the Strengthening
the Reporting of Observational Studies in Epidemiology (STROBE) reporting guideline.

The procedure of biochemical sampling for UK Biobank has been described previously10-12

(eMethods 1 in the Supplement). For the main analyses, eGFR was calculated according to Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI) equations without race coefficients13 from
eGFRcr levels, eGFRcys levels, and the combined equation with creatinine and eGFRcr-cys. Urine
albumin to creatinine ratio was calculated to define albuminuria.

Reduced eGFR was first defined according to the Kidney Disease Improving Global Outcomes
classification system1 and according to whether eGFRcr was concordant with eGFRcys, because
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eGFRcys is more likely to be discordant with eGFRcr, as it does not incorporate serum creatinine
levels (unlike eGFRcr-cys), and eGFRcys has been shown to be the GFR estimate demonstrating
greater association with CVD and all-cause mortality across the spectrum of eGFR.5,6

After excluding participants with eGFRcr less than 45 mL/min/1.73 m2 (as per study eligibility
criteria), CKD status was defined as follows (G indicates that staging was made using only glomerular
filtration criteria and not albuminuria): (1) no CKD (eGFRcr �60 mL/min/1.73 m2 and eGFRcys �60
mL/min/1.73 m2); (2) eGFRcr G3 (eGFRcr <60 mL/min/1.73 m2 and eGFRcys �60 mL/min/1.73 m2; (3)
eGFRcys G3 (eGFRcr �60 mL/min/1.73 m2 and eGFRcys <60 mL/min/1.73 m2); and (4) both G3
(eGFRcr <60 mL/min/1.73 m2 and eGFRcys <60 mL/min/1.73 m2).

We conducted parallel analyses, defining CKD status using eGFRcr-cys rather than eGFRcys as
the concordance test, because this combined equation has repeatedly been shown to approximate
measured GFR more closely than either eGFRcr or eGFRcys alone.13-15 In sensitivity analyses, we
defined CKD status using the 2009 eGFRcr by the CKD-EPI equation including race coefficients
(2009 eGFRcr),14 because this would have been the recommended measure to diagnose CKD at the
point of sampling.

Baseline variables of interest were selected according to atherosclerotic risk factors included in
risk prediction tools for CVD16 and include age; sex; smoking status; systolic and diastolic blood
pressure; total, high-density lipoprotein, and low-density lipoprotein cholesterol levels; self-reported
history of diabetes or hypertension; and use of blood pressure– or cholesterol-lowering medications.
Baseline medical conditions, medications, and smoking history were self-reported via a nurse-led
interview.

Outcomes
There were 3 main outcomes of interest: fatal or nonfatal CVD, all-cause mortality, and kidney failure.
Fatal or nonfatal CVD was defined as the first event in the follow-up period of myocardial infarction,
stroke (ischemic and hemorrhagic), or cardiovascular death, censored for non-CVD causes.
Myocardial infarction and stroke were defined by UK Biobank outcome definitions.17 Cardiovascular
death was defined by death registration–reported death from a cardiovascular cause according to
ICD-10 codes (I00-I99). All-cause mortality was defined from the date of death from linked death
certification records according to a prespecified algorithm.17 Because follow-up biochemical data
were not routinely available, kidney failure was defined from hospital admission data according to a
prespecified algorithm, using ICD-10 and Office of Population Censuses and Surveys Classification of
Interventions and Procedures, Version 4 codes to identify participants who required maintenance
kidney replacement therapy or CKD stage 5 (eMethods 2 in the Supplement).18 Participants were
followed up from enrollment in the UK Biobank until the first occurrence of an outcome of interest,
death, or the end of data collection (August 31, 2020).

Statistical Analysis
Baseline data were described across CKD categories after confirmatory testing by eGFRcys and
eGFRcr-cys. Continuous variables are displayed as mean (SD) and nonnormal data are displayed as
median (IQR). Nonnormality was confirmed by visual inspection of histograms and quantile-quantile
plots. Categorical risk factors are displayed as proportions (percent).

Missing data were multiply imputed by chained equations, using the average of 5 separately
imputed data sets. The proportion of missing data for each imputed variable was less than 9%
(maximum 8.5% for high-density lipoprotein cholesterol but 0.2% for low-density lipoprotein and
total cholesterol; 3% for urine albumin to creatinine ratio), and the data were assumed to be missing
at random.

