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Abstract

We describe the principles of estimating glomerular filtration rate (GFR) with an
emphasis on the role of creatinine and cystatin C in the calculation of estimated
GFR (eGFR). We present a list of selected equations for eGFR calculation
together with a critical evaluation of their role in the diagnostics, classification,
and monitoring of kidney function.

History: The first part briefly describes the history of GFR assessment.

Pathophysiology: The second part deals with the physiology of GFR, the
Starling equation, and the regulation of GFR.

Creatinine, cystatin C, and urea: The third part describes the pathophysiology,
analytical details on the measurements, interferences, reference intervals, and
important features of creatinine, cystatin C, and urea, together with data on
intraindividual and interindividual variability of these compounds, desirable
accuracy, and precision as well as data on real analytical quality, indexes of
individuality, and reference change values.

Estimation of GFR: The fourth part describes the principle of renal clearance,
creatinine clearance and the Cockcroft and Gault equation, eGFR based on
cystatin C, urea clearance and the mean of urea and creatinine clearance, the
MDRD formula, the CKD-EPI equations, the Lund-Malmo equations, and equa-
tions used in children. Comparison of inulin clearance with other equations for
eGFR is also given.

Interpretation: The fifth part deals with the weaker aspects and sources of
errors that may occur when using creatinine and cystatin C in the estimation of
GFR. The relation of age and body surface area to GFR is also described.

Clinical use of eGFR: The sixth part describes the importance of eGFR in the
classification of chronic kidney disease, diabetes mellitus, and acute kidney
injury, with an emphasis on recommendations in recent guidelines.

Keywords
Glomerular filtration rate * Chronic kidney disease * CKD-EPI equation ¢ Creat-
inine ¢ Cystatin C « Urea
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Abbreviations

ACR
ADA
ADQI
AKI
AKIN
BMI
BSA
BUN
CCr
CKD
CKD-EPI
eGFR
ESRD
GFR
HPLC
ID-MS
IFCC

KDIGO
LBM
MDRD
NDF

NIST SRM

PCR
RCV
RIFLE
RRT
T1DM
T2DM

Key Facts

Albumin-to-creatinine ratio

American Diabetes Association

Acute Dialysis Quality Initiative

Acute kidney injury

Acute Kidney Injury Network

Body mass index

Body surface area

Blood urea nitrogen

Clearance of creatinine

Chronic kidney disease

Chronic Kidney Disease Epidemiology Collaboration

Estimated glomerular filtration rate

End-stage renal disease

Glomerular filtration rate

High-performance liquid chromatography

Isotope dilution mass spectrometry

International Federation of Clinical Chemistry and Laboratory
Medicine

Kidney Disease: Improving Global Outcomes

Lean body mass

Modification of Diet in Renal Diseases

Net driving force (net filtration pressure)

National Institute of Standards and Technology, Standard Refer-
ence Material

Protein-to-creatinine ratio

Reference change value, critical difference

Risk, Injury, Failure, Loss of function, End-stage kidney disease
Renal replacement therapy

Type 1 diabetes mellitus

Type 2 diabetes mellitus

Glomerular Filtration Rate: Key Facts

* Doctors require information on two principal kidney properties: function of
glomeruli and function of tubuli.

* Glomerular filtration rate (GFR) is a measure of the filtration ability of the kidney.

* Glomerular filtration rate can be measured, or — much more frequently — esti-
mated (eGFR).

* Doctors use eGFR for diagnostics and staging of kidney diseases according to
internationally accepted guidelines.
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Assessment of Glomerular Filtration Rate: Key Facts

» The gold standard for direct measurement of GFR is inulin clearance. Other
slightly less precise but acceptable methods also include iohexol or iothalamate
clearance.

* Direct measurement of GFR is impractical and time consuming; therefore, GFR is
estimated from the concentration of serum biomarkers.

» Two serum biomarkers are used: creatinine and cystatin C, where the higher the
creatinine or cystatin C, the lower the GFR.

» Laboratories provide physicians with information on eGFR by means of calcula-
tions based on serum creatinine and/or serum cystatin C.

