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Abstract

Background Muscle wasting may explain the paradoxical mortality of patients with high estimated glomerular filtra-
tion rates (eGFRs) derived from equation methods. However, empirical evidence and solutions remain insufficient.
Methods In this retrospective cohort study, we compared the performance of equation methods for predicting
all-cause mortality; we used 24-h creatinine clearance (24-h CrCl), equation-based eGFRs, and a new eGFR estimating
equation weighting for population 24-h urine creatinine excretion rate (U-CER). From 2003 to 2018, we identified
4986 patients whose data constituted the first 24-h CrCl measurement data in the Clinical Research Data Repository
of China Medical University Hospital and were followed up for at least 5 years after careful exclusion. Three GFR esti-
mation equations [the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI), Modification of Diet in Renal
Disease (MDRD) Study, and Taiwanese MDRD], 24-h CrCl, and 24-h U-CER–adjusted eGFR were used.
Results A high correlation was observed among the eGFR levels derived from the equation methods (0.995–1.000);
however, the correlation decreased to 0.895–0.914 when equation methods were compared with the 24-h CrCl or 24-h
U-CER–adjusted equation-based eGFR. In the Bland–Altman plots, the average discrepancy between the equation
methods and the 24-h CrCl method was close to zero (maximal bias range: 5.12 for the Taiwanese MDRD equation vs.
24-h CrCl), but the range in limit of agreement was wide, from ±43.7 mL/min/1.73 m2 for the CKD-EPI equation to
±54.3 mL/min/1.73 m2 for the Taiwanese MDRD equation. A J-shaped dose–response relationship was observed be-
tween all equation-based eGFRs and all-cause mortality. Only 24-h CrCl exhibited a non-linear negative dose–response
relationshipwith all-causemortality. After adjustment for 24-h U-CER in the statistical model, the paradoxical increase in
mortality risk for an eGFR of>90mL/min/1.73m2 returned to null.When 24-h U-CERwas used directly to correct eGFR,
the monotonic non-linear negative relationship with all-cause mortality was almost identical to that of 24-h CrCl.
Conclusions The 24-h U-CER–adjusted eGFR and 24-h CrCl are viable options for informing mortality risk. The 24-h
U-CER adjustment method can be practically implemented to eGFR-based care and effectively mitigate the inherent
confounding biases from individual’s muscle mass amount due to both sex and racial differences.
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Introduction

Accurately estimating the glomerular filtration rate (GFR) is
crucial in the daily medical practice tasks of determining the
diagnosis and trajectory projection of kidney disease, drug
dosing and monitoring, and assessing population health
risk.1,2 Measured GFR (mGFR) is conventionally determined
by quantifying exogenous inulin clearance, which requires
continuous intravenous infusion and multiple blood and
urine collections. Although widely regarded as the gold stan-
dard for measuring kidney function, measuring inulin clear-
ance is costly, cumbersome, and invasive, preventing its use
in daily practice. Conceptualized nearly a century ago, endog-
enous 24-h creatinine clearance (CrCl), however, has long
been used to estimate kidney function and has served as an
aid in drug dosing.2–4 Although 24-h CrCl is a more accurate
marker for estimating kidney function than serum creatinine
(S-Cre) alone, 24-h CrCl tends to underestimate GFR in cases
of incomplete 24-h urine collection and tends to overesti-
mate GFR when the degree of tubular secretion of creatinine
is high.4,5 Although 24-h CrCl is useful in estimating GFR in
patients with sarcopenia or malnutrition, problems with its
reliability, particularly at low GFR levels due to variations in
the tubular secretion of creatinine, and its inconvenience
limit its clinical practicality.6,7

In 1998, Coresh et al. were the first to suggest that the pre-
cision of estimating GFR by using the Cockroft–Gault formula
is not inferior to that of the 24-h CrCl method. However, a re-
view identified a wide acceptable margin of error [±30% var-
iation between estimated GFR (eGFR) and mGFR] that may be
not feasible for evaluating the precision of the eGFR
equations.8 Several researchers have argued that the eGFR
derived from the most commonly used equations, namely,
the Modification of Diet in Renal Disease (MDRD) equation
and the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation, tend to underestimate mGFR by approx-
imately 20 mL/min/1.73 m2 cross-sectionally and reflect only
25% of kidney functional decline based on mGFR
trajectories.8 Furthermore, a paradoxically increased risk of
mortality was found among patients with an eGFR of
>100 mL/min/1.73 m2 measured using both the MDRD and
the CKD-EPI equations.9 The latest 2012 Kidney Disease Im-
proving Global Outcomes guidelines suggest that eGFR be cal-
culated using the CKD-EPI equation except when an
alternative eGFR equation yields more precise results.10 Sev-
eral countries, such as Taiwan, China, and Japan, have devel-
oped locally derived eGFR equations to increase the
diagnostic validity in their own populations.11–13 However,
no study has systematically compared the value of calculating
eGFR with equations by using 24-h CrCl in terms of mortality
prognostication. The 24-h CrCl method includes the 24-h
urine creatinine excretion rate (24-h U-CER), which is widely
accepted as a practical tool for measuring muscle mass.14

Decreased muscle mass is the main residual confounding fac-

tor that contributes to the high eGFR–high mortality paradox
despite the lack of direct evidence.9,15 To address this gap in
knowledge, we enrolled patients with 24-h CrCl data in the
electronic medical records of the largest medical centre in
central Taiwan to evaluate the equation-based eGFRs and
the 24-h CrCl in terms of CKD classification concordance
and the predictive performance of 5-year all-cause mortality.
We hypothesized that adjusting the equation-based eGFR
values with the 24-h U-CERs can reverse the paradoxically
high mortality associated with high eGFR.

