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ABSTRACT—Background: The assessment of renal function in clinical practice remains challenging. Using creatinine to

assess the glomerular filtration rate (GFR) isnotoriously inaccurate,anddetermination of the true GFR, e.g., using inulin or iohexol,

is laborious and not feasible in daily practice. Proenkephalin (PENK) is a novel candidate biomarker for kidney function that is

filtrated in the glomerulus, has shown to represent steady-state GFR in patientswith different severities of renal insufficiency. In this

pilot study in non-steady-state critically ill patients, we compared plasma PENK concentrations with creatinine-based GFR

assessments and validated both against the ‘‘true GFR’’ measured using a gold standard method: iohexol plasma clearance.

Methods: Twenty-three critically ill patients with septic shock were included. Kidney function was determined using the

Modification of Diet in Renal Disease formula (eGFRMDRD), Endogenous Creatinine Clearance (GFRECC), and iohexol plasma

clearance (GFRiohexol) during a 6-h window. Plasma PENK concentrations were measured using the penKid immunoassay.

Results: The eGFRMDRD and GFRECC correlated with the GFRiohexol (R2¼0.82, P<0.0001 and R2¼0.82, P<0.0001

respectively); however, bias and variability were considerable: the eGFRMDRD overestimated the true GFR with 31�35%

(95% limits of agreement: �37% to 100%) and the GFRECC with 37�49% (95% limits of agreement: �59% to 133%). Plasma

PENK concentrations showed a very strong inverse correlation with the GFRiohexol (R2¼0.90, P<0.0001) which tended to be

better compared with the correlation of eGFRMDRD (P¼0.06) and GFRECC (P¼0.08) with the GFRiohexol. Conclusions: In this

pilot study in non-steady-state critically ill sepsis patients, GFR appears to be more accurately reflected by plasma PENK

concentrations compared to conventional creatinine-based methods. Therefore, PENK holds promise as an accurate and

feasible biomarker to determine kidney function during non-steady-state conditions in the critically ill.

KEYWORDS—Acute kidney injury, endogenous creatinine clearance, glomeral filtration rate, iohexol plasma clearance,

proenkephalin, renal function, sepsis

ABBREVIATIONS—AKI—acute kidney injury; BSA—body surface area; DOR—delta opioid receptor; ECC—endogenous

creatinine clearance; EDTA—ethylenediaminetetraacetic acid; GFR—glomerular filtration rate; HPLC—high performance

liquid chromatography; ICU—intensive care unit; IQR—interquartile range; KIM-1—Kidney Injury Molecule-1; MDRD—

Modification of Diet in Renal Disease; NAG—N-acteyl-ß-D-glucosaminidase; NGAL—neutrophil gelatinase-associated

lipocalin; PENK—proenkephalin; RRT—renal replacement therapy; sCr—serum creatinine; SIRS—systemic inflammatory

response syndrome
INTRODUCTION

Acute kidney injury (AKI) is a growing global medical

concern with unresolved issues related to diagnosis,
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prevention, as well as treatment. In critically ill patients,

AKI has an incidence rate of 20% to 75% (1) and is a significant

contributor to morbidity and mortality (2). Hitherto, the

inability to properly and timely diagnose impaired renal

function has hampered both clinical research and patient care

in this field.

Kidney function is defined as glomerular filtration rate

(GFR), and serum creatinine (sCr) is by far the most widely

used surrogate marker to estimate the GFR. In terms of

estimating GFR, the Modification of Diet in Renal Disease

(MDRD), which is based on sCr, is most frequently used in

clinical practice. Calculation of endogenous creatinine clear-

ance (ECC), making use of both serum and urinary creatinine

values, is only sparsely employed. In any case, creatinine-based

methods have evident shortcomings. Apart from the lag-time

and limited sensitivity of serum creatinine, reliability is limited

due to the influence of fluid therapy, feeding, and muscle mass

(3). In addition, risk of urine collection errors and active renal

secretion and reabsorption of creatinine influence urinary

creatinine concentrations. Combined, these issues severely

mailto:Peter.Pickkers@radboudumc.nl
http://creativecommons.org/licenses/by-nc-nd/4.0
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limit the accuracy of creatinine-based methods, especially in

hospitalized patients.

