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Introduction: In clinical practice, kidney (dys)function is monitored through creatinine-based estimations

of glomerular filtration rate (eGFR: Modification of Diet in Renal Disease [MDRD], Chronic Kidney Disease

Epidemiology Collaboration [CKD-EPI]). Creatinine is recognized as a late and insensitive biomarker of

glomerular filtration rate (GFR). The novel biomarker proenkephalin (PENK) may overcome these limita-

tions, but no PENK-based equation for eGFR is currently available. Therefore, we developed and validated

a PENK-based equation to assess GFR.

Methods: In this international multicenter study in 1354 stable and critically ill patients, GFR was measured

(mGFR) through iohexol or iothalamate clearance. A generalized linear model with sigmoidal nonlinear

transfer function was used for equation development in the block-randomized development set. Cova-

riates were selected in a data-driven fashion. The novel equation was assessed for bias, precision (mean �
SD), and accuracy (eGFR percentage within �30% of mGFR, P30) in the validation set and compared with

MDRD and CKD-EPI.

Results: Median mGFR was 61 [44–81] ml/min per 1.73 m2. In order of importance, PENK, creatinine, and

age were included, and sex or race did not improve performance. The PENK-based equation mean � SD

bias of the mGFR was 0.5 � 15 ml/min per 1.73 m2, significantly less compared with MDRD (8 � 17, P <
0.001) and 2009 CKD-EPI (5 � 17, P < 0.001), not reaching statistical significance compared with 2021 CKD-

EPI (1.3 � 16, P ¼ 0.06). The P30 accuracy of the PENK-based equation was 83%, significantly higher

compared with MDRD (68%, P < 0.001) and 2009 CKD-EPI (76%, P < 0.001), similar to 2021 CKD-EPI (80%,

P ¼ 0.13).

Conclusion: Overall, the PENK-based equation to assess eGFR performed better than most creatinine-

based equations without using sex or race.
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T
he measurement of creatinine to assess eGFR to
represent kidney function in ambulatory and

hospitalized patients is a frequently requested diag-
nostic test. Abnormal kidney function presages adverse
clinical outcomes and is an important adjunct to the
dosing of renally excreted drugs. Creatinine-based
equations, such as MDRD,1 2009 CKD-EPI,2 and 2021
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CKD-EPI,3 are used in daily clinical practice.4 However,
there are multiple shortcomings in creatinine-based cal-
culations of eGFR, such as muscle mass and hydrational
or nutritional status.5,6 In addition, both tubular reab-
sorption and secretion of creatinine influence the accu-
racy of creatinine-based eGFR equations.4,7 This may
lead to not identifying those at risk of adverse health
events.8 Finally, the use of race in these equations
has been reevaluated,3 and implementation of race-
free equations was recently recommended.9 The true
GFR can be measured using the clearance of inulin,
iohexol, or iothalamate.10 However, these methods
require parenteral administration, are labor intensive,
and may therefore not be suited for clinical practice.
2345

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://doi.org/10.1016/j.ekir.2023.08.006
http://creativecommons.org/licenses/by/4.0/
mailto:peter.pickkers@radboudumc.nl
mailto:peter.pickkers@radboudumc.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ekir.2023.08.006&domain=pdf


CLINICAL RESEARCH R Beunders et al.: Calculation of Kidney Function With Proenkephalin
A method to estimate or measure GFR that is more ac-
curate, precise, exempt from bias, and feasible in clin-
ical practice remains an unmet medical need.

PENK, fully: proenkephalin A 119–159 is an
endogenous protein (molecular weight w4.5 kDa),
with no protein binding or cleaving known, that is
purely filtered by the glomerulus and not secreted or
absorbed in the tubules.11 PENK is used as a
biomarker of renal function or as a predictor of acute
kidney injury.12-15 Many comorbidities that can occur
due to or in association with acute kidney injury, such
as sepsis, do not seem to influence the association of
PENK with GFR.16 In a cohort of critically ill patients
with septic shock, an excellent correlation was found
between plasma PENK with the mGFR using iohexol
plasma clearance.17 Accordingly, PENK could poten-
tially be used to calculate eGFR which may be more
accurate than creatinine-based equations. This study
aimed to develop such an equation and assess its
performance compared with current creatinine-based
equations.

METHODS

Study Design

Data were collected according to the ethical principles
of the Declaration of Helsinki and approved by local
medical ethical committees.17,18 Subjects included were
healthy and tested before organ donation, or had a
stable kidney function which was measured either on
an outpatient clinic setting: patients with and without
risk factors for chronic kidney disease (CKD) and after
organ donation (predominately kidney donation), or
were critically ill and admitted to an intensive care
unit: post-cardiac surgery and patients diagnosed with
having sepsis or septic shock according to the sepsis-3
criteria.19 Demographic variable “race” was collected
because of the covariate in current creatinine-based
equations and was self-reported.

GFR Assessment

GFR was measured using iohexol plasma clearance or
iothalamate renal clearance using the gold standard
method of each compound and obtained as part of
clinical practice or research purposes.10,20 These com-
pounds were measured using liquid chromatography
with tandem mass spectrometry.21,22 Before (baseline)
and after i.v. iohexol administration or s.c. iothalamate
injection, multiple blood and urine samples were ac-
quired from 0.75 to 6 hours post-administration.20,23,24

Blood samples were acquired in EDTA-coated tubes
after the redistribution phase, during the “slow phase”
from 1.5 to 6 hours post-administration, to reconstruct
the disappearance curve of iohexol.20,23 The slope-
intercept method was used to determine the clearance
2346
of the iohexol, and the Bröchner-Mortensen correction
was applied to adjust the redistribution phase.23,25 The
calculated GFR was then corrected for body surface
area.25,26 Iothalamate was injected s.c. after which
iothalamate clearance was determined through iotha-
lamate measurement in plasma and urine samples from
0.75 at 1.5 to 2 hours post-administration.24 The
calculated GFR was then corrected for body surface
area.26 For comparison between equations, eGFR was
calculated using the MDRD,27 2009 CKD-EPI eGFRCr,

28

and 2021 CKD-EPI eGFRCr
3 equations.
Laboratory Measurements

During the GFR assessments, plasma samples were
collected for PENK and creatinine concentration mea-
surement using the sphingotest penKid sandwich
immunoassay (SphingoTec GmbH, Hennigsdorf, Ger-
many), as described previously.21 Blood was drawn in
EDTA-coated tubes and was centrifuged before ali-
quotation of the plasma for storage at �80 �C until
batch analysis. Mouse monoclonal anti-PENK 152 to
159 antibodies were coated to white polystyrene mi-
crotiter plates as the capture antibody, and mouse
monoclonal anti-PENK 129 to 144 antibody labeled
with MACN-Acridinium-NHS ester was used as the
tracer antibody. The lower detection limit was 7 pmol/
l, and the mean interassay coefficient of variation was
5.7% in the measuring range of 10.9 to 686.3 pmol/l.
Plasma creatinine concentration was measured in
lithium-heparin tubes according to hospital standards
in the Mayo Clinic (Rochester, MN, USA) and the
Radboud University Medical Center (Nijmegen, The
Netherlands) using an IDMS traceable enzymatic assay.
Equation Development

Apart from plasma PENK and creatinine, additional
covariates included sex, age, race (African American,
American Indian, Asian American, and White), and
patient diagnostic category: potential kidney donor,
post-kidney donor, post-kidney transplant recipient,
post other than kidney organ recipient, CKD, post-
cardiac surgery, and septic (shock) patients. A gener-
alized linear model with a sigmoidal nonlinear transfer
function was used for continuous output regression
and equation building. The cohort was block ran-
domized into a development and validation set (ratio
1.5:1), ensuring equal distribution of measured eGFR
and type of patient over the sets. The validation set was
blinded until the equations were determined.
SaddlePoint-Signature (version 2.10, London, UK) was
used for these analyses. SPSS (version 25, Armonk, NY)
and GraphPad Prism (version 5.03, San Diego, CA) were
used for statistical tests. Data are presented in medians
Kidney International Reports (2023) 8, 2345–2355
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with interquartile ranges [IQRs], mean � SD, or fre-
quencies with a 95% CI as appropriate.