Methods

Study population

In 2017, the Big Data Center of China Medical University Hos-
pital (CMUH) established the CMUH Clinical Research Data
Repository (CRDR), which carefully verified and validated
data from various clinical sources to unify trackable patient
information generated during health care processes. Be-
tween 1 January 2003 and 31 December 2018, the
CMUH-CRDR documented the medical records of 2 873 887
patients who had sought care at CMUH. Detailed information
on the CMUH-CRDR is available elsewhere.16 All patients en-
rolled in the CMUH-CRDR were followed up until 31 Decem-
ber 2018 or death, whichever occurred earlier. This study was
approved by the Big Data Center of CMUH and the Research
Ethics Committee/Institutional Review Board of CMUH
(CMUH105-REC3-068).

In this study, we included inpatients and outpatients aged
18–90 years with clinically indicated 24-h CrCl quantification
between 2003 and 2018. Patients with a history of acute kid-
ney injury requiring renal replacement therapy (RRT),
end-stage renal disease (ESRD) requiring RRT, nephrectomy,
cardiopulmonary–cerebral resuscitation, kidney transplanta-
tion, or cancer; an index CrCl of >200 mL/min/1.73 m2; or
a total urine amount of <400 mL/day were excluded. We
specifically enrolled patients with a <36-h difference be-
tween the measurement of S-Cre and 24-h urine collection
(mean difference: 11 ± 12 h). Figure 1 illustrates the detailed
case selection process. Supporting Information, Table S1 lists
the International Classification of Diseases codes for comor-
bidities. The index date was defined as the day on which
the 24-h CrCl test was performed.

Equations to estimate glomerular filtration rate

Serum creatinine levels were measured using the Jaffe rate
method at CMUH Central Laboratory by using a Beckman
UniCel DxC 800 immunoassay system (Beckman Coulter Inc.,
Brea, CA, USA). All S-Cre results were calibrated to an
isotope dilution mass spectrometry reference. The eGFR
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was calculated using the MDRD Study equation
[eGFR = 186 × S-Cre�1.154 × age�0.203 × 1.212 (if Black) × 0.742
(if female)],17 the CKD-EPI equation [eGFR = 141 × min(S-Cre/
κ, 1)α × max(S-Cre/κ, 1)�1.209 × 0.993age × 1.018 (if fe-
male) × 1.159 (if Black)],18 and the Taiwanese MDRD
formula.13 The 24-h CrCl was calculated using the following
formula:

U � Cre
S � Cre

� urine volume mLð Þ
1440 minð Þ

The S-Cre levels for calculating the 24-h CrCl were used to de-
fine the baseline eGFR level and the corresponding CKD
stages by using the following cut-off values: >90, 60–89.9,
30–59.9, 15–29.9, and <15 mL/min/1.73 m2. To control for
the confounding effect of muscle mass on the

equation-based eGFRs, we proposed a new formula for 24-h
U-CER–adjusted eGFR, which was calculated by multiplying
eGFR (e.g. using the CKD-EPI equation) by the ratio of the in-
dividual 24-h U-CER divided by the age-specific (20–40,
40–65, and ≥65 years) and sex-specific population median
24-h U-CER.

Other variables

Sociodemographic variables, such as age, sex, and body mass
index (BMI), were collected from the CMUH-CRDR.19 Baseline
comorbidities, medications, and biochemical measures were
determined from information in the CMUH-CRDR within a
1-year window before the index date of the 24-h CrCl.19

The dates of all-cause death were verified at the Health and

Figure 1 Flow diagram of patient selection.
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Welfare Data Center of the Ministry of Health and Welfare of
Taiwan. The urine protein-to-creatine ratio (uPCR) or urine al-
bumin-to-creatinine ratio (uACR) was used to quantify pro-
teinuria. uACR was converted to uPCR by using the
following equation derived from a Japanese population
study20:

ln ACRð Þ ¼ 1:32� ln PCRð Þ � 2:64

Statistical analysis

Continuous variables are expressed as medians and
inter-quartile ranges (IQRs) and were compared using the
non-parametric Kruskal–Wallis test, whereas categorical vari-
ables are expressed as frequencies (percentages) and were
compared using the χ2 test. We constructed a correlation ma-
trix plot to describe the distribution and relationship among
all types of eGFR, including 24-h U-CER–adjusted equation-
based eGFR, which was evaluated using Spearman’s correla-
tion analysis. To assess the agreement of any paired continu-
ous eGFR based on 24-h CrCl and equation methods, we used
a Bland–Altman plot to visualize bias, as defined by the mean
difference of the selected pair, limits of agreement estimated
by mean difference ± 1.96 standard deviations of the differ-
ence, and proportional bias quantified using the regression
of the mean difference between paired measures on the av-
erage of the paired measures.21 The concordance of CKD
stage was evaluated by comparing CKD stages classified by
pairing different GFR estimations, including those generated
through 24-h CrCl and equation-based methods. Upward
staging indicated that the CKD stage defined by the reference
method (Y-axis label) was reclassified into a less severe stage
by another method (X-axis label). In contrast, downward stag-
ing implied reclassification into a more severe CKD stage. We
systematically evaluated the associations of the 24-h CrCl,
equation-based eGFR, and the 24-h U-CER–adjusted eGFR
with the risk of all-cause mortality by using multiple Cox pro-
portional hazards models. We characterized the dose–-
response relationship by using a restricted cubic spline
model with three knots located at the 10th, 50th, and 90th
percentiles of the overall distribution for each GFR scale
and adjusted for age, sex, cardiovascular disease, diabetes
mellitus, systolic blood pressure, total cholesterol, BMI, and
uPCR at baseline. Because of the missing data (Table S2),
we performed multiple imputations with the Multivariate Im-
putation by Chained Equations package in R and set the num-
ber of imputations to 20 and the number of iterations to 100.
All statistical analyses were performed using SAS (Version 9.4,
SAS Institute, Cary, NC, USA) and R (Version 3.5.1, R Founda-
tion for Statistical Computing, Vienna, Austria). The two-sided
statistical significance level of α was set to 0.05.

