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Background: Proteinuria is a known risk factor for progression of chronic kidney disease.
Proteinuria magnitude can be estimated by measuring spot urine protein-to-creatinine
ratio (least accurate), 24-h urine collection for protein (24 P), or 24-h protein–creatinine
ratio (24 PCR). The MDRD study found that 24 P measured at baseline was the strongest
single predictor of the rate of GFR decline during study follow-up. However, predictive
powers of 24 P and 24 PCR have not been compared in the literature. The current study
addresses this question using the MDRD cohort data.

Methods: The study is a retrospective analysis of prospectively collected data from the
MDRD cohort using simple and multiple regression models. Slope of measured GFR
(mGFR) over time was used as the response and models that included baseline 24 PCR or
24 P were compared for the entire sample and for subgroups formed by restricting the
values of 24-h creatinine and 24 P.

Results: Log 24 P and Log 24 PCR correlated almost equally with mGFR slope.
However, in simple linear regression models and multivariable linear regression models
adjusting for age and sex, the model with 24 PCR had a higher R2 than the corresponding
one that had 24 P except for the subgroup 24 P < 1 g.

Conclusion:We observe that 24 PCRmay be a better marker of proteinuria magnitude in
predicting decline in kidney function compared to 24 P in particular for patients with 24 P ≥

1. This finding needs validation in prospective clinical trials.

Keywords: proteinuria, 24h protein, 24h protein/creatinine, progression of kidney disease, measured GFR
INTRODUCTION

Proteinuria is a known risk factor for progression of chronic kidney disease (1, 2). Proteinuria
magnitude can be estimated by measuring a randomly collected spot urine protein-to-creatinine
ratio (least accurate), 24-h urine collection for protein (24 P) or the protein-to-creatinine ratio from
a 24-h urine collection (24 PCR). A random spot urine PCR cannot reliably assess 24 P or changes in
24 P (3). The time of the random urine collection, the degree of proteinuria, and the underlying
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https://www.frontiersin.org/articles/10.3389/fneph.2021.797431/full
https://www.frontiersin.org/articles/10.3389/fneph.2021.797431/full
https://www.frontiersin.org/articles/10.3389/fneph.2021.797431/full
https://www.frontiersin.org/articles/10.3389/fneph.2021.797431/full
https://www.frontiersin.org/journals/nephrology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/nephrology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:Isabelle.ayoub@osumc.edu
https://doi.org/10.3389/fneph.2021.797431
https://www.frontiersin.org/journals/nephrology#editorial-board
https://www.frontiersin.org/journals/nephrology#editorial-board
https://doi.org/10.3389/fneph.2021.797431
https://www.frontiersin.org/journals/nephrology
http://crossmark.crossref.org/dialog/?doi=10.3389/fneph.2021.797431&domain=pdf&date_stamp=2022-01-27


Ayoub et al. Proteinuria as Predictor of GFR Decline
cause of kidney disease affect the accuracy of random spot urine
PCR (4, 5). In clinical trials, 24 P or 24 PCR are being used to
quantify proteinuria as an entry criterion and for trial endpoints.
For instance, the Supportive Versus Immunosuppressive
Therapy for the Treatment of Progressive IgA Nephropathy
(STOP IgAN) trial (6) used 24 P to determine inclusion but
used 24 PCR to define study endpoints. Conversely, the
Abatacept and Cyclophosphamide Combination Therapy for
Lupus Nephritis (ACCESS) trial used 24 PCR for both study
entry and endpoints (7). The Modification of Diet in Renal
Disease (MDRD) study found that 24 P measured at baseline was
an independent predictor of glomerular filtration rate (GFR)
decline during study follow-up (8). Other studies in glomerular
diseases have shown that 24 P, sustained proteinuria (24 P), and
time-averaged proteinuria (24 P) after treatment were predictors
of long-term GFR decline (9–13).

The advantage that 24 PCR has over 24 P is that it corrects for
either over- or under-collection of an intended 24-h urine
sample. However, as mentioned in several studies, a 24 P can
be adjusted based on the measured:expected creatinine ratio in
the intended 24-h sample (3, 14, 15). Unfortunately, this
adjustment is not routinely applied in clinical trials and
perhaps rarely in clinical practice. Whether 24 P or 24 PCR is
the better predictor of GFR trajectory has not been reported. Our
hypothesis is that 24 PCR is a better predictor of GFR decline
than 24 P. To the best of our knowledge, the present work
will be the first to assess whether 24 P or 24 PCR is a better
predictor of GFR decline. The strength of this study is that
GFR was measured directly and not estimated from serum
creatinine levels.
METHODS

Design
This is a retrospective analysis of prospectively collected data.
Slopes of measured GFR (mGFR) over time as a function of
baseline 24 PCR and 24 P were compared. The study was
approved by The Ohio State University Institutional
Review Board.