Equation Validation

The newly developed equation was evaluated using a
validation data set. The performance was tested in the
total validation cohort and in subgroups of stable pa-
tients and critically ill patients with sepsis and those
with post-cardiac surgery. The equation was assessed
for bias, accuracy, and precision, through Bland-
Altman analyses. For bias, the mean and predicted-
kidney function differences were analyzed, depicted
as mGFR minus eGFR (negative bias reflects over-
estimation), and tested using a paired t test. Further-
more, the Lin’s concordance correlation coefficient was
used.29 For precision, the SD of the differences between
true and eGFR was assessed. Bland-Altman analyses
were conducted.30 For accuracy, the percentage of
predicted kidney function between a �30% range of
the true kidney function was determined (P30)28 and
tested with the McNemar test for paired proportions.
To enable clinical decision-making, the 95% and 50%
prediction intervals were calculated for which a
quantile regression was used to develop a model for the
prediction of mGFR at the quantiles 2.5th, 10th, 25th,
50th, 75th, 90th, and 97.5th.31 The prediction intervals
were calculated as the median difference of the 2.5th
and 97.5th quantiles for 95% prediction interval and
median difference between the 25th and 75th quantiles
for 50% prediction interval. Equation performance was
compared with the widely used creatinine-based
MDRD1 and 2009 CKD-EPI equations.28 The race-free
2021 CKD-EPI eGFRCr equation was published while
this analysis was ongoing3 and was therefore also
compared with the new PENK-based equation.
Furthermore, the European Kidney Function Con-
sortium32 and revised Lund-Malmö33 equations were
used for comparison with the PENK equation as
Table 1. Patient baseline demographic characteristics
Demographics Total cohort Development set n [ 811

Subgroup: state of kidney function n [ 1354 Stable n [ 699

Age (yrs) 60 [48–68] 59 [47–66]

Gender, male n (%) 794 (59) 373 (53)

Race, n (%)

African American 25 (2) 18 (3)

American Indian 11 (1) 6 (1)

Asian American 30 (2) 16 (2)

White 1235 (91) 630 (90)

Creatinine (mmol/l) 115 [88–142] 115 [97–150]

Proenkephalin (pmol/l) 76 [55–109] 80 [58–113]

Measured GFR (ml/min/1.73 m2) 61 [44–81] 57 [42–75]

GFR, glomerular filtration rate.
Data are presented as frequency (percentage) or median [interquartile range].
GFR was measured using gold standard iothalamate or iohexol clearance.
Conversion factors for units: serum creatinine in mg/dl to mmol/l, �88.42.
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secondary endpoints. Statistical significance was
accounted to P values of <0.05.

RESULTS

The GFR was measured by gold standard methods
(mGFR) in 1354 patients (Table 1). Patients were post-
kidney transplant (n ¼ 671, stable), post-other organ
transplant (n ¼ 218, stable), post-cardiac surgery (n ¼
176, in Intensive Care unit), potential kidney donors
(n ¼ 142, stable), known to have CKD (n ¼ 71, stable),
post-kidney donation (n ¼ 53, stable), and diagnosed
with having septic shock (n ¼ 23, in Intensive Care
unit). Patients had a median [IQR] age of 60 [48–68]
years, and 41% were female. Median [IQR] creatinine
was 115 [88–142] mmol/l, and median [IQR] mGFR was
61 [44–81] ml/min per 1.73 m2. In stable patients, the
median [IQR] mGFR was 55 [41–74] ml/min per 1.73 m2,
whereas in critically ill patients, it was 95 [74–113],
illustrating that also patients with a hyperdynamic
circulation and increased renal blood flow were
included in the critically ill cohorts.34 Patients in the
validation set had similar baseline demographic char-
acteristics as the development set (Table 1).

Equation Development

Log(10) PENK had a Pearson’s correlation coefficient
of �0.76 (95% CI �79 to �73) (P < 0.001) with the
mGFR, compared with �0.75 (�78 to �72) (P < 0.001)
for log(10) creatinine (Supplementary Figure S1).
Pearson’s correlation coefficient with the mGFR was
0.79 (P < 0.001) for MDRD, 0.84 (P < 0.001) for 2009
CKD-EPI, and 0.85 (P < 0.001) for 2021 CKD-EPI. Apart
from PENK, available variables were tested through
bootstrap iterations, using absolute and logarithmic
(10) representation of continuous variables. The corre-
lation coefficient of proenkephalin with the mGFR was
0.76, followed by creatinine at 0.75 and age at 0.17
(Table 2). Logarithmic representation of the data
Critically ill n [ 112

Validation set n [ 543

Critically ill n [ 87Stable n [ 456

69 [62–74] 57 [47–66] 65 [59–74]

95 (85) 251 (55) 75 (86)

1 (1) 9 (2)

5 (1)

14 (3)

111 (99) 407 (90) 87 (100)

83 [70–99] 115 [88–150] 77 [66–93]

53 [38–68] 85 [61–114] 53 [40–62]

94 [69–111] 55 [41–74] 95 [74–113]

2347



Table 2. Covariates and the PENK-Crea equation
Covariate Pearson’s correlation coefficient r

Proenkephalin log(10) �0.76

Creatinine log(10) �0.75

Creatinine �0.67

Proenkephalin �0.64

Age log(10) �0.17

Age �0.17

PENK-Crea and PENK-only equation.
eGFRPENK-Crea ¼ 72.492926 * tanh (5.489828 � 0.630472*Age_log10 � 1.286274 *
Creatinine_log10 � 1.100716 * Proenkephalin_log10) þ 84.176451
eGFRPENK ¼ 10

ˇ

[3.79 � 0.777*log(PENK) � 0.324*log(Age)]
For the equations, creatinine was used in the mmol/l format. For use with mg/dl,
multiply creatinine values with 88.42 before log(10) transformation. The PENK-only
equation can be used when creatinine is not available, measurable or representa-
tive, e.g., in hyperbilirubinemia, neuromuscular diseases, muscle atrophy or in am-
putees, see supplement results table S1 for the performance of the PENK-only
equation.