Results

Clinical characteristics of the study population

On the basis of eGFRs derived from the CKD-EPI equation, the
study population could be evenly grouped into five CKD
stages. Patients with advanced CKD (Stages 3–5) were sub-
stantially older, more likely to be male, and had a higher prev-
alence of diabetes, hypertension, and cardiovascular disease
than those with early CKD (Stages 1–2). Fifty-four percent
of the study population had a normal weight, and patients
with CKD Stage 5 were less likely to be overweight or obese
(Table 1). Although patients with advanced-stage CKD were
unlikely to be prescribed non-steroidal anti-inflammatory
drugs (NSAIDs) or radiocontrast agents, the frequency of
NSAID use was higher than 25%. The trends of anti-platelet,
anti-diabetic, and anti-hypertensive medications were consis-
tent with the comorbidity trends across all CKD stages (Table
1). An increase in serum phosphorus and uPCR or uACR and a
decrease in haemoglobin and albumin were observed as the
CKD stage worsened. The density plot of each GFR calculation
method stratified by sex revealed that the majority of pa-
tients in the study population had an eGFR of <60 mL/min/
1.73 m2, and a large portion had an eGFR of <30 mL/min/
1.73 m2. However, two density peaks were noted in the
equation-based methods, forming a notch between the
eGFRs of 30 and 60 mL/min/1.73 m2 among female patients
(Figure S1).

Correlation of estimated glomerular filtration rate
and chronic kidney disease classification
concordance among different estimating
approaches

The average estimated levels of kidney function derived from
both the equation-based methods and the 24-h CrCl method
were comparable for patients with CKD Stages 2–5. However,
for CKD Stage 1, the average eGFR levels calculated using the
Taiwanese MDRD equation were lower than those
calculated using the other equations and the 24-h CrCl
method (Table 2). Generally, men had significantly greater
24-h U-CER than women, and the median of 24-h U-CER sig-
nificantly decreased with an increase in age and CKD stage
(Table 2). The scatter plots revealed a high correlation be-
tween the eGFR levels derived from the equation methods
(0.995–1.000), particularly for patients with an eGFR of
<60 mL/min/1.73 m2 derived from the CKD-EPI equation.
However, the correlation decreased to 0.895–0.914 when
equation methods were combined with the 24-h CrCl or 24-
h U-CER–adjusted equation-based eGFR (Figure S2). In the
Bland–Altman plots, the average discrepancy between the
equation methods and the 24-h CrCl method was close to
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Table 1 Baseline demographic and clinical characteristics according to the baseline stage of CKD derived from eGFRCKD-EPI

Characteristica Total (N = 4986)

CKD stage (N = 4986)

CKD Stage 1 (N = 1221) CKD Stage 2 (N = 929)

Demographic information
Age (year) 59.2 (45.8, 71.8) 42.2 (30.6, 53.3) 57.0 (47.1, 69.3)
Body mass index (kg/m2) 23.8 (21.2, 26.7) 23.3 (20.4, 26.4) 23.9 (21.4, 27.0)
Weight status categoryd 1460 (29.3)
Underweight 109 (7.5) 29 (10.5) 11 (6.0)
Normal weight 789 (54.0) 147 (53.3) 100 (54.4)
Overweight 421 (28.8) 75 (27.2) 57 (31.0)
Obesity 141 (9.7) 25 (9.1) 16 (8.7)

Female 2379 (47.7) 706 (57.8) 416 (44.8)
Baseline comorbiditiese

Diabetes mellitus 1585 (31.8) 248 (20.3) 275 (29.6)
Hypertension 1770 (35.5) 178 (14.6) 291 (31.3)
Cardiovascular disease 1234 (24.8) 89 (7.3) 189 (20.3)

History of medication usef

NSAIDs 1768 (35.5) 504 (41.3) 366 (39.4)
Contrast 919 (18.4) 287 (23.5) 214 (23.0)
Anti-platelet 1374 (27.6) 165 (13.5) 216 (23.3)
Aspirin 1051 (21.1) 113 (9.3) 165 (17.8)
Dipyridamole 296 (5.9) 60 (4.9) 48 (5.2)
Ticlopidine/clopidogrel 1140 (22.9) 115 (9.4) 174 (18.7)

Anti-hypertension agents 3572 (71.6) 594 (48.7) 576 (62.0)
ACEIs 1354 (27.2) 159 (13.0) 203 (21.9)
ARBs 1046 (21.0) 99 (8.1) 143 (15.4)
Trichlormethiazide 390 (7.8) 40 (3.3) 59 (6.4)
Diuretics 2510 (50.3) 377 (30.9) 340 (36.6)
Alpha-blocker 726 (14.6) 47 (3.9) 76 (8.2)
Beta-blocker 1302 (26.1) 169 (13.8) 187 (20.1)
CCB 2069 (41.5) 208 (17.0) 294 (31.7)

Anti-diabetes agents 1877 (37.7) 280 (22.9) 321 (34.6)
OAD 1284 (25.8) 204 (16.7) 251 (27.0)
Insulin 1211 (24.3) 173 (14.2) 169 (18.2)