A more accurate estimation of GFR will facilitate secondary

prevention of AKI (4) and dosing adjustments of renally

excreted medications. This is possible using administration

and determination of the renal clearance of exogenous com-

pounds, such as the gold standard inulin (5) and the iodine

contrast agent iohexol (6), or the isotopes 51Cr-EDTA (7) and
125I-iothalamate (8). In critically ill patients, plasma clearance

of iohexol (GFRiohexol) has a very strong correlation with the

method using inulin (R2¼ 0.96) (6). Because of the widespread

availability and the safety of this iodine-containing contrast

medium, it represents an excellent and feasible method to

determine the GFR for research purposes (9, 10). However,

following administration of these compounds, multiple blood

and/or urine samples have to be obtained in the period after-

ward to calculate their clearance. As such, these methods are

labor-intensive, prone to sampling or determination errors, and

hardly feasible in daily clinical practice. Consequently, creati-

nine-based methods are still widely used signifying a clear

unmet need for a new biomarker to accurately and efficiently

assess kidney function in critically ill patients, as emphasized in

the Intensive Care research agenda on AKI (11).

Proenkephalin (PENK) is a potential new functional bio-

marker for kidney function. PENK is a stable opioid peptide

cleaved from the same precursor of endogenous opioids as

enkephalins (12). Previous work has revealed that plasma

concentrations of enkephalins are inversely correlated to the

GFR (13), and PENK has been shown to correlate well with

creatinine-based GFR estimations in cardiac disease (14, 15),

chronic kidney disease (16), and sepsis (17). Also, PENK

correlates well with measured GFR using iothalamate in

patients with stable kidney function (18–20). Although the

accuracy of creatinine-based methods may be acceptable dur-

ing stable kidney function, a new method to assess GFR is

warranted, especially during non-steady-state conditions, but

prospective studies are lacking.

In the current pilot study, we investigated the relationship

between plasma PENK concentrations and the ‘‘true GFR’’

determined by iohexol plasma clearance in a cohort of critically

ill sepsis patients and compared its accuracy to creatinine-based

methods to determine GFR.
eGFRMDRD
GFRECC

PENK
GFRiohexol

0  10     45        90
Minutes a�er

FIG. 1. Study procedures. Timeline of study procedures after inclusion of a pa
GFR calculated using endogenous creatinine clearance; PENK, proenkephalin; G
PATIENTS AND METHODS

Study design and patient selection

In this prospective pilot study, 23 adult patients admitted to the intensive care
unit (ICU) of the Radboud University Medical Center in Nijmegen, the
Netherlands were included if they fulfilled the sepsis or septic shock diagnosis
criteria (sepsis-3 criteria) (21). Patients were excluded in case of a known
allergy for iodine-containing compounds, if they underwent recent medical
imaging using iodine contrast substances, if they required renal replacement
therapy, or in case of a history of thyroid dysfunction, myasthenia gravis, or
pheochromocytoma. Iohexol was administered via a venous cannula already in
place and blood was sampled from an already present arterial cannula. The
study was reviewed by the local ethics committee (CMO Arnhem-Nijmegen)
and the need for consent was waived. The study was conducted in accordance
with the ethical principles of the Declaration of Helsinki.

Iohexol plasma clearance

After collection of a baseline blood sample, patients received an intravenous
bolus of 1 mL iohexol (Omnipaque 240 mg/mL). The syringe used for iohexol
administration was weighed before and after injection to calculate the exact
amount of iohexol administered. To prevent contamination with iohexol,
subsequent blood samples were collected from a different venous catheter.
Ethylenediaminetetraacetic acid (EDTA) anticoagulated blood was obtained
before (baseline) and 10, 45, 90, 135, 240, and 360 min following iohexol
administration. An overview of the sampling time points is depicted in Figure 1.
Samples were centrifuged immediately after withdrawal at 2000 g at 48C for
10 min, and plasma was stored at �808C until analysis. Iohexol concentrations
were determined using High Performance Liquid Chromatography (HPLC) at
the Department of Pharmacology and Toxicology, Radboudumc Nijmegen. The
GFRiohexol was calculated using the area under the disappearance curve of the
slow phase using the slope-intercept method and the last four time points of the
‘‘slow phase.’’ GFRiohexol calculations were corrected for body surface area
(BSA), after which the Brøchner-Mortensen correction was applied to account
for the fast/redistribution phase (22, 23).