Figure 1. Equation development. (a) Figure with on the y-axis eight
different covariates, with their color representing the b-coefficient
as depicted in the legend. On the x-axis is the number of the co-
variate in the model. A higher coefficient represents a higher pos-
itive correlation of the covariate with the GFR. In a stepwise iterative
removal method, covariates were first all included in the model and
then removed in the sequence of importance, starting with the
lowest contribution to the model’s performance (African-American).
The most important covariates were log(10) proenkephalin, log(10)
creatinine, and age log(10). (b) RMSE (Root Mean Square Error) of
the model with on the x-axis the number of covariates on the model.
The covariates were added in a stepwise-enter method, in the
sequence of importance, starting with log(10) proenkephalin. A
lower RMSE value illustrates a more accurate predicting model.
After adding covariate log (10) proenkephalin, log(10) creatinine, and
log(10) age, the RMSE does not significantly improve any further.
PENK, proenkephalin.
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resulted in the most accurate equations according to
SaddlePoint-Signature output. In a model with all
variables, PENK was last removed using a stepwise
iterative removal method, indicating that it is the most
important variable (Figure 1a). Thereafter, the root
mean square error was tested using a stepwise iterative
introduction method; PENK narrowed the root mean
square error most significantly, followed by creatinine
and age (Figure 1b). Again, indicating that PENK is the
most important variable for the eGFR equation build-
ing. Nominal covariates describing “race” and “age”
did not further improve the performance of the equa-
tions. Regression models were applied using a linear
and nonlinear form with input or output noise. The
optimal model used a sigmoidal nonlinear transfer
function and considered output noise. The covariates
included in the equation in order of importance were as
follows: PENK, creatinine, and age, all in log(10)
(Figure 1). See Table 2 for the PENK-Crea equation,
together with the PENK-only equation for situations
when creatinine is not available, measurable, or
representative, for example, in hyperbilirubinemia,
neuromuscular diseases, muscle atrophy, or amputees.
Equation Validation

A new equation (Proenkephalin-Creatinine eGFR, PENK-
Crea) was developed using a combined group of all
stable and critically ill patients (n ¼ 811). The equation
was tested for performance in the total validation set
(n ¼ 543) and separately in validation subgroups of
stable patients (n ¼ 456) and critically ill patients (n ¼
87). Contour plots illustrate the impact of each parameter
in the PENK-Crea equation on the calculated eGFR,
compared with 2021 CKD-EPI (Supplementary
Figures S2 and S3). See Supplementary Table S1 for
the performance of the PENK-only, the European Kid-
ney Function Consortium32 and revised Lund-Malmö33

equations.
2348
Validation in All Patients
The PENK-Crea equation had a mean � SD bias of 0.5 �
15 ml/min per 1.73 m2 with the mGFR significantly less
compared with those of the MDRD (8�17 ml/min per
1.73m2, P< 0.001) and 2009 CKD-EPI (5� 17 ml/min per
1.73 m2, P < 0.001), not reaching statistical significance
compared with 2021 CKD-EPI (1.3 � 16 ml/min per 1.73
m2, P ¼ 0.06) (Figure 2a, Figure 3, Table 3, and
Supplementary Table S2). The median [IQR] bias was�1
[�9 to 9] for PENK-Crea, 7 [�1 to 17] for MDRD, 4 [�4 to
13] for 2009 CKD-EPI, and 1 [�7 to 10] for 2021 CKD-EPI.
The concordance correlation coefficient with 95% CI was
0.85 (0.82–0.87) for PENK-Crea, 0.76 (0.73–0.80) for
MDRD, 0.81 (0.78–0.84) for 2009 CKD-EPI, and 0.83
(0.81–0.85) for 2021 CKD-EPI. In the Bland-Altman
Kidney International Reports (2023) 8, 2345–2355
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Figure 2. An overview of the performance of the PENK-Crea and the
MDRD and CKD-EPI equations. (a) Mean bias in ml/min/1.73 m2 with SD
from the measured GFR (mGFR) of all equations. The estimations of the
GFR calculated with PENK-Crea had a significantly lower mean�SD
bias compared to the mGFR than the MDRD: P < 0.001 and 2009 CKD-
EPI: P < 0.001, and a borderline significant difference with the 2021
CKD-EPI (P ¼ 0.06). (b) P30 accuracy (proportion of estimated GFR
(eGFR) that is within�30% of the mGFR) of the 3 equations.When using
the PENK-Crea, the GFR estimations were significantly more accurate
compared to theMDRD (P< 0.001) and 2009 CKD-EPI (P< 0.001), not to
the 2021 CKD-EPI (P ¼ 0.13). (c) The P30 accuracy (proportion of eGFR
that is within �30% of the measured GFR) of the PENK-Crea equation
compared to eGFR based on MDRD and CKD-EPI equations. The pa-
tients are categorized on their mGFR using the KDIGO CKD classifi-
cation, whichwas combined to prevent small groups. PENK-Crea had a
higher accuracy in the category “G1,$90 ml/min/1.73 m2

” compared to
MDRD (P< 0.001), 2009 CKD-EPI (P¼ 0.02), and similar to the 2021 CKD-
EPI (P ¼ 0.10). PENK-Crea had a higher accuracy in the category “G2,
60–89 ml/min/1.73 m2

” compared to MDRD (P < 0.001), 2009 CKD-EPI
(P ¼ 0.04), and similar to 2021 CKD-EPI (P ¼ 0.86). PENK-Crea had
the highest accuracy in the category “G3a–b, 30–59 ml/min/1.73 m2

”

(MDRD:P< 0.001, 2009 CKD-EPI: P¼ 0.002 and 2021 CKD-EPI: P¼ 0.03).
In categories “G4–5, #29 ml/min/1.73 m2,” there was no statistical
difference (MDRD: P¼ 0.77, 2009 CKD-EPI: P¼ 0.39, and 2021 CKD-EPI:
P ¼ 0.09). GFR, glomerular filtration rate.

R Beunders et al.: Calculation of Kidney Function With Proenkephalin CLINICAL RESEARCH
analysis, the limits of agreement were�29 and 30ml/min
per 1.73 m2 for PENK-Crea, �25 and 41 for MDRD, �26
and 35 for 2009 CKD-EPI, and �29 and 32 ml/min per
Kidney International Reports (2023) 8, 2345–2355
1.73 m2 for 2021 CKD-EPI. Linear regression in the Bland-
Altman plot revealed a slope of 0.20 � 0.02 for PENK-
Crea, 0.21 � 0.03 for MDRD, 0.23 � 0.02 for 2009 CKD-
EPI, and 0.20 � 0.02 for 2021 CKD-EPI (Supplementary
Figure S4). The P30 accuracy, calculated as the percent-
age of PENK-Crea eGFRs between a range of�30% of the
mGFR, was 83%, CI (80–86), significantly higher
comparedwithMDRD (68% (64–72),P< 0.001) and 2009
CKD-EPI (76% (72–79), P < 0.001) but not significantly
higher compared with 2021 CKD-EPI (80% (77–83), P ¼
0.13) (Figure 2b, Figure 3, Table 3, and Supplementary
Table S2). The P20 for PENK-Crea was 62% (58–66), for
MDRD 52% (48–56), for 2009 CKD-EPI 58% (54–62) and
for 2021 CKD-EPI 63% (59–67). The P10 for PENK-Crea
was 35% (31–39), for MDRD 27% (23–31), for 2009
CKD-EPI 31% (23–31), and for 2021 CKD-EPI 35% (31–
39). For clinical decision-making, the prediction intervals
describe the range of mGFR that a patient could have at
an eGFR. The 95% prediction interval gives the median
of the difference between the 2.5th and the 97.5th per-
centiles of the predicted mGFR, whereas the 50% pre-
diction interval gives the median of the difference
between the 25th and the 75th percentiles. Therefore, a
smaller prediction interval is better. The 95% prediction
interval for PENK-Crea was 44 ml/min per 1.73 m2, for
MDRD itwas 53, for 2009 CKD-EPI it was 49, and for 2021
CKD-EPI it was 47. The 50% prediction interval for
PENK-Crea was 14 ml/min per 1.73 m2, for MDRD it was
16, for 2009 CKD-EPI it was 14, and for 2021 CKD-EPI it
was 14 (Figure 4).