Cohort
The study population included all patients from the MDRD trial
who had a baseline 24-h urine protein and urine creatinine level,
and an mGFR at baseline and at the end of the study. Table 1 and
Supplementary Tables 1, 2 describe patient characteristics.

Baseline and Outcome Measures
GFR was measured as the renal clearance of 125I- iothalamate (16,
17). Baseline mGFR was the last mGFR in the baseline period of
the MDRD study. 24 P and 24 PCR were measured from 24-h
urine samples. The baseline 24 P and PCR were measured from
the last 24-h urine collection in the baseline period of the MDRD
study. Expected 24-h urine creatinine levels were calculated on 827
patients with available baseline age and weight and were compared
with the measured 24-h urine creatinine levels to determine the
Frontiers in Nephrology | www.frontiersin.org 2
completeness of the 24-h urine collections (15). A total of 827
patients (99.7%) had an intended 24-h urine that was ≥50%
complete, thereby reliably estimating the PCR of a complete
24-h urine collection (3). 24-h P were not corrected as this is
not routinely applied in clinical practice.

The primary goal of this study was to compare the rate of
decline in kidney function in an individual according to 24 PCR
versus 24-h P. The secondary goal was to examine the effect of
TABLE 1 | Patient characteristics.

Baseline Patient Characteristics N = 835

Age (years) Mean (SD) 51.2 (12.36)
Median (IQR) 52 (42; 62)
N = 827 (missing = 8)

Race/Ethnicity N (%)
White 703 (85)
Black 65 (8)
Hispanic 38 (5)
Asian 11 (1)
Other 10 (1)

Total = 827 (missing = 8)
Sex N (%)

Men 505 (61)
Women 322 (39)

Total = 827 (missing = 8)
Cause of CKD (see Supplementary Tables 1 and
2 for more details)

N (%)

Polycystic kidney disease 198 (24)
HTN nephrosclerosis 134 (16)
Diabetic nephropathy 24 (3)
Glomerular diseases 205 (25)
Other 215 (26)

Total = 776 (missing =
59)

HTN N (%)
Yes 694 (84)
No 133 (16)

Total = 827 (missing = 8)
DM N (%)

Yes 41 (5)
No 786 (95)

Total = 827 (missing = 8)
mGFR ml/min*1.73 m2 Median (IQR) 31.44

(22.08; 42.65)
N = 835

24-h urine protein (g) Median (IQR) 0.32 (0.07;
1.47)
N = 835
≥1 g (N = 260)
≥2 g (N = 161)
≥3 g (N = 97)

24 PCR (g/g) Median (IQR) 0.23 (0.05;
1.04)
N = 835

24-h urine creatinine (g) Median (IQR) 1.4 (1.1;
1.7)
N = 835

BMI kg/m2 N (%)
<18.5 8 (0.9)
≥18.5–<25 270 (32.7)
≥25–<30 354 (43)
≥30 193 (23.4)

N = 825 (missing = 10)
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age, sex, race, BMI, and baseline mGFR on proteinuria and
decline in kidney function.