Estimated GFR and endogenous creatinine clearance

The GFR was estimated using the MDRD equation (eGFRMDRD) using the
average of the plasma creatinine concentration at baseline and 6 h after iohexol
administration, to overcome the possible change of kidney function in this time
period (see Fig. 1). For calculation of endogenous creatinine clearance
(GFRECC) urine was collected for 6 h, starting directly following iohexol
administration. Plasma creatinine, as well as urinary creatinine, urea, and
sodium, were determined at the Department of Laboratory Medicine of the
Radboud University Medical Center using routine clinical methods (24).

Plasma proenkephalin concentrations

PENK concentrations were determined in the EDTA plasma samples
obtained at baseline and 6 h following iohexol administration (see Fig. 1) using
the sphingotest penKid immunoassay (SphingoTec GmbH, Hennigsdorf
Germany). Plasma PENK concentrations of both time points were averaged
to reflect the PENK concentration during the 6-h period of the GFRiohexol and
GFRECC determinations.
blood or urine sampling
iohexol administra�on

135 240 360
iohexol administra�on

tient. eGFRMDRD indicates GFR estimated using the MDRD formula; GFRECC,
FRiohexol, GFR calculated using plasma clearance of iohexol.



TABLE 1. Patient characteristics

Demographics

Sex (male) 15 (65%)

Age (years) 63 [47–74]

Weight (kg) 80 [70–90]

BMI (kg/m2) 27.8 [24.2–29.1]

BSA (m2) 1.9 [1.8–2.1]

Clinical parameters

Site of infection Pulmonary: 12

Cardiac: 2 (pericarditis, endocarditis)

Skin/soft-tissue: 1

Abdominal: 1

Cerebral: 1

Renal: 0

Other: 4

Unknown ¼ 2

Lactate (mmol/L) 1.4 [1.2–1.8]

Mean arterial pressure (mm Hg) 76 [65–88]

Temperature (8C) 37.8�1.0

Leukocyte count (� 109/L) 16�5

Heart frequency (bpm) 92�19

Respiratory rate (/min) 23�7

APACHE II 22�7

Category of GFR based on iohexol plasma clearance

<30 10 (43%)

31–60 6 (26%)

61–90 5 (22%)

>90 2 (9%)

KDIGO: No AKI 11 (48%)

Stage 1 AKI 3 (13%)

Stage 2 AKI 6 (26%)

Stage 3 AKI 3 (13%)

Requiring mechanical ventilation 21 (91%)

Requiring vasopressors 19 (83%)

ICU LOS (days) 14 [7–25]

Data is presented as mean�SD or median [interquartile range], dependent
on their distribution. Frequencies are presented as number (%).
APACHE indicates acute physiology and chronic health evaluation; BMI,
body-mass index; BSA, body surface area; LOS ICU, length of stay on the
intensive care unit.

310 SHOCK VOL. 54, No. 3 BEUNDERS ET AL.
Categories of renal function for correct medication dosing

Patients were categorized based on their GFRiohexol, eGFRMDRD, and the
GFRECC according to frequently used cut-off values of the GFR to adjust
medication dose according to the GFR (30, 60, and 90 mL/min/1.73m2). The
FIG. 2. Bland-Altman plot of GFRMDRD and GFRiohexol. Mean bias and 95% li
overestimation of the ‘‘true GFR’’ of 31% and imprecise (wide limits of agreement)
in renal disease.
number of patients that would have been misclassified using the eGFRMDRD or
the GFRECC compared with the GFRiohexol were reported.