» Reference ranges for estimated GFR (eGFR) are not specified, because of the
necessity to evaluate kidney function in the context of the clinical condition of the
patient; however, values lower than 90 mL/min per 1.73 m® (1.5 mL/s per
1.73 m?) are considered decreased.

Creatinine and Cystatin C in the Assessment of GFR: Key Facts

* Creatinine and cystatin C are endogenous compounds eliminated by the
kidneys, mainly via glomerular filtration. Both are widely used in medical
laboratories.

» There are a number of internationally accepted equations for eGFR calculation.

* Creatinine and cystatin C have some disadvantages: creatinine is influenced by a
high-protein diet, muscle mass changes, and muscle catabolism; tubular secretion
of creatinine can occur; some methods interfere with body substances and drugs;
cystatin C is influenced by corticosteroids, in diabetes mellitus and diseases of the
thyroid gland.

Definitions

CKD-EPI equations The recommended equations for estimating glomerular filtra-
tion rate, based on serum creatinine (the 2009 CKD-EPI creatinine equation), serum
cystatin C (the 2012 CKD-EPI cystatin C equation), or both (the 2012 CKD-EPI
cystatin C and creatinine equations).

Cockcroft-Gault equation Not recommended. An obsolete formula for estimating
glomerular filtration rate, based on sex, weight, and serum creatinine.

Creatinine A metabolic product of muscle creatine, produced by the body at a
constant rate. Elimination is influenced by kidney glomerular function, and
increased concentration in blood is found in patients with decreased glomerular
filtration rate.
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Creatinine clearance Not recommended. A method of estimating glomerular
filtration rate, based on the measurement of creatinine concentration in serum and
urine together with the collection of urine during a specified time interval. Creatinine
clearance has been replaced by more modern equations based on serum concentra-
tions of creatinine and/or cystatin C.

Cystatin C A protein inhibitor of cysteine proteases, produced by all nucleated
cells at a constant rate. Elimination is influenced by kidney filtration, and increased
concentration in blood is found in patients with decreased glomerular filtration rate.
In contrast to creatinine, a very low amount of cystatin C is excreted by the kidney,
because of tubular reabsorption of this compound.

Glomerular filtration rate The volume of plasma ultrafiltrate (primary urine)
generated by the kidneys per unit of time. Values are expressed in ml/min (or ml/s)
per standardized body surface area (1.73 m?).

MDRD equation Not recommended. A formula that was used to estimate glomer-
ular filtration rate between 1999 and 2009.

Urea A metabolic product of body proteins, synthesized by the liver. Urea repre-
sents the main route of nitrogen elimination from the body. Increased concentration
in the blood occurs during hypercatabolism of proteins or kidney failure.

Introduction

Estimation of glomerular filtration rate (GFR) is a basic method of assessing kidney
function. Decreased GFR, present for more than 3 months, is one of the important
diagnostic criteria for chronic kidney disease (CKD). Furthermore, CKD is classified
based on the GFR category (KDIGO 2012 Guideline 2013). Gold-standard methods
(renal or plasma inulin clearances) are precise, but time consuming. Creatinine has
been used as a surrogate marker in GFR assessment for years, but physicians are
more interested in function (GFR) than concentration (creatinine in plasma). There-
fore, the reliable conversion of plasma biomarker concentration to eGFR is used for
practical reasons. Among the available biomarkers, creatinine and cystatin C are
mostly recommended to calculate eGFR, provided they are traceable to international
calibration and suitable equations are used. Due to the plethora of eGFR equations, it
is necessary to develop practical guidelines for international application and support
their use in clinical practice.

Historical Background
Max Eduard Jaffé published his paper on the estimation of creatinine in 1886 (Jaffé

1886). Many modifications appeared because of the interference of what became
known as Jaffé-positive substances. However, the Jaffé reaction with alkaline
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picrate is used even today, and enzymatic determination of creatinine is only
slowly becoming the main method for the determination of creatinine in routine
clinical laboratories. Inulin clearance was described in 1935 by Shannon and Smith
(Shannon and Smith 1935), and the recent KDIGO 2012 Guideline (KDIGO 2012
Guideline 2013) recognizes inulin clearance as a gold standard of GFR assessment.
The Cockcroft and Gault equation was published in 1976 (Cockcroft and
Gault 1976). This equation was derived from samples of 249 patients aged
18-92. The MDRD equation was published by Andrew Levey (Levey et al.1999),
and the same author published the CKD-EPI equation in 2009 (Levey et al. 2009).
The best and most recent recommendation describing the use of creatinine,
cystatin C, and estimations of GFR was published in 2013 in the “KDIGO 2012
Clinical Practice Guideline for the Evaluation and Management of Chronic Kidney
Disease.”