To further look into the difference in P30 accuracy in
different GFR categories, GFR was staged by mGFR ac-
cording to the KDIGO CKD categories,8 which were
combined to prevent small groups of patients. The PENK-
Crea equation was more accurate compared with MDRD
and 2009 CKD-EPI in GFR categories G1, G2, and G3a and
b, whereas for 2021 CKD-EPI that was the case in G3a and
b. “G1,$90ml/minper 1.73m2” (MDRD:P< 0.001, 2009
CKD-EPI: P¼ 0.02, and 2021 CKD-EPI:P¼ 0.10), “G2, 60
to 89 ml/min per 1.73 m2” (MDRD: P< 0.001, 2009 CKD-
EPI: P¼ 0.04, and 2021 CKD-EPI: P¼ 0.86), and “G3a to
b, 30 to 59 ml/min per 1.73 m2” (MDRD: P< 0.001, 2009
CKD-EPI: P¼ 0.002, and 2021 CKD-EPI: P¼ 0.03). There
was no statistically significant difference between PENK-
Crea and the creatinine-based equations in category “G4
to 5, #29 ml/min per 1.73 m2” (MDRD: P ¼ 0.77, 2009
CKD-EPI: P ¼ 0.39, and 2021 CKD-EPI: P ¼ 0.09)
(Figure 2c, Table 3, and SupplementaryTable S2). For bias
and precision according to CKD category, see Table 3 and
Supplementary Table S2.

Validation in Stable Patients
In 456 patients with a stable kidney function, the
PENK-Crea equation had a mean � SD bias of �1 � 13
2349



Figure 3. Scatter plots of the estimated GFR of all equations versus the measured GFR. Scatter plot of the association between the glomerular
filtration rate measured by iohexol or iothalamate clearance (mGFR) and the eGFR calculated using the PENK-Crea equation, the conventional
MDRD and 2009 CKD-EPI equations and the new 2021 CKD-EPI equation (eGFR) in the validation cohort. Bias is defined as the mean difference
with standard deviation (in ml/min/1.73 m2), P30 accuracy as the percentage of estimated GFRs that is within a �30% range of the mGFR, and
correct GFR category as the percentage of patients that are correctly classified in GFR categories (all in ml/min/1.73 m2): “G4–5,#29 ml/min/1.73
m2,” “G3a–b, 30–59 ml/min/1.73 m2,” G2, “60–89 ml/min/1.73 m2,” and “G1, $90 ml/min/1.73 m2.” The nonlinear fit is calculated using a 2-phase
association. GFR, glomerular filtration rate.
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ml/min per 1.73 m2 compared with the mGFR, signifi-
cantly less compared with those of the MDRD (7 � 15
ml/min per 1.73 m2, P < 0.001) and 2009 CKD-EPI (4 �
14 ml/min per 1.73 m2, P < 0.001), and while statisti-
cally significant, not clinically relevant different
compared with 2021 CKD-EPI (1 � 15 ml/min per 1.73
m2, P ¼ 0.003) (Supplementary Figure S5). The median
[IQR] bias was �2 [�9 to 6] for PENK-Crea, 6 [�1 to 15]
Table 3. Equation performance overview in all patients and subgroups

All patients
Stable patients

n [ 456
Critically ill patients

n [ 87

Accuracy P30

PENK-Crea 83 (80–86) 85 (82–88) 72 (63–81)

MDRD 68 (64–72) 68 (64–72) 69 (59–78)

2009 CKD-EPI 76 (72–79) 77 (73–80) 69 (59–78)

2021 CKD-EPI 80 (77–83) 80 (76–83) 82 (73–89)

Bias and precision, mean � SD

PENK-Crea 0.5 � 15 �1 � 13 8 � 20

MDRD 8 � 17 7 � 15 9 � 24

2009 CKD-EPI 5 � 17 4 � 14 11 � 20

2021 CKD-EPI 1.3 � 16 0.5 � 15 6 � 19

CKD, chronic kidney disease; CKD-EPI, chronic kidney disease-epidemiology collaboration; MD
Bias and precision were calculated using mGFR minus eGFR, thus a positive bias represents an
represents the percentage of eGFR that is within a range of �30% of the mGFR, and is depic
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for MDRD, 3 [�5 to 11] for 2009 CKD-EPI, and 0 [�8 to
8] for 2021 CKD-EPI. In the Bland-Altman analysis, the
limits of agreement were �27 and 25 ml/min per 1.73
m2 for PENK-Crea, �22 and 37 for MDRD, �25 and 32
for 2009 CKD-EPI, and �28 and 29 for 2021 CKD-EPI. A
linear regression revealed a slope of 0.15 � 0.03 for
PENK-Crea, 0.32 � 0.03 for MDRD, 0.20 � 0.03 for
2009 CKD-EPI, and 0.18 � 0.03 (Supplementary
CKD category
G1, GFR > 90

n [ 101
G2, GFR 89--60

n [ 172
G3a--b, GFR 59--30

n [ 213
G4--5, GFR<30

n [ 57

79 (71–87) 88 (84–93) 86 (82–91) 61 (49–74)

47 (38–57) 70 (63–77) 75 (69–80) 65 (53–77)

65 (56–75) 82 (76–88) 77 (71–83) 68 (56–80)

87 (81–94) 87 (82–92) 79 (74–85) 49 (36–62)

16 � 14 0 � 15 �3 � 11 �8 � 10

24 � 19 8 � 17 3 � 10 6 � 9

22 � 15 4 � 15 1 � 11 �6 � 9

17 � 15 1 � 15 �2 � 12 �8 � 10

RD, modification of diet in renal disease.
underestimation, and depicted in mean � SD bias in ml/min/1.73 m2. The P30 accuracy

ted in percentages with 95% confidence interval.
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Figure 4. Distribution of the predicted mGFR at given eGFR cut-off
points. To enable clinical decision making, this figure depicts the
range of predicted mGFR of a patient with a given eGFR using the
CKD staging cut-off points. The mGFR was predicted using a model
created using quintile regression of each of the 4 equations PENK-
Crea, MDRD, 2009 CKD-EPI and 2021 CKD-EPI. The Box Plots
represent quantiles (minimum, first quartile, median, third quartile,
and maximum) of each equation. The performance of an equation is
better when the median of the predicted mGFR is closest to the
given eGFR cut-off points, and when the distribution of the predicted
mGFR is more narrow at that eGFR cut-off point. As an example, with
an eGFR of 60 ml/min/1.73 m2 calculated with the PENK-Crea
equation, 95% of the mGFR’s will be in the range of 34–88. While
an eGFR of 60 calculated with the MDRD equation, 95% of the
mGFR’s will be between the range of 37–104. mGFR or eGFR:
measured or estimated glomerular filtration rate. CKD-EPI, Chronic
Kidney Disease Epidemiology Collaboration; MDRD, Modification of
Diet in Renal Disease.
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Figure S6). The accuracy, calculated as the percentage
of the PENK-Crea eGFRs between a range of �30% of
the mGFR was 85% (82–88), significantly higher
compared with MDRD (68% (64–72), P < 0.001), 2009
CKD-EPI (77 (73–81)%, P < 0.001) and higher than the
2021 CKD-EPI (80% (76–83), P ¼ 0.01), whereas the
95% CI is partly overlapping (Supplementary
Figure S5). For bias and precision according to CKD
category, see Table 3 and Supplementary Table S2.