Statistical analysis

Data were tested for normality using the D’agostino & Pearson omnibus test.
Data are provided as mean�SD or median [interquartile range], depending on
their distribution. Following log-transformation of not normally distributed
data, we used Pearson’s correlation to investigate the relationship between
different methods. The level of agreement between GFRiohexol, eGFRMDRD, and
GFRECC was assessed using the Bland-Altman method, whereby data are shown
as percentage differences (25). Bland-Altman agreement analysis requires that
methods have the same unit of measurement and therefore, the relationship
between GFRiohexol and PENK was only assessed using correlation analysis.
Correlation coefficients were reciprocally tested using the method described by
Steiger (26, 27). A two-sided P value <0.05 was considered statistically
significant. Statistical analyses were conducted using GraphPad Prism version
5.03 (GraphPad Software, San Diego, Calif).
RESULTS

Twenty-three patients with sepsis, of whom 20 had septic

shock, were enrolled. Their age was 63 [47–74] years,

APACHE II score was 22� 7 at ICU admission, and 30-day

mortality rate was 22%. Median [IQR] baseline plasma creati-

nine concentration was 112 [71–232] mmol/L. Patient demo-

graphic characteristics are listed in Table 1.

GFRiohexol and creatinine-based methods to assess
kidney function

Patients had a median [IQR] measured GFRiohexol of 36 [15–

68] mL/min/1.73m2. eGFRMDRD and GFRECC were 57 [23–96]

and 58 [18–150] mL/min/ 1.73m2, respectively. eGFRMDRD and

GFRECC were correlated with the GFRiohexol (R2¼ 0.82,

P< 0.0001 and R2¼ 0.82, P< 0.0001, respectively). In view

of the lag-time of creatinine, we also correlated the GFRiohexol

with GFRMDRD estimated using the serum creatinine value the

next day and found a similar correlation (R2¼ 0.78, P< 0.0001).

In a Bland-Altman comparison, eGFRMDRD overestimated

the measured GFRiohexol with a bias of 31� 35% (95% limits of

agreement: �37% to 100%) (Fig. 2). The use of GFRECC

resulted in an overestimation of 37� 49% (95% limits of

agreement: �59% to 133%) (Fig. 3).
mits of agreement (%) are shown. GFRMDRD shows an inaccurate (mean bias),
estimation of the glomerular filtration rate. MDRD indicates modification of diet



FIG. 3. Bland-Altman plot of GFRECC and GFRiohexol. Mean bias and 95% limits of agreement (%) are shown. GFRECC shows an inaccurate (mean bias),
overestimation of the ‘‘true GFR’’ of 37% and imprecise (wide limits of agreement) assessment of the glomerular filtration rate. ECC indicates endogenous
creatinine clearance.
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Plasma PENK concentration

Baseline and T¼ 6 h PENK plasma concentrations were 72

[37–118] and 61 [33–123] pmol/L, respectively. PENK plasma

concentrations were inversely correlated with the GFRiohexol

(R2¼ 0.90, P< 0.001, Fig. 4). The correlation of PENK with

GFRiohexol tended to be stronger than the correlation of

eGFRMDRD and GFRECC with GFRiohexol: P¼ 0.06 and

P¼ 0.08, respectively.

An overview of all kidney function parameters and the

clinical outcome of the patients is listed in Table 2.
Performance of creatinine-based methods to categorize
patients for medication dosing

Patients were categorized according to the GFRiohexol to

frequently used cut-off values of the GFR for medication

dosing (Table 1). When using the eGFRMDRD to adjust medi-

cation dosages, 30% of the patients are misclassified. When

using GFRECC, 48% of the patients are misclassified.
FIG. 4. Correlation of plasma PENK concentrations with GFRiohexol. PENK
proenkephalin; GFRiohexol, glomerular filtration rate calculated using plasma clea
DISCUSSION

In the current pilot study, we demonstrate that the MDRD

and ECC, two widely used creatinine-based methods to esti-

mate kidney function in daily clinical practice, result in large

variation and significant overestimation of the true GFR in non-

steady-state critically ill sepsis patients. A clinical consequence

is that a significant proportion of these patients are misclassi-

fied for GFR category, e.g., for purposes of adjusting medica-

tion dosages according to their renal function. In contrast,

plasma PENK concentrations showed a stronger correlation

with the true GFR than both conventional measures. These pilot

data indicate that PENK may represent a feasible and accurate

marker of renal function in critically ill sepsis patients that are

not in renal steady-state.