Quantile regression was used to estimate median (IQR) change in eGFR with increasing age
across age brackets (age <45, 45 to <50, 50 to <55, 55 to <60, 60 to <65, 65 to <70, and 70-73 years)
as a measure of discordance among the eGFR measures. Median levels of eGFR by method (eGFRcr
vs eGFRcr-cys vs eGFRcys) were compared within each age bracket using the Wilcoxon signed rank
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test. A scatterplot was used to illustrate the concordance between eGFRcr and eGFRcys, with locally
weighted linear regression trend lines plotted for each age bracket.

Across the full cohort, 10-year absolute risks of the outcomes of interest were assessed using
the cumulative incidence function, stratified by CKD status. We stratified analyses by age as older
(65-73 years) or younger (<65 years). The age threshold was selected based on the
recommendations for the age-adapted criteria for CKD diagnosis.19

To assess the association between each eGFR measure and CVD, penalized splines of eGFR
against hazard ratios of CVD were plotted, adjusted for age; sex; smoking status; systolic and diastolic
blood pressure, total, high-density lipoprotein, and low-density lipoprotein cholesterol; history of
diabetes or hypertension; and use of blood pressure– or cholesterol-lowering medications, and
albuminuria. Splines were stratified by age in older and younger participants. An eGFR of 90 mL/min/
1.73 m2 was considered the reference value.

Cox proportional hazards regression models were constructed to assess the risk of outcomes of
interest by CKD category, adjusting for atherosclerotic risk factors as above, and censoring for
all-cause mortality. The proportional hazards assumption was tested by plotting Schoenfeld residuals
and no violation was found. Using area under receiver operating curves, we assessed the individual
discriminative abilities of eGFRcys, eGFRcr, and selected traditional atherosclerotic risk factors (age,
systolic blood pressure, and low-density lipoprotein cholesterol, as these are expressed as
continuous variables) for fatal and nonfatal CVD and all-cause mortality in older and younger
participants. Area under receiver operating curves then assessed incremental discrimination of
eGFRcr and eGFRcys for CVD and mortality over a base model of traditional cardiovascular risk
factors (eMethods 3 in the Supplement). The Net Reclassification Index (NRI) was used to assess the
predictive utility of adding eGFRcys to a base model of cardiovascular risk factors to assess risk across
a 7.5% cutoff point for 10-year risk of CVD—the threshold that would warrant consideration of a
moderate- or high-intensity statin.16 The 95% CIs reported were obtained from 1000 bootstrap
replicates.

Statistical analyses were conducted in R for Statistical Software in RStudio, version 1.4.1106 (R
Foundation for Statistical Analysis) for Mac using tidyverse, tableone, survival, survminer, nephro,
mice, quantreg, cmprsk, pROC, and nricens packages.

Results

There were 428 402 participants with median age of 57 (IQR, 50-63) years, 237 173 (55.4%) were
women, and 191 229 (44.6%) were men. Among 76 629 older participants (median follow-up, 11.4;
IQR, 10.6-12.1 years), there were 9335 deaths, 5205 CVD events (2158 CVD-associated deaths), and
46 kidney failure events. Among 351 773 younger participants (median follow-up, 11.6; IQR, 10.9-
12.3 years), there were 14 776 deaths, 9328 CVD events (3117 CVD-associated deaths), and 124
kidney failure events.

Baseline Characteristics
Compared with individuals without evidence of CKD by any criterion, those with evidence of CKD G3
by both eGFRcr and eGFRcys were more likely to have baseline diabetes and hypertension and to
use blood pressure– and cholesterol-lowering medications. Similarly, participants with evidence of
CKD G3 by eGFRcys (Table) and eGFRcr-cys (eTable 1 in the Supplement) had a higher prevalence of
baseline comorbidities and medication use compared with those with CKD G3 by eGFRcr only.

Discordance Between eGFRcr and eGFRcys
On assessment of cross-sectional baseline eGFR values, higher values of eGFRcr (>90 mL/min/1.73
m2) were generally associated with lower values of eGFRcys, especially in older age brackets
(Figure 1; eFigure 1 in the Supplement). At lower values of eGFRcr (<60 mL/min/1.73 m2), eGFRcys
values were generally higher in the younger age brackets.
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This difference was more pronounced for eGFRcys than eGFRcr-cys: the median difference
between eGFRcys and eGFRcr widened from 4 mL/min/1.73 m2 in the youngest group (age <45 years)
to 14 mL/min/1.73 m2 in the oldest age category (70-73 years) (eTable 2 in the Supplement). The
discrepancy was smaller between eGFRcys and 2009 eGFRcr (eTable 3, eFigure 2, and eFigure 3 in
the Supplement).