Validation in Critically Ill Patients
In 87 critically ill patients, the PENK-Crea had a mean
� SD bias of 8� 20 ml/min per 1.73 m2 with the mGFR,
significantly less than the 2009 CKD-EPI (11 � 20, P ¼
0.008), similar compared with the MDRD (9 � 24, P ¼
0.63) (Supplementary Figure S5) and higher compared
with the 2021 CKD-EPI (6 � 20 ml/min per 1.73 m2,
P ¼ 0.01). The median [IQR] bias was 12 [�3 to 21] for
PENK-Crea, 10 [�2 to 24] for MDRD, 11 [1–24] for 2009
CKD-EPI, and 6 [�4 to 18] for 2021 CKD-EPI. The ac-
curacy, calculated as the percentage of eGFRs between
a range of �30% of the mGFR, was not statistically
significant between the equations: 72% (63%–81%) for
PENK-Crea, compared with 69% (59%–79%) for
MDRD, P ¼ 0.63, 69% (59%–79%) for 2009 CKD-EPI,
Kidney International Reports (2023) 8, 2345–2355
P ¼ 0.61, and 82% (73%–90%) for 2021 CKD-EPI, P ¼
0.10 (Supplementary Figure S5). In the Bland-Altman
analysis, the limits of agreement were �31 and 48 ml/
min per 1.73 m2 for PENK-Crea, �39 and 56 for
MDRD, �28 and 50 for 2009 CKD-EPI, and �32 and 44
for 2021 CKD-EPI. A linear regression revealed a slope
of 0.35 � 0.09 for PENK-Crea, 0.03 � 0.11 for MDRD,
0.39 � 0.09 for 2009 CKD-EPI, and 0.38 � 0.09 for 2021
CKD-EPI (Supplementary Figure S6). For bias and pre-
cision according to CKD category, see Table 3 and
Supplementary Table S2.
DISCUSSION

In this study, a novel equation to assess eGFR using
proenkephalin was developed and validated in a broad
cohort including healthy organ donors, stable outclinic
patients, patients with CKD, and critically ill patients.
The new PENK-Crea equation to calculate the eGFR
performed better than widely used creatinine-based
equations, both in bias and accuracy. Overall perfor-
mance was similar to or better than the newly devel-
oped 2021 CKD-EPI equation. Finally, the addition of
sex and race did not further improve the performance
of the equation.

Multiple large observational studies have revealed
that increases in PENK concentration predict and are
associated with the occurrence of acute kidney
injury.13,35 Given the association of renal dysfunction
with unfavorable clinical outcomes,36 this association
may explain why values of PENK, when measured at
hospital or intensive care unit admission, also exert
predictive value for mortality.14,37,38 However, the
value of PENK to reflect the actual GFR has only been
described sparsely and mostly in small cohorts.17,21,39

In the present study, for the first time, PENK was
correlated with gold standard GFR measurements, in a
large cohort of patients, with kidney functions ranging
from low to high GFR values and from stable to criti-
cally ill patients. Despite previous indications of better
performance of PENK to estimate renal function, no
equation to calculate eGFR based on PENK concentra-
tions was available up to now. This equation may
facilitate biomarker implementation40 and translate
PENK concentrations that the clinician may not be
familiar with into a more accurate GFR estimation for
physicians to work with. This also allows easier com-
parison to other functional biomarkers that reflect GFR,
such as creatinine and cystatin C.

The analyses for covariate selection for the equation
revealed that PENK concentration was most strongly
correlated to mGFR and resulted for the larger part in
the narrowing of the root mean square error of the
equation, which underlines the more accurate
2351
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reflection of PENK of the GFR. The addition of creati-
nine and age resulted in further relevant improve-
ments. The MDRD and 2009 CKD-EPI equations also
include sex and race. The use of the latter is contro-
versial,3,41 and therefore the new 2021 CKD-EPI equa-
tion was developed. The 2021 CKD-EPI equation
without race performed better than the 2009 CKD-EPI
in our cohort, whereas PENK-Crea overall perfor-
mance was better or similar compared with 2021 CKD-
EPI, noteworthy in patients with a GFR in the 30–60
ml/min per 1.73 m2. Especially in this range, dose
adjusting of renally cleared drugs becomes relevant,
especially in critically ill patients or hospitalized pa-
tients with CKD prone to develop acute-on-chronic
kidney injury.

In critically ill patients, it is notoriously unreliable to
accurately assess kidney function based on creatinine, as
active tubular secretion of creatinine may conceal acute
decreases in GFR. Furthermore, critically ill patients lose
muscle mass within days, leading to reduced creatinine
production and overestimating the eGFR. Proenkephalin
avoids these issues16; therefore, they may account for the
observed differences between proenkephalin and
creatinine-based equations. The mGFR of critically ill
patients was predominantly higher compared with the
mGFR of the stable patients probably because only a
proportion of patients had acute kidney injury and other
patients may have had an augmented renal clearance
during a hyperdynamic circulation. Furthermore, a sig-
nificant proportion of the stable patients were diagnosed
with having CKDwhichwas not the case for the critically
ill patients. In the critically ill patients, the mGFR was
measured shortly after sepsis diagnosis or shortly after
cardiac surgery. Therefore, the underestimation of both
the novel PENK-Crea and creatinine-based calculations of
the eGFR in the critically ill patients may illustrate the
acknowledged lag time of creatinine as a biomarker for
GFR. Therefore, further development and validation of
the equation using PENK without creatinine may be of
interest for critically ill patients.

A limitation of our study is that the PENK-Crea
equation has yet to be validated in larger cohorts of
critically ill patients, as the number of critically ill
patients in our validation cohort was relatively small.
Nevertheless, a strength of this study is that the cohort
used for equation development and validation included
a broad range of patients, including healthy potential
kidney donors, patients with established CKD, and
critically ill patients. Consequently, the equation can
be applied to a wide range of patients. Second, gold
standard methods to determine the true mGFR were
used in all patients of the cohort. Furthermore, the
data-driven approach applied to develop the equation
ensures an unbiased selection of covariates. However,
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even though this cohort consisted of multiple patient
types and was block randomized in a blinded fashion to
create a representative internal validation cohort, the
performance of the PENK-Crea equation is still to be
validated in external cohorts.