Statistical Methods
Individual linear regression lines were fit to determine the rate of
decline in GFR for each subject. Association between the GFR
slope and baseline values of log (24 P) and log (24 PCR) were
examined using Pearson correlation coefficient. Log scale for 24
P and 24 PCR was used to improve a normal fit to the data (4).
Significance of correlations was established using t-tests, and to
determine the equality of dependent correlations, Steiger’s test
(1980, Eq. 14) was used (18). Scatter plot of 24 PCR versus 24 P
was used to examine the variability in the 24 PCR as a function of
24 P that revealed a systematic sex effect (Supplement 2).
Association between log (24 PCR) and log (24 P) and sex was
examined using multiple linear regression (Supplement 3).
Association between the GFR slope and sex, race/ethnicity,
BMI, age, and baseline values of mGFR, 24 P, and 24 PCR was
examined using analysis of variance or simple linear regression
methods, as appropriate. Using the covariates with significant
association, multiple regression models with and without
interactions were developed to predict the slope of GFR
decline. A four-factor model with sex, age, 24 P, and 24 PCR,
and their interactions as predictors with all significant predictors,
developed for the entire data set was checked for outliers and
normality of residuals. After removing 11 outliers with
studentized residuals outside (-4,4), this model was used to
compare the predictive powers of baseline 24 P and 24 PCR
for the entire data set, and for two subgroups: (a) subjects with
baseline 24-h urine creatinine values ≤ 800 or ≥ 1,200 mg and (b)
its subsets with baseline 24 P values of <1 g, ≥1 g, ≥2 g, and ≥3 g.
The subgroup excluding 24-h urine creatinine values near 1,000
mg (1 g) was selected since the PCR value would have a
denominator of 1 and therefore would strongly approximate
the 24-h P value. This investigation was repeated for single- and
three-factor sub-models that included 24 P or 24 PCR as
Frontiers in Nephrology | www.frontiersin.org 3
predictors. Prediction equations based on various models were
generated. Vuong’s test, implemented using the nonnest2
package in R (19), was used to compare non-nested three-
factor models (20). All other statistical analyses were done
using JMP 13 (SAS Institute, Cary, NC). Level of significance
was set at 0.05 and no adjustments were made for
multiple testing.
RESULTS

The final study population included 835 patients from the
MDRD cohort that had baseline 24 P, 24 PCR, and an mGFR
at baseline and at the end of the study. The mean duration of
study follow-up was 2.2 years. There was a statistically significant
correlation between GFR slope and log (24 P) (Pearson
correlation, r = −0.2946, p < 0.0001), and between GFR slope
and log (24 PCR) (r = −0.2929, p < 0.0001). Of these 835 patients,
we then excluded 254 who had 24-h urine creatinine between
800 and 1,200 mg to eliminate concordance between 24 P and 24
PCR. In the excluded cohort, there was a near-perfect association
between 24 PCR and 24 P and the association between these
variables and GFR slope was identical (Supplement 4). For the
sub-cohort of 581 patients, there was a statistically significant
correlation between GFR slope and log (24 P) (r = −0.2677,
p < 0.0001) and between GFR slope and log (24 PCR) (r = −0.2693,
p < 0.0001). However, these correlations were not significantly
different from each other (Table 2, third column). This result was
consistent as well across the following subgroups: 24 P <1 g, ≥1 g,
≥2 g, and ≥3 g (Table 2). Nonetheless, in all subgroups except for
24 P <1 g, the correlation between GFR slope and log (24 PCR)
was consistently higher than the one between GFR slope and log
(24 P), and the difference in correlations increased as the
proteinuria cutoff increased.

Using simple linear regression analysis, Model R2 was
consistently higher in model 1 (24 PCR) compared to model 1
TABLE 2 | Comparisons of pearson correlations (Corr) of variables with overlapping correlations.

Group N r12: Corr [mGFR slope, log(24
P)] (p-value*)

r13: Corr [mGFR slope, log(24
PCR)] (p-value*)

p-value (Null hypothe-
sis: r12 = r13)**

Corr [log(24 P)], log
[24 PCR)]

All subjects 835 −0.2946 −0.2929 0.7707 0.9845
(<0.0001) (<0.0001)

A. Urine creatinine ≤800
or ≥1,200 mg

581 −0.2677 −0.2693 0.7974 0.9879
(<0.0001) (<0.0001)

B. A. and Proteinuria <1
g

386 −0.1012 −0.0990 0.8581 0.9707
(0.0469) (0.0519)

C. A. and Proteinuria ≥ 1
g

195 −0.2954 −0.3153 0.4715 0.9188
(<0.0001) (<0.0001)

D. A. and Proteinuria ≥ 2
g

130 −0.3198 −0.3735 0.2245 0.8574
(0.0002) (<0.0001)