Baseline biochemical profilesg

Serum creatinine (mg/dL) 1.4 (0.9, 3.1) 0.7 (0.6, 0.8) 1.0 (0.9, 1.1)
eGFRCKD-EPI (mL/min/1.73 m2) 49.4 (17.6, 88.8) 107.0 (98.9, 118.5) 75.7 (68.2, 82.9)
Blood urea nitrogen (mg/dL) 26.0 (14.0, 54.0) 11.0 (8.0, 15.0) 16.0 (12.0, 21.0)
Serum uric acid (mg/dL) 7.1 (5.7, 8.7) 5.8 (4.6, 7.3) 6.5 (5.2, 7.9)
Serum calcium (mg/dL) 8.3 (7.8, 8.9) 8.6 (8.0, 9.0) 8.4 (7.9, 8.9)
Serum phosphate (mg/dL) 4.2 (3.3, 5.3) 3.4 (2.8, 4.1) 3.2 (2.7, 3.7)
Serum albumin (g/dL) 3.3 (2.8, 3.9) 3.4 (2.8, 4.1) 3.4 (2.8, 4.1)
Haemoglobin (g/dL) 11.1 (9.4, 12.9) 12.5 (11.0, 14.0) 12.3 (10.4, 13.8)
Total cholesterol (mg/dL) 184.0 (151.0, 226.0) 189.0 (157.0, 231.0) 190.5 (153.5, 230.0)
Triglyceride (mg/dL) 129.0 (87.0, 193.0) 123.0 (80.0, 194.0) 123.0 (82.0, 189.0)
Urine creatinine (mg/dL) 49.5 (35.2, 69.3) 52.5 (35.6, 74.3) 54.9 (36.3, 76.4)
Urine PCR (mg/g) 1260.4 (267.4, 3872.3) 330.1 (100.5, 1696.4) 409.6 (111.1, 1839.5)
Urine ACR (mg/g) 574.0 (77.9, 4349.3) 170.6 (23.9, 1396.7) 163.3 (34.4, 841.2)
Systolic blood pressure (mmHg) 138.0 (118.0, 160.0) 124.0 (111.0, 144.0) 132.0 (114.0, 151.0)
Diastolic blood pressure (mmHg) 76.0 (66.0, 88.0) 76.0 (67.0, 87.0) 76.0 (66.0, 87.0)

Outcome
Mortality 2712 (54.4) 312 (25.6) 385 (41.4)
5-year mortality 1916 (38.4) 223 (18.3) 260 (28.0)

ACEIs, angiotensin-converting-enzyme inhibitors; ACR, albumin-to-creatinine ratio; ARBs, angiotensin receptor blockers; CCB, calcium
channel blocker; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; NSAIDs, non-steroidal anti-inflammatory
drugs; OAD, oral anti-diabetic; PCR, protein-to-creatinine ratio.
aCategorical variables are presented as frequency (%) and continuous variables are presented as median (inter-quartile range), if not
otherwise specified.
1bP-values are calculated by Kruskal–Wallis test for continuous variables and χ2 test for categorical variables.
2cP-values for trend are calculated by Spearman’s correlation for continuous variables and by Cochran–Armitage trend test for binary
variables.
3dDefinitions based on World Health Organization: underweight: body mass index (BMI) < 18.5, normal weight: 18.5 ≤ BMI < 25,
overweight: 25 ≤ BMI < 30, obesity: BMI ≥ 30.
4eDefinition: diabetes mellitus, hypertension: ICD code and medication within 1 year before index date; cardiovascular disease: ICD code
within 1 year before index date.
5fMedication use within 1 year before index date.
6gBiochemical value measured within 1 year prior to and closest to the index date.
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Table 1 (continued)

Characteristica
CKD stage (N = 4986)

P-valueb
P for
trendcCKD Stage 3 (N = 1020) CKD Stage 4 (N = 731) CKD Stage 5 (N = 1085)

Demographic information
Age (year) 65.7 (54.7, 75.0) 69.6 (56.2, 77.2) 66.4 (55.4, 75.2) <0.0001 <0.0001
Body mass index (kg/m2) 24.6 (22.2, 27.9) 23.9 (21.8, 26.8) 23.4 (21.0, 26.1) <0.0001 0.5521
Weight status categoryd 0.0419 -
Underweight 15 (5.4) 15 (6.4) 39 (8.0)
Normal weight 131 (47.1) 127 (53.8) 284 (58.4)
Overweight 94 (33.8) 72 (30.5) 123 (25.3)
Obesity 38 (13.7) 22 (9.3) 40 (8.2)

Female 370 (36.3) 317 (43.4) 570 (52.5) <0.0001 0.0048
Baseline comorbiditiese

Diabetes mellitus 383 (37.6) 287 (39.3) 392 (36.1) <0.0001 <0.0001
Hypertension 432 (42.4) 338 (46.2) 531 (48.9) <0.0001 <0.0001
Cardiovascular disease 328 (32.2) 284 (38.9) 344 (31.7) <0.0001 <0.0001

History of medication usef

NSAIDs 349 (34.2) 270 (36.9) 279 (25.7) <0.0001 <0.0001
Contrast 197 (19.3) 120 (16.4) 101 (9.3) <0.0001 <0.0001
Anti-platelet 340 (33.3) 273 (37.4) 380 (35.0) <0.0001 <0.0001
Aspirin 272 (26.7) 206 (28.2) 295 (27.2) <0.0001 <0.0001
Dipyridamole 62 (6.1) 52 (7.1) 74 (6.8) 0.1562 0.0149
Ticlopidine/clopidogrel 296 (29.0) 236 (32.3) 319 (29.4) <0.0001 <0.0001

Anti-hypertension agents 796 (78.0) 622 (85.1) 984 (90.7) <0.0001 <0.0001
ACEIs 338 (33.1) 286 (39.1) 368 (33.9) <0.0001 <0.0001
ARBs 285 (27.9) 204 (27.9) 315 (29.0) <0.0001 <0.0001
Trichlormethiazide 100 (9.8) 74 (10.1) 117 (10.8) <0.0001 <0.0001
Diuretics 507 (49.7) 480 (65.7) 806 (74.3) <0.0001 <0.0001
Alpha-blocker 157 (15.4) 158 (21.6) 288 (26.5) <0.0001 <0.0001
Beta-blocker 305 (29.9) 235 (32.2) 406 (37.4) <0.0001 <0.0001
CCB 462 (45.3) 390 (53.4) 715 (65.9) <0.0001 <0.0001

Anti-diabetes agents 430 (42.2) 353 (48.3) 493 (45.4) <0.0001 <0.0001
OAD 321 (31.5) 228 (31.2) 280 (25.8) <0.0001 <0.0001
Insulin 250 (24.5) 255 (34.9) 364 (33.6) <0.0001 <0.0001