Although both exogenous compounds iohexol and
iothalamate are considered the most accurate methods to
measure GFR,10,20 a cohort with only 1 gold standard
method to assess the GFR would have been more
optimal. Unfortunately, it is difficult to identify large
cohorts with mGFR, especially outside clinical investi-
gation or with a broad range of patients; subsequently,
most equations, including CKD-EPI equations, include
data on mGFR by multiple methods.3,27,28 A direct
comparison between the 2 gold-standard methods is
hampered by the fact that iohexol was used in critically
ill patients and iothalamate clearance in stable patients
in our study. Although our cohort provided subgroups
large enough for covariate eligibility testing, a limitation
of this study is that the subgroups differ in size.
Furthermore, a comparison to equations using cystatin
C, which can be accurate in specific patient groups,42 is
of interest. However, several factors that influence
cystatin C production, such as corticosteroid use and
inflammation,43,44 are acknowledged, and cystatin C and
its equations are not frequently used in clinical practice.
Especially in critically ill patients, corticosteroids and
inflammations that may influence the accuracy of cys-
tatin C are present in many patients. Therefore, we
compared PENK-Crea to the widely used creatinine-
based equations. Nevertheless, the absence of compari-
son with a cystatin C-based equation is a limitation of
this study, and further testing of the PENK-Crea equa-
tion in cohorts also including cystatin Cmeasurements is
warranted. Finally, to study the possible benefit of more
precise and accurate estimation of the GFR by the PENK-
Crea equation in clinical practice will require pharma-
cokinetic studies that, for example, assess renally
cleared drugs.45 Especially in critically ill patients,
demonstration that a more precise calculation of eGFR
will translate to a clinical outcome benefit will be chal-
lenging, although consensus guidelines46-48 make it
clear that a more timely and accurate estimation of GFR
is a relevant unmet medical need.

In conclusion, we developed an equation to calculate
eGFR using the novel biomarker for kidney function
PENK, with creatinine and age. Overall, this PENK-
Crea equation performs better to calculate GFR
compared with most conventional or more novel
creatinine-based equations. Furthermore, the
frequently used covariates sex and race, of which the
latter is under scrutiny, did not further improve the
performance of the equation and are therefore not
included in the PENK-Crea equation. These results
Kidney International Reports (2023) 8, 2345–2355
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warrant validation in external patient cohorts that will
facilitate future studies into possible clinical benefits of
more accurate GFR measurement.

DISCLOSURE

RB has received a travel reimbursement from SphingoTec.

PP has received travel and consultancy reimbursement

from SphingoTec. JCL has received grants from Allena,

Arkray, Siemens, and Retrophin; others from Federation

Bio, Novobiome, and Orfan-Bridgebio; and grants and

others from Alnylam Pharmaceuticals, Dicerna Pharma-

ceuticals, OxThera, and Synlogic. ASJ presently or has in

the past consulted for most of the major diagnostic com-

panies and SphingoTec. CCW, JS, and BA are employed

by SphingoTec GmbH. The proenkephalin measurements

were conducted by SphingoTec, GmbH. The remaining

authors declare no competing interests.

ACKNOWLEDGMENTS

We want to thank the patients who provided informed

consent to participate in the medical research. Further-

more, we thank all Mayo Clinic and Radboud University

Medical Center personnel, both in clinical and research,

that made this study possible.

The conduct of this study was funded by the Radboud

University Medical Center, Department of Intensive Care

Medicine, Nijmegen, the Netherlands.

Ethical Approval Statement

All protocols were approved by the local ethics com-
mittees (Mayo Clinic Institutional Review Board,
Rochester, USA, and Commissie Mensgebonden
Onderzoek Arnhem-Nijmegen, The Netherlands). The
original studies and our analyses were conducted in
accordance with the principles of the Declaration of
Helsinki. Patients provided written informed consent.

Data Sharing Statement

The data sets used and/or analyzed during the current

study are available from the corresponding author on

reasonable request.

AUTHOR CONTRIBUTIONS

RB and PP designed the current study, interpreted the data,

and wrote the manuscript. RB, LJD, RvG, JCL, JWM, and

AJ collected the data. RB and ACCC analyzed the data. All

authors reviewed the manuscript. Each author contributed

with important intellectual content during manuscript

drafting or revision.

SUPPLEMENTARY MATERIAL

Supplementary File (PDF)

Figure S1. Scatter plots of proenkephalin and creatinine

with the measured GFR.
Kidney International Reports (2023) 8, 2345–2355
Figure S2. Contour plots for PENK-CR.

Figure S3. Contour plots for 2021 CKD-EPI.

Figure S4. Bland-Altman plots.

Figure S5. Performance PENK-Crea, MDRD, and CKD-EPI

formulas in subgroups.

Figure S6. Bland-Altman plots of PENK-Crea and

creatinine-based equations in subgroups.

Table S1. Performance of the PENK-only, European Kidney

Function Consortium, and revised Lund-Malmö equations.

Table S2. Equation performance overview in subgroups.

STROBE Statement.
REFERENCES

1. Levey AS, Coresh J, Greene T, et al. Expressing the modifi-

cation of diet in renal disease study equation for estimating

glomerular filtration rate with standardized serum creatinine

values. Clin Chem. 2007;53:766–772. https://doi.org/10.1373/

clinchem.2006.077180

2. Stevens LA, Levey AS. Measured GFR as a confirmatory test

for estimated GFR. J Am Soc Nephrol. 2009;20:2305–2313.
https://doi.org/10.1681/ASN.2009020171

3. Inker LA, Eneanya ND, Coresh J, et al. New creatinine- and

cystatin C-based equations to estimate GFR without race.

N Engl J Med. 2021;385:1737–1749. https://doi.org/10.1056/

NEJMoa2102953

4. Stevens LA, Levey AS. Measurement of kidney function. Med
Clin North Am. 2005;89:457–473. https://doi.org/10.1016/j.

mcna.2004.11.009

5. Delanaye P, Cavalier E, Pottel H. Serum creatinine: not so

simple. Nephron. 2017;136:302–308. https://doi.org/10.1159/

000469669

6. Waikar SS, Bonventre JV. Creatinine kinetics and the defini-

tion of acute kidney injury. J Am Soc Nephrol. 2009;20:672–
679. https://doi.org/10.1681/ASN.2008070669

7. Tsuda A, Ishimura E, Machiba Y, et al. Increased glomerular

hydrostatic pressure is associated with tubular creatinine

reabsorption in healthy subjects. Kidney Blood Press Res.
2020;45:996–1008. https://doi.org/10.1159/000510838

8. Outcomes KDIG. Summary of recommendation statements.

Kidney Int Suppl. 2013;3:5–14. https://doi.org/10.1038/kisup.

2012.77

9. Miller WG, Kaufman HW, Levey AS, et al. National Kidney

Foundation laboratory engagement working group recom-

mendations for implementing the CKD-EPI 2021 race-free

equations for estimated glomerular filtration rate: practical

guidance for clinical laboratories. Clin Chem. 2022;68:511–

520. https://doi.org/10.1093/clinchem/hvab278

10. Soveri I, Berg UB, Björk J, et al. Measuring GFR: a systematic

review. Am J Kidney Dis. 2014;64:411–424. https://doi.org/10.
1053/j.ajkd.2014.04.010