Overall, the proportion of participants with discordant classifications of eGFR less than 60
mL/min/1.73 m2 was 9.2% of older participants and 2.4% in younger participants (eTable 4 in the
Supplement). Among 2016 older participants with eGFRcr less than 60 mL/min/1.73 m2, 737
individuals (36.6%) had discordant eGFRcys values. The eGFRcr alone did not detect CKD in 6278
(8.2%) of older participants with eGFRcys less than 60 mL/min/1.73 m2. In sensitivity analyses, use of
2009 eGFRcr yielded similar proportions of discordance with eGFRcys as the main analyses (eTable 5
in the Supplement). The proportions with discordance between eGFRcr and eGFRcr-cys were much
smaller in both older (2.4%) and younger (0.6%) participants (eTable 6 in the Supplement).

Adverse Outcomes by CKD Category
The 10-year probability of kidney failure was very low in both age groups (older, 0.06%; younger,
0.04%). Across all CKD status groups, the 10-year probability of CVD and all-cause mortality
outweighed the probability of kidney failure (Figure 2). In individuals with eGFRcys G3 alone or with
both eGFRcr and eGFRcys CKD G3, the 10-year probability of CVD and all-cause mortality was nearly
doubled in older adults, and more than doubled in younger adults, compared with those without CKD
by either filtration marker. In contrast, persons with only eGFRcr G3 were not at substantially
increased risk for any of these outcomes compared with those with no CKD. Similar patterns of
results were observed when 2009 eGFRcr was tested for concordance with eGFRcys (eFigure 4 in
the Supplement).

In both older and younger participants, there was an inflection point at approximately 90
mL/min/1.73 m2 for eGFRcr, below which there were increasing hazards of CVD (Figure 3); however,
eGFRcr above this threshold was also associated with increased hazards of CVD. By comparison,
eGFRcys showed a more linear associations with hazards of CVD.

In adjusted Cox proportional hazards regression models, individuals with evidence of CKD by
both eGFRcr and eGFRcys, or by eGFRcys alone, had higher hazards of CVD and all-cause mortality
compared with the reference group with neither eGFRcr nor eGFRcys evidence of CKD (eTable 7 in
the Supplement). In both age groups, those with evidence of CKD G3 only with eGFRcr did not have
higher hazards of CVD or death. Findings were very similar when 2009 eGFRcr was tested for
concordance with eGFRcys (eTable 8 in the Supplement).

Figure 1. Median (IQR) Estimated Glomerular Filtration Rate Based on Serum Creatinine (eGFRcr), Estimated
Glomerular Filtration Rate Based on Cystatin C (GFRcys), and eGFR Using Both Methods (eGFRcr-cys)
Across 5-Year Age Brackets
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Compared with eGFRcr, area under receiver operating curves show that eGFRcys better
discriminates risk of fatal and nonfatal CVD and all-cause mortality in both older and younger
participants (Figure 4) and adds predictive discrimination to a base model of atherosclerotic risk
factors for both CVD and all-cause mortality, while eGFRcr does not (eFigure 5 in the Supplement).
Across a 7.5% 10-year risk threshold, case NRI improved by 0.7% (95% CI, 0.6%-0.8%) in older
people and 0.7% (95% CI, 0.7%-0.8%) in younger people. This improvement in risk classification by
eGFRcys in older people was greater than the contribution of diabetes (case NRI, 0.2%; 95% CI,
0.1%-0.3%) and similar to that of smoking history (case NRI, 0.4%; 95% CI, 0.2%-0.6%) and lipids
(case NRI, 0.5%; 95% CI, 0.3%-0.7%) in this population. By comparison, the addition of eGFRcr did
not improve risk classification of CVD in either older (0.0%) or younger (0.0%) people.

Discussion

Among UK Biobank participants across a range of ages, the probabilities of CVD and all-cause
mortality were substantially higher than the probability of kidney failure. Testing with eGFRcys
identified a greater proportion of individuals with eGFR less than 60 mL/min/1.73 m2, particularly at
older ages. In the absence of significant albuminuria, eGFRcys was both more sensitive and specific
for high-risk CKD, better stratified individuals as having lower or higher risk of CVD and mortality
compared with eGFRcr, and performed better than other accepted risk factors for CVD in the general
population.