E. A. and Proteinuria ≥ 3
g

78 −0.2097 −0.3023 0.2057 0.7831
(0.0654) (0.0071)
January 2022 | Volum
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(24 P) except for the subgroup 24 P <1 g where R2 was higher in
model 1 (24 P) (Table 3A). The associations between GFR slope
and the variables sex, race/ethnicity, age, BMI, and baseline
mGFR were examined individually. Only age (r = 0.09,
p = 0.007) and sex [mean GFR slope (Female–Male) = 0.0875,
p = 0.029] were also significantly associated with GFR slope. The
variables age, sex, 24 PCR, 24 P, and the only 2 significant
interactions (sex * 24 P and sex * 24 PCR) were all significant
predictors of the full model 2 developed for the entire cohort
(Table 3B). It is worth noting that in this full model that contains
both 24 PCR and 24 P, the p-value of the slope estimate for 24
PCR was significant across all subgroups except for 24 P <1 g
and ≥3 g and it was lower than that of 24 P, which was not
significant in all subgroups. Furthermore, sex * 24 PCR interaction
effect had smaller p-values than that of sex * 24 P in all cases
(details not shown) and it was significant in more subgroups
(Table 3B). Finally model 3 (24 PCR) that included 24 PCR, age,
sex, and the interaction (sex * 24 PCR) was compared to model 3
(24 P) that included 24 P, age, sex, and the interaction (sex * 24 P)
(Table 3C). Model R2 was higher in model 3 (24 PCR)
compared to model 3 (24 P) except for the subgroup 24 P <1 g
where both R2 were very small and similar. Although in the six
different pairs of non-nested models considered in Table 3C,
model R2 in model 3 (24 PCR) and model 3 (24 P) are
distinguishable except for subgroup 24 P<1 g, the Vuong test
showed a significant superiority of model 3 (24 PCR) over model
3 (24 P) only for the sub-cohort (urine creatinine (≤800 mg,
≥1,200 mg) but not in the subgroups of proteinuria where the p-
value was close to being significant (Table 3C). Regression
equations for the entire cohort in models 1, 2, and 3 are
summarized in Supplementary Table 3.
DISCUSSION

Proteinuria is an established clinical biomarker of prognosis in
chronic kidney diseases (2). Nephrotic range proteinuria is
arbitrarily defined as 24 P ≥ 3.5 g (21). At least in clinical trials,
there is no consensus as to whether 24 P or 24 PCR represents a
better criterion for inclusion and a better endpoint. Using the
MDRD cohort, we found that 24 PCR might be a more favorable
marker compared to 24 P in predicting decline in kidney function.
Confounders and interactions will not be specifically discussed in
detail although they are important; however, they are not directly
relevant to the main goal of this work.
Frontiers in Nephrology | www.frontiersin.org 4
Log 24 P and Log 24 PCR correlated with each other and
separately almost equally to mGFR slope. However, in simple
linear regression models (24 PCR model 1 and 24 P model 1) and
multivariable linear regressionmodels adjusting for age and sex (24
PCRmodel 3 and 24 P model 3), the model that had 24 PCR had a
higher R2 than the corresponding one that had 24 P except for the
subgroup 24 P <1 g.When both 24 PCR and 24 P were included in
the samemodel 2, the p-values for the slope estimate of 24 PCR and
its interactionwere lower andmore frequently significant compared
to the 24 P ones. In addition,Vuong test inModel 3 showed that the
model that had 24 PCR was a better fit than that of 24 P with
statistical significance for the sub-cohort (24-h urine creatinine
≤800 mg or ≥1,200 mg). One way of thinking about the 24 PCR
being a better predictor can be speculated as follows: all factors held
constant, a 24 P adjusted for 24-h creatinine (24 PCR) is actually
adjusting proteinuria for the size of the individual’s nephrons. For
any given 24 P, 24 PCR can vary enormously from individual to
individual. Filtered protein is known to induce tubulo-interstitial
damage (22–26). It is plausible that for a given amount of filtered
protein load, larger nephrons are less susceptible to damage than
smaller nephrons given the difference in ratio of protein load to
glomerular basement membrane surface area.

As mentioned earlier, in the sub-group 24 P <1, the model R2

in both 24 P and 24 PCR model 1 and model 3 was lower and
almost equal. On the other hand, R2 in 24 PCR model 1 and 3
increased progressively in the sub-groups of proteinuria (≥1, 2,
and 3) compared to the entire cohort and was higher than the
corresponding R2 in 24 P models 1 and 3. These observations
suggest that for a proteinuric endpoint of <1 g/day, whether we
use 24 P or 24 PCR is the same. However, for therapeutic
decisions and especially if the 24 P ≥1, it may be more
reasonable to use 24 PCR for a proteinuria threshold to avoid
over- or under-treating. For simplicity and moving forward, we
propose establishing 24 PCR as a standard for proteinuria entry
criterion and as a marker for endpoint in clinical trials.