11. Khorashadi M, Beunders R, Pickkers P, Legrand M. Pro-

enkephalin: a new biomarker for glomerular filtration rate and

acute kidney injury. Nephron. 2020;144:1–7. https://doi.org/

10.1159/000509352

12. Beunders R, Struck J, Wu AHB, et al. Proenkephalin (PENK) as

a novel biomarker for kidney function. J Appl Lab Med.
2017;2:400–412. https://doi.org/10.1373/jalm.2017.023598
2353

https://doi.org/10.1016/j.ekir.2023.08.006
https://doi.org/10.1373/clinchem.2006.077180
https://doi.org/10.1373/clinchem.2006.077180
https://doi.org/10.1681/ASN.2009020171
https://doi.org/10.1056/NEJMoa2102953
https://doi.org/10.1056/NEJMoa2102953
https://doi.org/10.1016/j.mcna.2004.11.009
https://doi.org/10.1016/j.mcna.2004.11.009
https://doi.org/10.1159/000469669
https://doi.org/10.1159/000469669
https://doi.org/10.1681/ASN.2008070669
https://doi.org/10.1159/000510838
https://doi.org/10.1038/kisup.2012.77
https://doi.org/10.1038/kisup.2012.77
https://doi.org/10.1093/clinchem/hvab278
https://doi.org/10.1053/j.ajkd.2014.04.010
https://doi.org/10.1053/j.ajkd.2014.04.010
https://doi.org/10.1159/000509352
https://doi.org/10.1159/000509352
https://doi.org/10.1373/jalm.2017.023598


CLINICAL RESEARCH R Beunders et al.: Calculation of Kidney Function With Proenkephalin
13. Dépret F, Hollinger A, Cariou A, et al. Incidence and outcome

of subclinical acute kidney injury using penKid in critically ill

patients. Am J Respir Crit Care Med. 2020;202:822–829.

https://doi.org/10.1164/rccm.201910-1950OC

14. Rosenqvist M, Bronton K, Hartmann O, Bergmann A,

Struck J, Melander O. Proenkephalin a 119-159 (penKid)-a

novel biomarker for acute kidney injury in sepsis: an obser-

vational study. BMC Emerg Med. 2019;19:75. https://doi.org/
10.1186/s12873-019-0283-9

15. Hartman SJF, Zwiers AJM, van de Water NEC, et al. Pro-

enkephalin as a new biomarker for pediatric acute kidney

injury - reference values and performance in children under

one year of age. Clin Chem Lab Med. 2020;58:1911–1919.

https://doi.org/10.1515/cclm-2020-0381

16. Kim H, Hur M, Lee S, et al. Proenkephalin, neutrophil

gelatinase-associated lipocalin, and estimated glomerular

filtration rates in patients with sepsis. Ann Lab Med. 2017;37:
388–397. https://doi.org/10.3343/alm.2017.37.5.388

17. Beunders R, van Groenendael R, Leijte G, Kox M, Pickkers P.

Proenkephalin compared to conventional methods to assess

kidney function in critically ill sepsis patients. Shock. 2020;54:
308–314. https://doi.org/10.1097/SHK.0000000000001510

18. van Groenendael R, Beunders R, Hofland J, et al. The safety,

tolerability, and effects on the systemic inflammatory

response and renal function of the human chorionic gonad-

otropin hormone-derivative EA-230 following on-pump car-

diac surgery (the EASI study): protocol for a randomized,

double-blind, placebo-controlled Phase 2 study. JMIR Res
Protoc. 2019;8:e11441. https://doi.org/10.2196/11441

19. Singer M, Deutschman CS, Seymour CW, et al. The third in-

ternational consensus definitions for sepsis and septic shock

(Sepsis-3). Jama. 2016;315:801–810.

20. Delanaye P, Jouret F, Le Goff C, Cavalier E. Concordance

between Iothalamate and iohexol plasma clearance. Am J
Kidney. 2016;68:329–330. https://doi.org/10.1053/j.ajkd.2016.

01.007

21. Donato LJ, Meeusen JW, Lieske JC, Bergmann D,

Sparwaßer A, Jaffe AS. Analytical performance of an immu-

noassay to measure proenkephalin. Clin Biochem. 2018;58:72–

77. https://doi.org/10.1016/j.clinbiochem.2018.05.010

22. van Groenendael R, Beunders R, Kox M, van Eijk LT,

Pickkers P. The human chorionic gonadotropin derivate EA-

230 modulates the immune response and exerts renal pro-

tective properties: therapeutic potential in humans. Semin
Nephrol. 2019;39:496–504. https://doi.org/10.1016/j.semneph-

rol.2019.06.009

23. Delanaye P, Ebert N, Melsom T, et al. Iohexol plasma clear-

ance for measuring glomerular filtration rate in clinical

practice and research: a review. Part 1: How to measure

glomerular filtration rate with iohexol? Clin Kidney J. 2016;9:
682–699. https://doi.org/10.1093/ckj/sfw070

24. Seegmiller JC, Burns BE, Fauq AH, Mukhtar N, Lieske JC,

Larson TS. Iothalamate quantification by tandem mass

spectrometry to measure glomerular filtration rate. Clin
Chem. 2010;56:568–574. https://doi.org/10.1373/clinchem.

2009.133751

25. Brochner-Mortensen J. A simple method for the determi-

nation of glomerular filtration rate. Scand J Clin Lab Inves-
tig. 1972;30:271–274. https://doi.org/10.3109/0036551720908
4290
2354
26. Mosteller RD. Simplified calculation of body-surface area.

N Engl J Med. 1987;317:1098. https://doi.org/10.1056/

NEJM198710223171717

27. Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D.

A more accurate method to estimate glomerular filtration rate

from serum creatinine: a new prediction equation. Modifica-

tion of diet in Renal Disease Study Group. Ann Intern Med.
1999;130:461–470. https://doi.org/10.7326/0003-4819-130-6-

199903160-00002

28. Levey AS, Stevens LA, Schmid CH, et al. A new equation to

estimate glomerular filtration rate. Ann Intern Med. 2009;150:
604–612. https://doi.org/10.7326/0003-4819-150-9-200905050-

00006

29. Lin LI. A concordance correlation coefficient to evaluate

reproducibility. Biometrics. 1989;45:255–268. https://doi.org/

10.2307/2532051

30. Bland JM, Altman DG. Measuring agreement in method

comparison studies. Stat Methods Med Res. 1999;8:135–160.
https://doi.org/10.1177/096228029900800204

31. Shafi T, Zhu X, Lirette ST, et al. Quantifying individual-level

inaccuracy in glomerular filtration rate estimation: a cross-

sectional study. Ann Intern Med. 2022;175:1073–1082.

https://doi.org/10.7326/M22-0610

32. Pottel H, Björk J, Courbebaisse M, et al. Development and

validation of a modified full age spectrum creatinine-based

equation to estimate glomerular filtration rate: a cross-

sectional analysis of pooled data. Ann Intern Med. 2021;174:
183–191. https://doi.org/10.7326/M20-4366

33. Björk J, Grubb A, Sterner G, Nyman U. Revised equations for

estimating glomerular filtration rate based on the Lund-

Malmö Study cohort. Scand J Clin Lab Investig. 2011;71:232–
239. https://doi.org/10.3109/00365513.2011.557086

34. Langenberg C, Bellomo R, May C, Wan L, Egi M, Morgera S.

Renal blood flow in sepsis. Crit Care. 2005;9:R363–R374.

https://doi.org/10.1186/cc3540

35. Jäntti T, Tarvasmäki T, Harjola VP, et al. Predictive value of

plasma proenkephalin and neutrophil gelatinase-associated

lipocalin in acute kidney injury and mortality in cardiogenic

shock. Ann Intensive Care. 2021;11:25. https://doi.org/10.