Baseline biochemical profilesg

Serum creatinine (mg/dL) 1.5 (1.3, 1.8) 2.6 (2.3, 3.1) 5.7 (4.4, 7.7) <0.0001 <0.0001
eGFRCKD-EPI (mL/min/1.73 m2) 44.1 (36.9, 52.0) 21.8 (18.0, 25.4) 8.4 (5.8, 11.5) <0.0001 <0.0001
Blood urea nitrogen (mg/dL) 24.0 (18.0, 34.0) 42.0 (31.0, 58.0) 72.0 (55.0, 94.0) <0.0001 <0.0001
Serum uric acid (mg/dL) 7.2 (5.9, 8.7) 7.7 (6.5, 9.3) 8.2 (6.7, 9.6) <0.0001 <0.0001
Serum calcium (mg/dL) 8.4 (7.9, 8.9) 8.4 (7.8, 8.8) 8.1 (7.6, 8.6) <0.0001 <0.0001
Serum phosphate (mg/dL) 3.5 (2.9, 4.1) 4.0 (3.4, 4.8) 5.1 (4.2, 6.3) <0.0001 <0.0001
Serum albumin (g/dL) 3.4 (2.8, 4.0) 3.2 (2.7, 3.8) 3.3 (2.9, 3.8) <0.0001 <0.0001
Haemoglobin (g/dL) 11.7 (10.0, 13.2) 10.5 (9.2, 11.9) 9.3 (8.2, 10.6) <0.0001 <0.0001
Total cholesterol (mg/dL) 186.0 (154.0, 225.0) 176.0 (145.5, 223.0) 180.0 (146.0, 219.0) 0.0042 0.0001
Triglyceride (mg/dL) 139.5 (93.0, 207.0) 129.5 (87.0, 195.5) 131.0 (92.0, 188.0) 0.0066 0.0257
Urine creatinine (mg/dL) 51.2 (36.3, 72.2) 47.2 (34.3, 64.4) 44.7 (33.8, 58.8) <0.0001 <0.0001
Urine PCR (mg/g) 994.0 (291.8, 3543.5) 1961.7 (646.7, 4902.3) 3004.6 (1472.8, 6283.2) <0.0001 <0.0001
Urine ACR (mg/g) 1110.4 (119.2, 8037.1) 4159.4 (461.9, 14 664.8) 2313.4 (758.7, 5566.8) <0.0001 <0.0001
Systolic blood pressure (mmHg) 139.0 (118.0, 159.0) 141.0 (121.0, 165.0) 147.0 (128.0, 169.0) <0.0001 <0.0001
Diastolic blood pressure (mmHg) 77.0 (66.0, 87.0) 75.0 (66.0, 88.0) 77.0 (65.0, 88.0) 0.9702 0.8856

Outcome
Mortality 613 (60.1) 574 (78.5) 828 (76.3) <0.0001 <0.0001
5-year mortality 399 (39.1) 432 (59.1) 602 (55.5) <0.0001 <0.0001

ACEIs, angiotensin-converting-enzyme inhibitors; ACR, albumin-to-creatinine ratio; ARBs, angiotensin receptor blockers; CCB, calcium
channel blocker; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; NSAIDs, non-steroidal anti-inflammatory drugs;
OAD, oral anti-diabetic; PCR, protein-to-creatinine ratio.
aCategorical variables are presented as frequency (%) and continuous variables are presented as median (inter-quartile range), if not oth-
erwise specified.

bP-values are calculated by Kruskal–Wallis test for continuous variables and χ2 test for categorical variables.
cP-values for trend are calculated by Spearman’s correlation for continuous variables and by Cochran–Armitage trend test for binary
variables.
dDefinitions based on World Health Organization: underweight: body mass index (BMI) < 18.5, normal weight: 18.5 ≤ BMI < 25, over-
weight: 25 ≤ BMI < 30, obesity: BMI ≥ 30.

eDefinition: diabetes mellitus, hypertension: ICD code and medication within 1 year before index date; cardiovascular disease: ICD code
within 1 year before index date.

fMedication use within 1 year before index date.
gBiochemical value measured within 1 year prior to and closest to the index date.
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zero (maximal bias range: 5.12 for the Taiwanese MDRD
equation vs. 24-h CrCl), but the range in limits of agreement
was wide, spanning from ±43.7 mL/min/1.73 m2 for the
CKD-EPI equation to ±54.3 mL/min/1.73 m2 for the MDRD
equation (upper panel of Figure 2 and Figure S3). Ranges of
bias and limits of agreement became wider when using 24-
h U-CER–adjusted eGFRCKD-EPI as the reference (lower panel
of Figure 2 and Figure S3). In addition to the MDRD equation,
the CKD-EPI and Taiwanese MDRD equations exhibited mild
proportional bias, indicating that the equation methods
tended to overestimate GFR (using 24-h CrCl as a reference)
when the mean eGFR was below approximately 60 mL/min/
1.73 m2 and tended to underestimate GFR when the mean
eGFR was ≥60 mL/min/1.73 m2. The overlap of the 24-h CrCl
CKD Stage-2 and Stage-4 circles inside the CKD Stage-3 band
suggest a discordance in CKD classification between the
equation methods and the 24-h CrCl method (Figure 2 and
Figure S3). The discordance in CKD classification was evident
when the stages of CKD derived from the equation-based
methods were compared with those derived from the 24-h
CrCl, particularly for the combination of the Taiwanese MDRD
equation and the 24-h CrCl. Among patients with CKD Stage
5, as derived from the equation methods, approximately
15.8–18% could be reclassified as having CKD Stage 4 by
using the 24-h CrCl method (upper panel of Figure 3, and
Figures S4 and S5). Tendencies for the 24-h CrCl to reclassify
CKD Stages 3 and 4 both upward (20.3–23.8%) and down-

ward (15.1–18.1%) were also observed (upper panel of Figure
3, and Figures S4 and S5). Such discrepancies were more no-
ticeable when referencing 24-h U-CER–adjusted eGFRCKD-EPI
(lower panel of Figure 3, and Figures S4 and S5). The CKD
classification was consistent among pairs of equation-based
methods, particularly for the combination of the CKD-EPI
and MDRD equations. The proportion of CKD Stage 3 defined
by the Taiwanese MDRD equation was notably and upwardly
reclassified as CKD Stage 2 by the CKD-EPI and MDRD equa-
tions. For CKD Stage 4, it was likely to be downwardly
reclassified as CKD Stage 5 by the CKD-EPI and MDRD equa-
tions (Figure S6).