Figure 2. Ten-Year Probability of Outcomes of Interest According to Chronic Kidney Disease (CKD) Status
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The eGFRcys has been shown to improve risk stratification across the threshold for CKD
diagnosis.20 In a prospective cohort study of more than 26 000 participants in the US, eGFRcys
substantially improved risk stratification for kidney failure and death compared with eGFRcr and
albuminuria alone.20 In other previous studies, eGFRcys was associated with CVD risk across the
spectrum of eGFR and improved risk prediction for CVD as much as established risk factors including
lipids.5 By comparison, eGFRcr and eGFRcr-cys have an inconsistent association with these
outcomes.21-23 To our knowledge, ours is the first study to assess the risks of CVD according to
concordance testing using eGFRcys or eGFRcr-cys, and the first study to have adequate power to
stratify by age. Compared with previous studies, our study has nearly half a million participants and
almost triple the median follow-up.

Our findings have important implications for CKD guideline development. Age-adapted CKD
thresholds were proposed in 2019,19 suggesting that the GFR threshold be lowered to 45 mL/min/
1.73 m2 in individuals aged 65 years or older. The outcomes of this potential change were explored in
a Canadian population study: Liu et al24 found that older individuals with eGFRcr 45 to 59 mL/min/
1.73 m2 had similar risks of kidney failure and death as those without CKD. We found that the risks of
CVD and mortality were not increased in those with eGFRcr less than 60 mL/min/1.73 m2 unless
eGFRcys was also less than 60 mL/min.1.73 m2. However, 8% of older people in our population had
eGFRcys less than 60 mL/min/1.73 m2 despite eGFRcr greater than or equal to 60 mL/min/1.73 m2:
these individuals were at much higher risk of adverse outcomes. Our findings suggest that in the
absence of eGFRcys testing, eGFRcr underestimates the broader risks of CVD and death associated
with mild CKD.

Figure 3. Adjusted Penalized Splines of the Hazards of Fatal and Nonfatal Cardiovascular Disease (CVD)
Across the Spectrum of Estimated Glomerular Filtration Rate Based on Creatinine (eGFRcr) Level
and Estimated Glomerular Filtration Rate Based on Cystatin C (eGFRcys) Level
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We initially sought to validate the guideline-recommended approach25 to perform confirmatory
testing for CKD using eGFRcys when eGFRcr is 45 to 59 mL/min/1.73 m2. For both older and younger
adults, 1 case of CKD would be confirmed (and 1 case refuted) for every 2 eGFRcys tests performed.
However, this approach would not capture individuals who have eGFRcys less than 60 mL/min/1.73
m2 but eGFRcr greater than or equal to 60 mL/min/1.73 m2. For a fixed number of tests, eGFRcys
detected 4 times more individuals with eGFR less than 60 mL/min/1.73 m2 compared with eGFRcr
(and more than twice as many individuals compared with eGFRcr2009). Increased CKD diagnosis by
eGFRcys would enable enhanced eligibility for 3 important risk stratification and reduction strategies.
First, assessment of CVD risk: current CVD risk estimation tools do not routinely account for eGFR,
and the CKD patch (a multiplication factor for CVD risk to account for kidney function26) is based on
eGFRcr. Our findings suggest that, in a general population cohort with relatively preserved kidney
function, eGFRcr does not enhance risk estimation, while eGFRcys improves stratification with
greater sensitivity and specificity than established, treatable cardiovascular risk factors (eg, lipid
levels and blood pressure). Enhanced detection of high-risk individuals with eGFRcys, who may not

Figure 4. Area Under Receiver Operating Curves (AUROCs) for Individuals Demonstrating Discrimination of
Estimated Glomerular Filtration Rate Based on Creatinine (eGFRcr) Level, Estimated Glomerular Filtration Rate
Based on Cystatin C (eGFRcys) Level, and Other Traditional Risk Factors for the 2 Main Outcomes of Interest
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otherwise qualify for CVD prevention therapies based on established CVD risk estimation tools,
would enable earlier introduction of cost-effective CVD risk-reduction treatments, such as statins27,28

and sodium-glucose cotransporter-2 inhibitors (shown to reduce cardiovascular, kidney, and
mortality risk in both diabetic and nondiabetic (albuminuric) CKD.29 Second, albuminuria testing,1

essential for estimation of kidney failure risk, is independently associated with CVD and all-cause
mortality and is integral for treatment selection.30 Third, the kidney failure risk equation, developed
and validated across multiple international cohorts, was used to estimate risk of kidney failure.31-33