1186/s13613-021-00814-8

36. Peters E, Antonelli M, Wittebole X, et al. A worldwide multi-

centre evaluation of the influence of deterioration or

improvement of acute kidney injury on clinical outcome in

critically ill patients with and without sepsis at ICU admission:

results from the Intensive Care over Nations audit. Crit Care.
2018;22:188. https://doi.org/10.1186/s13054-018-2112-z

37. Gayat E, Touchard C, Hollinger A, et al. Back-to-back

comparison of penKID with NephroCheck to predict acute

kidney injury at admission in intensive care unit: a brief

report. Crit Care. 2018;22:24. https://doi.org/10.1186/

s13054-018-1945-9

38. Hollinger A, Wittebole X, François B, et al. Proenkephalin A

119-159 (Penkid) is an early biomarker of septic acute kidney

injury: the kidney in sepsis and septic shock (kid-SSS) study.

Kidney Int Rep. 2018;3:1424–1433. https://doi.org/10.1016/j.

ekir.2018.08.006

39. Matsue Y, Ter Maaten JM, Struck J, et al. Clinical correlates

and prognostic value of proenkephalin in acute and chronic

heart failure. J Card Fail. 2017;23:231–239. https://doi.org/10.
1016/j.cardfail.2016.09.007
Kidney International Reports (2023) 8, 2345–2355

https://doi.org/10.1164/rccm.201910-1950OC
https://doi.org/10.1186/s12873-019-0283-9
https://doi.org/10.1186/s12873-019-0283-9
https://doi.org/10.1515/cclm-2020-0381
https://doi.org/10.3343/alm.2017.37.5.388
https://doi.org/10.1097/SHK.0000000000001510
https://doi.org/10.2196/11441
http://refhub.elsevier.com/S2468-0249(23)01423-7/opt7Golq3BAVy
http://refhub.elsevier.com/S2468-0249(23)01423-7/opt7Golq3BAVy
http://refhub.elsevier.com/S2468-0249(23)01423-7/opt7Golq3BAVy
https://doi.org/10.1053/j.ajkd.2016.01.007
https://doi.org/10.1053/j.ajkd.2016.01.007
https://doi.org/10.1016/j.clinbiochem.2018.05.010
https://doi.org/10.1016/j.semnephrol.2019.06.009
https://doi.org/10.1016/j.semnephrol.2019.06.009
https://doi.org/10.1093/ckj/sfw070
https://doi.org/10.1373/clinchem.2009.133751
https://doi.org/10.1373/clinchem.2009.133751
https://doi.org/10.3109/00365517209084290
https://doi.org/10.3109/00365517209084290
https://doi.org/10.1056/NEJM198710223171717
https://doi.org/10.1056/NEJM198710223171717
https://doi.org/10.7326/0003-4819-130-6-199903160-00002
https://doi.org/10.7326/0003-4819-130-6-199903160-00002
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.2307/2532051
https://doi.org/10.2307/2532051
https://doi.org/10.1177/096228029900800204
https://doi.org/10.7326/M22-0610
https://doi.org/10.7326/M20-4366
https://doi.org/10.3109/00365513.2011.557086
https://doi.org/10.1186/cc3540
https://doi.org/10.1186/s13613-021-00814-8
https://doi.org/10.1186/s13613-021-00814-8
https://doi.org/10.1186/s13054-018-2112-z
https://doi.org/10.1186/s13054-018-1945-9
https://doi.org/10.1186/s13054-018-1945-9
https://doi.org/10.1016/j.ekir.2018.08.006
https://doi.org/10.1016/j.ekir.2018.08.006
https://doi.org/10.1016/j.cardfail.2016.09.007
https://doi.org/10.1016/j.cardfail.2016.09.007


R Beunders et al.: Calculation of Kidney Function With Proenkephalin CLINICAL RESEARCH
40. Murray PT, Mehta RL, Shaw A, et al. Potential use of bio-

markers in acute kidney injury: report and summary of rec-

ommendations from the 10th Acute Dialysis Quality Initiative

consensus conference. Kidney Int. 2014;85:513–521. https://
doi.org/10.1038/ki.2013.374

41. Eneanya ND, Yang W, Reese PP. Reconsidering the conse-

quences of using race to estimate kidney function. JAMA.
2019;322:113–114. https://doi.org/10.1001/jama.2019.5774

42. Inker LA, Schmid CH, Tighiouart H, et al. Estimating glomer-

ular filtration rate from serum creatinine and cystatin C.

N Engl J Med. 2012;367:20–29. https://doi.org/10.1056/

NEJMoa1114248

43. Okura T, Jotoku M, Irita J, et al. Association between cystatin

C and inflammation in patients with essential hypertension.

Clin Exp Nephrol. 2010;14:584–588. https://doi.org/10.1007/

s10157-010-0334-8

44. Zhai JL, Ge N, Zhen Y, Zhao Q, Liu C. Corticosteroids signif-

icantly increase serum cystatin C concentration without
Kidney International Reports (2023) 8, 2345–2355
affecting renal function in symptomatic heart failure. Clin Lab.
2016;62:203–207. https://doi.org/10.7754/clin.lab.2015.150701

45. Bulitta JB, Landersdorfer CB, Forrest A, et al. Relevance of

pharmacokinetic and pharmacodynamic modeling to clinical

care of critically ill patients. Curr Pharm Biotechnol. 2011;12:
2044–2061. https://doi.org/10.2174/138920111798808428

46. Chawla LS, Bellomo R, Bihorac A, et al. Acute kidney disease

and renal recovery: consensus report of the Acute Disease

Quality Initiative (ADQI) 16 Workgroup. Nat Rev Nephrol.
2017;13:241–257. https://doi.org/10.1038/nrneph.2017.2

47. Ostermann M, Schneider A, Rimmele T, et al. Report of the

first AKI Round Table meeting: an initiative of the ESICM AKI

Section. Intensive Care Med Exp. 2019;7:69. https://doi.org/10.
1186/s40635-019-0280-z

48. Pickkers P, Ostermann M, Joannidis M, et al. The intensive

care medicine agenda on acute kidney injury. Intensive Care
Med. 2017;43:1198–1209. https://doi.org/10.1007/s00134-017-
4687-2
2355

https://doi.org/10.1038/ki.2013.374
https://doi.org/10.1038/ki.2013.374
https://doi.org/10.1001/jama.2019.5774
https://doi.org/10.1056/NEJMoa1114248
https://doi.org/10.1056/NEJMoa1114248
https://doi.org/10.1007/s10157-010-0334-8
https://doi.org/10.1007/s10157-010-0334-8
https://doi.org/10.7754/clin.lab.2015.150701
https://doi.org/10.2174/138920111798808428
https://doi.org/10.1038/nrneph.2017.2
https://doi.org/10.1186/s40635-019-0280-z
https://doi.org/10.1186/s40635-019-0280-z
https://doi.org/10.1007/s00134-017-4687-2
https://doi.org/10.1007/s00134-017-4687-2

	Assessing GFR With Proenkephalin
	Methods
	Study Design
	GFR Assessment
	Laboratory Measurements
	Equation Development
	Equation Validation

	Results
	Equation Development
	Equation Validation
	Validation in All Patients
	Validation in Stable Patients
	Validation in Critically Ill Patients


	Discussion
	Disclosure
	Acknowledgments
	Ethical Approval Statement
	Data Sharing Statement
	Author Contributions
	Supplementary Material
	References