Association between all-cause mortality and
estimated glomerular filtration rate according to
different estimating approaches

After adjustment for potential confounders, a J-shaped
dose–response relationship was observed between the equa-
tion-based eGFRs and 5-year all-cause mortality, indicating
that mortality risk substantially increased when eGFR was be-
low 30–40 mL/min/1.73 m2 and the CKD-EPI and Taiwanese
MDRD equations were used or below approximately 50 mL/
min/1.73 m2 when the MDRD equation was used. After ad-
justment, an eGFR of >75 mL/min/1.73 m2 was consistently
associated with a high risk of all-cause mortality regardless

Table 2 The distribution of kidney function estimated by equation methods, 24-h CrCl, and the 24-h U-CER–adjusted method, serum creatinine, and
24-h urine creatinine by baseline CKD stage according to eGFRCKD-EPI

Characteristica Total (N = 4986)

CKD stage (N = 4986)

CKD Stage 1 (N = 1221) CKD Stage 2 (N = 929)

eGFR (mL/min/1.73 m2)
CKD-EPI 49.4 (17.6, 89.0) 107.0 (98.9, 118.3) 75.7 (68.1, 82.9)
MDRD 50.5 (18.8, 87.3) 110.1 (96.1, 128.6) 74.7 (67.4, 80.5)
Taiwanese MDRD 46.8 (19.0, 77.1) 95.3 (84.2, 109.8) 66.9 (60.9, 71.7)

24-h U-CER–adjusted eGFR (mL/min/1.73 m2)
CKD-EPI 46.7 (16.1, 92.8) 111.8 (89.9, 134.0) 81.6 (61.1, 102.3)
MDRD 48.3 (17.6, 93.7) 116.3 (93.5, 140.1) 81.5 (61.7, 101.0)
Taiwanese MDRD 45.1 (17.6, 82.7) 100.5 (81.2, 120.1) 73.0 (55.6, 90.0)

24-h CrCl (mL/min) 46.3 (18.3, 89.0) 109.0 (88.3, 131.4) 74.4 (56.1, 94.7)
Serum creatinine (mg/dL) 1.4 (0.9, 3.1) 0.7 (0.6, 0.8) 1.0 (0.9, 1.1)
24-h urine creatinine (mg/day) 959.8 (681.2, 1265.0) 1062.6 (823.2, 1369.6) 1065.3 (747.0, 1398.3)
Male 1155.6 (852.8, 1494.8) 1343.9 (1007.7, 1694.0) 1267.2 (944.0, 1642.5)
Age groups (years)
18–45 1502.8 (1165.5, 1815.6) 1523.3 (1215.2, 1796.3) 1633.6 (1236.0, 1960.8)
45–65 1248.4 (948.8, 1550.2) 1265.4 (1006.4, 1518.0) 1416.2 (1051.2, 1669.2)
≥65 954.6 (694.5, 1188.7) 736.6 (549.0, 1134.3) 998.9 (709.3, 1188.2)

Female 795.0 (580.6, 1025.9) 940.6 (753.2, 1139.4) 873.5 (629.1, 1089.0)
Age groups (years)
18–45 993.8 (818.0, 1200.0) 1017.6 (841.3, 1212.8) 1024.5 (871.9, 1222.1)
45–65 835.9 (640.3, 1044.2) 873.4 (688.2, 1062.6) 963.2 (736.3, 1155.4)
≥65 628.1 (480.0, 802.5) 684.5 (420.3, 836.0) 649.5 (480.7, 826.8)

eGFR, estimated glomerular filtration rate.
aCategorical variables are presented as frequency (%) and continuous variables are presented as median (inter-quartile range), if not
otherwise specified.
1bP-values are calculated by Kruskal–Wallis test for continuous variables and χ2 test for categorical variables.
2cP-values for trend are calculated by Spearman’s correlation for continuous variables and by Cochran–Armitage trend test for binary
variables.
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of the equation used (Figure 4, green line, and Figure S7, left
panel). However, a non-linear inverse dose–response rela-
tionship between the 24-h CrCl and all-cause mortality was
identified (Figure S7, right panel). Because sarcopenia limits
the accuracy of the equation methods, we statistically ad-
justed for 24-h U-CER, which can estimate muscle mass, and
the paradoxical increase in mortality risk at an
eGFR > 75 mL/min/1.73 m2 returned to null (Figure 4, blue
line, and Figure S7, middle panel). When using the direct
correcting approach of 24-h U-CER–adjusted eGFRCKD-EPI, the
dose–response relationship was almost identical to what
was observed for the 24-h CrCl (Figure 4, red line, and Figure
S7, right panel). In addition, the eGFR threshold for 5-year all-
cause mortality was consistently 60 mL/min/1.73 m2.

Discussion

Our findings demonstrate that only the 24-h CrCl exhibited a
monotonic non-linear negative relationship with all-cause
mortality, whereas an inverted U-shaped association was ob-
served between all equation-based eGFRs and all-cause mor-
tality. The U-shaped curve between the equation-based
eGFRs and mortality reverted to a monotonic non-linear
curve after the direct adjustment of the equation-based
eGFRs for the 24-h U-CERs, implying that sarcopenia contrib-

utes to the paradoxical mortality phenomenon in patients
with high eGFR.