The medical need of an accurate and feasible technique to

assess kidney function in non-steady-state critically ill patients

is still unmet. Most novel biomarkers relate to kidney tubular

stress or injury (28), and to a smaller extent to kidney function,
plasma concentrations correlate strongly with the true GFR. PENK indicates
rance of iohexol.



TABLE 2. Kidney function parameters and outcome of the patients

Urine output (in 6 h during measurements, mL) 408 [321–760]

Plasma creatinine (mmol/L) 113 [73–230]

Plasma urea (mmol/L) 15�9

Plasma sodium (mmol/L) 143�5

Plasma proenkephalin (pmol/L) 63 [31–124]

Urine creatinine (mmol/L) 6 [5–10]

Urine urea (mmol/L) 282�161

Urine sodium (mmol/L) 37 [25–108]

Fractional excretion of sodium (%) 0.67 [0.18–1.32]

GFRiohexol (mL/min/1.73m2) 46�32

eGFRMDRD (mL/min/1.73m2) 57 [23–96]

GFRECC (mL/min/1.73m2) 57 [18–150]

Requiring RRT during follow-up 3 (13)

30-day mortality 5 (22)

1-year mortality 7 (30)

Data is presented as mean�SD, median [interquartile range], dependent
on their distribution. Frequencies are presented as number (%).
eGFRMDRD indicates glomerular filtration rate estimated using
modification of diet in renal disease formula; GFRECC, glomerular
filtration rate calculated using endogenous creatinine clearance;
GFRiohexol, glomerular filtration rate calculated using plasma clearance
of iohexol; RRT, renal replacement therapy.
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and have not yet succeeded in conquering a place in daily

clinical practice. Several possible explanations can be put

forward. First, the proposed biomarkers may be judged not

to be specific enough. For example, injury biomarker neutro-

phil gelatinase-associated lipocalin (NGAL) levels are also

increased in patients suffering from systemic inflammatory

response syndrome (SIRS) in the absence of AKI (17, 29).

The same holds true for the functional biomarker cystatin C,

levels of which are influenced by inflammation, as well as other

conditions, including use of steroids and thyroid dysfunction

(30, 31). A second, more practical, issue that impedes the use of

several novel biomarkers of renal damage or renal stress is the

fact that they have to be determined in urine. Compared with

blood, obtaining urine may be less feasible. Finally, implemen-

tation of novel biomarkers in clinical practice is difficult.

Ideally, an equation to estimate GFR using PENK should be

developed. Assisting physicians to provide a known parameter

(a GFR) instead of a concentration of PENK with which they

are not familiar will probably facilitate implementation in

clinical practice.

In most cases, validation of novel biomarkers for kidney

function is performed by comparison to creatinine-based meth-

ods (32). This represents an important intrinsic shortcoming,

because creatinine is not the gold-standard and does not

accurately reflect current kidney function, which is once again

exemplified by the present study. New biomarkers could show a

limited correlation with creatinine-based methodology as a

consequence of the limited accuracy of the creatinine-based

methodology, and therefore it is not suitable to validate new

markers of renal function against creatinine-based methodolo-

gies. In addition, the use of such a creatinine-based system for

the diagnosis of AKI, for instance the KDIGO criteria, could

thus also result in misclassification of renal function

impairment of patients. In this respect, the use of an

iohexol-based method of measuring GFR represents an impor-

tant strength of the present work. A disadvantage of methods
such as iohexol plasma clearance is related to the fact that there

is no consensus on when to consider a decrease in GFR an

episode of AKI. However, there are several studies that describe

the effects on outcome of small rise in sCr. In a study in patients

admitted to an oncology ICU, it was found that even small

increases of sCr of 0 mmol/L to 17 mmol/L are associated with

prolonged hospital stay and mortality (33). The results of two

large cardiac surgery studies show a higher mortality in patients

with a minimal increase of sCr (34), as well as an association

with a composite endpoint of myocardial infarction, heart

failure, stroke, or long-term all-cause mortality (35). These

studies illustrate that small increases in plasma creatinine may

reflect large decreases of GFR and thereby contribute to an

impaired general outcome.