This study has several limitations. It is a retrospective analysis
of the MDRD cohort. The cohort was not balanced in terms of
cause of chronic kidney disease and did not include active
immune-mediated kidney diseases with modest or marked
proteinuria. It is also known that GFR progression in
heterogeneous populations may not be linear. However, in
spite of the limited MDRD individual level data, the use of
linear regression models to estimate the slope of mGFR results in
highly interpretable coefficient compared to more complex
models. Although we attempted to adjust for the potential effect
TABLE 3A | Simple linear regression models (24 PCR Model 1 and 24 P Model 1): Summary findings.

Group N 24 PCR Model 1 24 P Model 1
(no covariates) (no covariates)
R2, p-value R2, p-value

All Subjects 824 17.19%, <0.0001 14.07%, <0.0001
A. Urine creatinine ≤800 or ≥1,200 mg 572 18.42%, <0.0001 13.86%, <0.0001
B. A. and Proteinuria <1 g 381 2.5%, 0.0018 2.75%, 0.0011
C. A. and Proteinuria≥ 1 g 191 17.88%, <0.0001 8.95%, <0.0001
D. A. and Proteinuria ≥ 2 g 126 23.50%, <0.0001 9.50%, 0.0004
E. A. and Proteinuria ≥ 3 g 75 24.82%, <0.0001 6.99%, 0.0219
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of relevant covariates such as age and sex, we acknowledge that
other factors not included may still play a confounding role such
as blood pressure profile and medications received throughout
the study follow-up. The sample size in the proteinuria subgroups
was small and likely affected the significance of the Vuong test for
better model fitting. The difference between 24 P and 24 PCR as
well as their potential clinical implications were not examined.
This would have included eligibility for enrollment in clinical
trials as well as standard of care management based on 24 PCR
versus 24 P cutoff in a cohort of patients with active proteinuric
glomerular diseases.

In summary, we observe that 24 PCR may be a better marker
of proteinuria magnitude in predicting decline in kidney
function compared to 24 P in particular for patients with 24 P
≥1. Certainly, this finding needs validation in prospective clinical
trials and cannot be assumed to apply to active and non-active
proteinuric glomerular diseases.
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TABLE 3C | Multivariable linear regression model 3: Summary findings.

Group† PCR Model 3 P Model 3 p-value (Vuong tests: PCR Model 3 fits better than P Model 3)
R2 R2

(p-value: PCR,
Interaction)

(p-value: P,
Interaction)

All subjects 19.04% 16.41% 0.0591
(816) (<0.0001, 0.0246) (<0.0001, 0.0001)
A. Urine creatinine ≤800 mg, ≥1200
mg

20.51% 16.48% 0.0458

(565) (<0.0001, 0.0049) (<0.0001, 0.0002)
B. A. and Proteinuria <1 g 7.42% 7.21% 0.39
(376) (0.0019, 0.9195) (0.0066, 0.6115)
C. A. and Protein ≥ 1 g (189) 22.46% 16.01% 0.0539

(<0.0001, 0.0024) (<0.0001, 0.0007)
D. A. and Protein ≥ 2 g (124) 29.26% 21.02% 0.0669

(<0.0001, 0.0029) (<0.0001, 0.0002)
E. A. and Protein ≥ 3 g (74) 31.57% 24.55% 0.157

(0.0002, 0.0133) (0.0002, 0.0019)
†Sample sizes are the same as in Table 3B.
24 PCR Model 3 Predictors: sex, age, 24 PCR, sex * PCR.
24 P Model 3 Predictors: sex, age, 24 P, sex * P.
TABLE 3B | Full multivariable linear regression model 2: Summary findings.

Group N Model 2 R2 Model 2
p-values for main effects

of PCR, P

All Subjects 816 20.30% <0.0001, 0.0320†^
A. Urine creatinine ≤800, ≥1,200 mg 565 21.71% <0.0001, 0.0782†^
B. A. and Proteinuria <1 g 376 7.48% 0.4839, 0.7536
C. A. and Proteinuria ≥ 1 g 189 23.31% 0.0096, 0.6257†

D. A. and Proteinuria ≥ 2 g 124 29.57% 0.0095, 0.7897†

E. A. and Proteinuria ≥ 3 g 74 31.93% 0.1050, 0.8027
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