The primary limitations of the equation-based eGFRs were
the underestimation of kidney function in patients with ad-
vanced CKD and an overestimation of kidney function in pa-
tients with muscle wasting syndrome caused by various
factors, such as malnutrition, chronic inflammation, and ag-
ing. The consistent confirmation of the U-shaped and
J-shaped relationships between the equation-based eGFRs
and all-cause mortality suggests a potential misclassification
of kidney function by the equations.9,22–24 Although the
CKD-EPI cystatin C equation has been used to complement
the inherent limitations of using S-Cre,25 the paradoxical mor-
tality when eGFR was high could not be completely elimi-
nated, as was the case in our observations of the models
even after additional adjustment for 24-h U-CER.26 In con-
trast, the dose–response curves of the 24-h U-CER–adjusted
eGFRs and the 24-h CrCl consistently indicated a protective
effect against mortality when patients had a high eGFR. Our
study is the first to propose normalizing the eGFR derived
from the CKD-EPI equation by using 24-h U-CER; this method
not only provides mechanistic insight into the relationship
between high eGFR and mortality but also offers an alterna-
tive approach to estimating kidney function, particularly for
older adults (≥70 years) and patients with frailty or muscle
wasting syndrome. Our findings also challenge the emphasis
on low-protein diets in halting the progression of CKD be-
cause the findings suggest that the link between

Table 2 (continued)

Characteristica
CKD stage (N = 4986)

P-valueb
P for
trendcCKD Stage 3 (N = 1020) CKD Stage 4 (N = 731) CKD Stage 5 (N = 1085)

eGFR (mL/min/1.73 m2)
CKD-EPI 44.1 (36.9, 52.0) 21.6 (18.0, 25.3) 8.4 (5.9, 11.5) <0.0001 <0.0001
MDRD 45.8 (38.5, 53.4) 23.1 (19.5, 26.8) 9.3 (6.6, 12.6) <0.0001 <0.0001
Taiwanese MDRD 42.8 (36.6, 49.2) 22.9 (19.7, 26.3) 10.0 (7.3, 13.2) <0.0001 <0.0001

24-h U-CER–adjusted eGFR (mL/min/1.73 m2)
CKD-EPI 45.0 (33.7, 60.1) 21.0 (15.3, 27.0) 7.2 (4.5, 11.1) <0.0001 <0.0001
MDRD 47.2 (34.7, 60.8) 22.7 (16.4, 29.1) 8.1 (5.0, 12.2) <0.0001 <0.0001
Taiwanese MDRD 44.3 (32.8, 56.5) 22.5 (16.5, 28.6) 8.7 (5.5, 12.8) <0.0001 <0.0001

24-h CrCl (mL/min) 45.7 (33.9, 60.1) 23.2 (16.8, 30.0) 9.3 (6.0, 13.6) <0.0001 <0.0001
Serum creatinine (mg/dL) 1.5 (1.3, 1.8) 2.6 (2.3, 3.1) 5.7 (4.4, 7.7) <0.0001 <0.0001
24-h urine creatinine (mg/day) 993.3 (718.6, 1316.8) 871.2 (621.5, 1163.3) 777.0 (572.4, 1037.5) <0.0001 <0.0001
Male 1144.8 (885.6, 1466.4) 1037.7 (812.6, 1355.3) 961.4 (701.4, 1265.0) <0.0001 <0.0001
Age groups (years)
18–45 1563.5 (1219.4, 1780.8) 1476.6 (1040.0, 1852.6) 1208.0 (830.9, 1562.6) 0.0002 0.0256
45–65 1300.8 (975.1, 1648.0) 1084.5 (896.8, 1431.5) 1080.0 (820.8, 1359.0) <0.0001 <0.0001
≥65 1024.1 (764.8, 1234.1) 942.8 (719.3, 1240.1) 853.1 (645.5, 1067.2) <0.0001 0.002

Female 758.5 (569.4, 974.4) 672.0 (512.4, 873.3) 655.5 (482.5, 842.4) <0.0001 <0.0001
Age groups (years)
18–45 1040.0 (808.0, 1173.8) 927.1 (640.3, 1035.2) 825.1 (604.8, 1030.1) 0.0016 0.0093
45–65 867.1 (633.6, 1044.0) 741.0 (578.1, 964.6) 740.2 (572.1, 950.0) <0.0001 <0.0001
≥65 662.6 (524.6, 854.6) 632.2 (495.7, 793.4) 601.6 (444.0, 758.4) 0.0296 0.0105

eGFR, estimated glomerular filtration rate.
aCategorical variables are presented as frequency (%) and continuous variables are presented as median (inter-quartile range), if not oth-
erwise specified.

bP-values are calculated by Kruskal–Wallis test for continuous variables and χ2 test for categorical variables.
cP-values for trend are calculated by Spearman’s correlation for continuous variables and by Cochran–Armitage trend test for binary
variables.

Sarcopenia contributes to paradoxical mortality of high eGFR 1711

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 1704–1716
DOI: 10.1002/jcsm.12951



low-protein intake and muscle wasting leads to an overesti-
mation of improvements in kidney function and increases
the risk of mortality.27,28 Our previous study indicated that
patients with advanced CKD with random urine creatinine
(U-Cre) consistently <100 mg/dL have a high risk of progres-
sion to ESRD.29 Whether random U-Cre can be used similarly
to 24-h U-CERs to perform muscle mass adjustments for
equation-based eGFRs requires further research.