The kidney failure risk equation is becoming an important gateway to nephrology care, requires
albuminuria for calculation, and is only validated for use when eGFR is less than 60 mL/min/1.73 m2.
There is no predictive advantage of using eGFRcr vs eGFRcys in the kidney failure risk equation to
predict progression to kidney failure.34

Use of cystatin C as a filtration marker of kidney function has been criticized owing to the
presence of non-GFR determinants including inflammation, obesity, diabetes, smoking, and thyroid
disease.35-38 The use of eGFRcys may have a greater association with long-term outcomes because it
is capturing aspects of cardiometabolic risk that are unrelated to kidney function. Conversely, there
is evidence that non-GFR determinants affect eGFRcr (eg, muscle mass, physical activity, dietary
meat/protein intake, and tubular secretion3,39,40). Serum creatinine levels consistently overestimate
GFR and underestimate risk in individuals with lower muscle mass,3 which becomes more common
with increasing age.4

Compared with creatinine, determination of cystatin C levels is not used widely in clinical
practice: testing is available in fewer laboratories and cystatin C is more expensive.41 Prevention of
CVD and kidney failure events may offset the additional costs of tests, although, to our knowledge,
this has not been investigated. In younger individuals, who more often have a longer life expectancy
and a greater lifetime risk of CVD and kidney failure, this strategy may be especially valuable.
Moreover, measuring cystatin C levels allows the flexibility to report the combined equation
(eGFRcr-cys), which reduces bias associated with non-GFR determinants of creatinine and cystatin C
levels and is more valuable where accuracy is desired,13,14 eg, to optimize efficacy and safety in
drug dosing.

Strengths and Limitations
The strengths of this study are its large population size with detailed comorbidity and laboratory data
and long follow-up. This study has limitations. First, we used single baseline measurements of
creatinine, cystatin C, and albuminuria levels to define CKD. Second, the maximum age of
participants in our cohort at baseline was 73 years. We cannot be certain that our observations can be
generalized to older age groups. However, the discordance between eGFRcr and eGFRcys appears
to augment with increasing age, suggesting that this outcome may be even more pronounced in
older patients. Third, although eGFRcr and eGFRcys have discordant associations with long-term risk,
participants in the UK Biobank did not have measured GFR levels; therefore, we cannot confirm that
the discrepant level of risk associated with either measure is solely related to kidney function. Fourth,
our stated conclusions about confirmatory testing with cystatin C apply in the setting of normal urine
albumin concentration (<30 mg/g); we have not compared outcomes in participants who have
eGFRcr 45 to 59 mL/min/1.73 m2 and albuminuria greater than 30 mg/g. Fifth, although we used the
new equations for eGFR that do not include a race coefficient,13 the UK Biobank predominantly
comprises White participants, limiting generalizability to other racial groups. Sixth, the CKD-EPI 2021
equation might introduce some level of bias in older individuals of European ancestry, in whom it has
been shown to overestimate GFR, and therefore discordance with eGFRcys, compared with 2009
CKD-EPI.42 Seventh, UK Biobank is a volunteer cohort with a lower prevalence of chronic diseases,
including CKD, CVD, diabetes, and hypertension, compared with the general population.43 There
were small numbers of participants with advanced CKD, and a very small number of these progressed
to kidney failure. The absolute risk of other adverse clinical events in the UK Biobank may be lower
than in unselected populations. However, the relative risks should be generalizable to the UK
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population44 and those with eGFR less than 60 mL/min/1.73 m2 based on eGFRcys are almost
certainly to be at higher risk of CVD and death. We do not report adjusted hazards of kidney failure
owing to the extremely low incidence of this outcome among persons with eGFRcr greater than or
equal to 45 mL/min/1.73 m2, even with a cohort of 428 402 individuals.

Conclusions

In this study, categorization of CKD by eGFRcr alone included a large proportion of low-risk
individuals and failed to capture a substantial proportion of individuals at higher risk for CVD and
mortality. Testing using eGFRcys is more sensitive than eGFRcr and improves the specificity of
diagnosis of high-risk CKD, where there are substantially higher risks of CVD and death than of kidney
failure. These findings suggest that, in the absence of cystatin C testing, eGFRcr inadequately detects
the broader risks associated with mild CKD.
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