Several studies in other patient groups investigated the

correlation of PENK plasma concentrations with measured

GFR using iothalamate. In a cohort of chronic heart failure,

PENK is correlated with the measured GFR (R2¼ 0.62,

P¼ 0.002). Of interest, no correlation could be demonstrated

between PENK and the measured kidney damage markers: N-

acteyl-ß-D-glucosaminidase (NAG), Kidney Injury Molecule-1

(KIM-1), and NGAL (19), but as these are injury markers and

not functional markers, it is not unexpected that their correla-

tion is limited. In healthy altruistic kidney donors, PENK

correlated inversely with measured GFR (R2¼ 0.55

P¼ 0.001) (20). Finally, in a mixed cohort of kidney donors

and transplant recipients an inverse correlation between PENK

and measured GFR was found that was not further specified

(18). In a predictive model developed using PENK, age, sex,

and transplant status, a moderate precision (percentage of

predicted GFR within 30% of measured GFR) of 49% was

found (95% CI: 46%–52%) (18). These studies used iothala-

mate as an exogenous compound for GFR calculations. How-

ever, iothalamate is known to overestimate the true GFR with

10% to 15%, as it is actively secreted in the tubules (36, 37),

which is not the case for iohexol (37). In the current study, we

found a high correlation between PENK and iohexol-deter-

mined GFR. Possibly, the described lower correlations found in

the mentioned studies may therefore partially be explained by

the use of iothalamate instead of iohexol. Moreover, it is

important to study PENK in patients with rapid changes in

kidney function as creatinine is particularly unreliable in these

patients. The above-mentioned studies used cohorts of patients

in a relatively stable (renal) situation. Our finding that the

PENK concentration reflects the current GFR in critically ill

non-steady-state patients may suggest that PENK is able to

detect a change in GFR prior to creatinine. Future studies

should investigate if indeed PENK has an advantage over

creatinine in the swiftness to detect changes in renal function

in critically ill patients.

Several aspects related to PENK require further study. For

instance, as enkephalins are opioids, the corresponding expres-

sion of delta opioid receptor (DOR) is of interest. The kidneys

display one of the highest densities of DORs, only second to

neural tissue (38). More information is needed on renal effects

of delta opioid receptor-agonism and antagonism (39). While

PENK itself, being a by-product in the maturation of enke-

phalins from the precursor peptide, does not have a described
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signaling function, the possibility of feedback regulation by

opioids has to be considered. Nevertheless, preliminary unpub-

lished clinical investigations of our group have not revealed a

systematic influence of exogenous opioids on plasma levels of

PENK. To date, no interactions between medication and PENK

have been reported. However, the possibility that other diseases

influence PENK plasma concentrations independent of renal

function should be evaluated in future cohorts.

Finally, this pilot study is limited by the use of a relatively

small study population, necessitating confirmation in a larger

cohort, and focuses on critically ill patients with sepsis. Data

from other (non-sepsis) critically ill patients is needed to

determine the generalizability of our findings.
CONCLUSIONS

In sepsis patients, plasma PENK concentrations strongly

correlate with iohexol plasma clearance, a method to measure

the ‘‘true GFR.’’ Creatinine-based methods to assess renal

function show limited accuracy and precision and consequently

misclassify the GFR category of a significant proportion of

patients. This is important in clinical practice, for instance

when adjusting drug dosing based on renal function. PENK

appears to reflect renal function more precisely compared with

conventional creatinine-based methods, indicating that PENK

holds promise as an accurate and feasible biomarker to deter-

mine kidney function in non-steady-state critically ill

sepsis patients.
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