An inverse association exists between 24-h U-CERs and all-
cause mortality in both general and CKD populations.30,31 In a
large general population cohort conducted in the
Netherlands, the doubling of U-CER was independently asso-
ciated with a low risk of all-cause mortality, even after
adjusting the model for S-Cre levels.30 Among patients with
CKD, a decreasing U-CER (per 100 mg/day) was indepen-
dently associated with all-cause mortality after adjustment
for eGFR.31 However, a high mGFR has been associated with
a substantial protective effect against all-cause mortality.32

This observation of high kidney function estimated by either
the 24-h CrCl or the muscle mass–adjusted CKD-EPI eGFR
may have independent prognostic implications. Almost all S-

Cre–based equations for estimating GFR contain inherent
bias because of the strong correlation between S-Cre and
muscle mass, which introduces non-renal factors, such as sar-
copenia from chronic inflammation, into the causal pathway
between GFR and all-cause mortality. Therefore, controlling
for the confounding effects of muscle mass by using the
population-weighted 24-h U-CERs to correct equation-based
methods is rational, and the undervalued 24-h CrCl test
should receive proper attention from guideline creators.33

Our results support the regular monitoring of 24-h U-CERs
among patients with CKD with a wide range of kidney func-
tion because it provides an accurate risk assessment of
all-cause mortality. For the general population, further re-
search is required to characterize the variations in 24-h U-
CER and to identify influential factors, such as dietary
content. Patients with CKD may benefit from routine 24-h
U-CER measurements at the beginning of CKD care and at an-
nual follow-ups thereafter or whenever the stage of CKD
changes. The key conceptual difference between 24-h U-
CER–adjusted eGFR and 24-h CrCl is that we used 24-h U-
CER to adjust for total muscle mass rather than simply to ap-

Figure 2 Bland–Altman plots of 24-h CrCl and eGFR calculated by CKD-EPI and MDRD equations (upper panel), 24-h U-CER–adjusted eGFRCKD-EPI vs.
the two equation-based eGFRs (lower panel).
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Figure 4 Hazard ratios (HRs) for 5-year all-cause mortality according to eGFRs derived from CKD-EPI and 24-h U-CER–adjusted eGFRCKD-EPI. Solid lines
represent adjusted HRs based on restricted cubic splines for each kidney function measurements with knots at the 10th, 50th, and 90th percentiles.
Reference is set to 75 mL/min/1.73 m2 and indicated by a black diamond. Adjustment variables are age, sex, history of cardiovascular disease, diabetes
mellitus, systolic blood pressure, total cholesterol, body mass index, and uPCR. Solid circles indicate that the adjusted HR at the indicated eGFR level is
significant when compared with the reference point. Green circles and line indicate eGFRCKD-EPI. Blue circles and line indicate further adjustment for
24-h U-CER in the statistical model. Red circles and line indicate 24-h U-CER–adjusted eGFRCKD-EPI.

Figure 3 Reclassification of CKD stage based on the eGFRs derived from CKD-EPI and MDRD equations with 24-h CrCl (upper panel) and 24-h U-CER–-
adjusted eGFRCKD-EPI (lower panel).
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proximate GFR, which may be biased by tubular secretion of
creatinine. Unlike 24-h CrCl, which may overestimate real
GFR due to tubular creatinine secretion, 24-h U-CER summa-
rizes creatinine excretion from both glomerular filtration and
tubular secretion. This measurement approximates daily
body creatinine production when S-Cre is in a steady state.
Introducing total muscle mass into the equation-based GFR
estimations would help clinicians remain aware of the nutri-
tional status of patients with CKD on a low-protein diet, par-
ticularly in older adults. The strategy of applying 24-h U-CER
adjustment for equation-based GFR estimations also balances
the cumbersomeness of 24-h CrCl measurements. If the 24-h
U-CER remains stable over a clinically meaningful period,
such as 1 year or 6 months,34 using 24-h U-CER to correct
equation-based eGFRs can be a convenient method for con-
trolling the confounding effects of muscle mass and avoid un-
wanted intra-individual comparisons between 24-h CrCl and
eGFR. Among 479 patients of our study population who had
repeat measurements of 24-h U-CER within 1 year after the
index date, we observed that the intra-class correlation coef-
ficient was 0.815, which further supports the stability of 24-h
U-CER (Table S3). The latest Kidney Disease Outcomes Quality
Initiative guidelines recommend assessing albumin, normal-
ized protein catabolic rate, and body composition through
dual-energy X-ray absorptiometry (DXA) or bioelectrical im-
pedance analyses to evaluate protein energy wasting levels
in patients with CKD, despite the low evidence grade.35

Whether 24-h U-CER can serve as a nutritional indicator for
patients with CKD remains uncertain. Whether 24-h U-CER
can be used to monitor excessive muscle loss over the course
of CKD by revealing patients’ responses to various low-pro-
tein diet intensities can also be investigated.

Despite the strength of the large sample size taken from a
real-world practical setting, this study has several limitations.
First, mGFR data were unavailable. However, this reference
standard is rarely obtained in daily practice. Second, the
study lacked the direct quantification of muscle mass with
DXA. Future studies can replicate our results by quantifying
muscle mass through DXA and comparing the
cost-effectiveness of the 24-h U-CER and DXA methods. Third,
because of a large proportion of missing data for body sur-
face area (BSA), we did not calculate BSA-adjusted 24-h CrCl.
However, BSA adjustment for 24-h CrCl is a controversial ap-
proach, particularly in the hospital-based population, where
the impacts of misclassifying body height and weight cannot
be ignored.36–38 Fourth, it is likely that residual confounding
by indication could not be completely eliminated by adjusting
for an extensive set of patients characteristics, as the 24-h
urine collections were performed among patients with some
form of or who were suspected of having kidney disease.
However, the primary aim of the present study was to com-
pare the association patterns between different GFR estima-
tions and all-cause mortality, not determine causality. Fifth, a
high number of the source population members were ex-

cluded due to missing 24-h urine collection, and the study
population excluded patients with ESRD or a history of RRT,
kidney transplantation, cancer, or nephrectomy and was
composed exclusively of Taiwanese citizens, limiting the gen-
eralizability of the results and the feasibility of comparisons.
We encourage other investigators to validate the effective-
ness of our new approach by conducting studies in different
ethnic populations and health care systems.

In conclusion, our study offered the first empirical evi-
dence confirming the role of sarcopenia in the paradoxical
mortality pattern in patients with high equation-based GFRs.
The weighing of the enrollees’ muscle mass effectively
corrected the bias in the estimations of the commonly used
GFR equations. The nephrology community should
re-evaluate the practical role of annual 24-h U-CERs in the
current CKD care model.
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