Physiology of Glomerular Filtration Rate

Approximately 80 % of plasma volume entering afferent renal arterioles passes to
efferent arterioles, and the remaining 20 % of plasma volume is filtered. Filtration is
illustrated by the Starling equation.

The general Starling equation describes the rate of fluid through the capillary
wall:

Jv = KgA[(Pc — Pp) — 8(nc — nr)]

where

Jy = rate of fluid

Kf = capillary filtration constant

A = area for fluid exchange

Pc and Pt = capillary and tissue hydrostatic pressure
nc and mr = capillary and tissue oncotic pressure

& = coefficient describing possible transfer of proteins

A simplified equation describing net filtration pressure (or net driving force,
NDF) in the glomeruli is as follows:

NDF = (PC — PT) — (TCC — J'[T)

where

Pc = hydrostatic pressure of plasma (blood pressure)

Pt = fluid pressure in the Bowman’s capsule

e = oncotic pressure of plasma proteins

7t = oncotic pressure of plasma ultrafiltrate in the Bowman’s capsule
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Filtration appears where NDF > 0. Filtration is influenced by the filtration area
(e.g., 50 % in patients with one kidney), the quality of the glomerular membrane
(changed in acidemia or in kidney disease), and the ability of various proteins to
enter the Bowman’s capsule (molecular weight, shape of the molecule, isoelectric
point of the protein). Approximately 120 mL/min (~170 L per day) of ultrafiltrate is
generated every day, while about 1 mL/min (~1.5 L per day) of urine is excreted
daily. This means that 99 % of the ultrafiltrate is reabsorbed (i.e., the fractional
excretion of water is about 1 %). Glomerular filtration rate (GFR) is regulated by
myogenic stretch and tubuloglomerular feedback. Tubuloglomerular feedback rep-
resents the autoregulation system, where GFR is regulated according to tubular
urine flow. The aim of the system is to decrease loss of water and ions in situations
with increased glomerular filtration rate. In case of increased GFR, the delivery of
the chloride ion to the thick ascending limb of the loop of Henle is increased, which
results in the constriction of afferent arterioles and the decrease of GFR. Sympa-
thetic regulation, angiotensin II, prostaglandins, and natriuretic peptides contribute
to the regulation of GFR.

Creatinine, Cystatin C, and Urea
Creatinine

Pathophysiology

Muscle creatine is converted to creatinine by a spontaneous, nonenzymatic reaction
at a constant rate; however, ingested meat is a source of creatine and hence of
creatinine. Creatinine is eliminated by glomerular filtration, but proximal secretion
of creatinine exists; proximal secretion of creatinine increases with decreasing GFR.
Also, a small amount of creatinine is reabsorbed by tubuli.

Analytical Remarks

International calibration is based on NIST SRM 967 (human liquid serum, traceable
to the ID-MS (isotope dilution mass spectrometry) reference method). Two groups of
methods are used throughout the world: the group of Jaffé methods with alkaline
picrate and the group of enzymatic methods. Two key enzymes are used: creatinine
deaminase (creatinine iminohydrolase, EC 3.5.4.21) and creatininase (creatinine
amidohydrolase, EC 3.5.2.10). Other methods, e.g., HPLC, high-performance liquid
chromatography, are not used routinely. The reference method is ID-MS.

Interferences

The Jaffé reaction is specific not only to creatinine, but many compounds — known as
“Jaffé-positive chromogens” — can falsely increase concentration of creatinine, when
measured in plasma or serum. Among them, glucose, protein, fatty acids, acetone,
acetoacetate, pyruvate, and cephalosporins are the most important compounds. The
measurement in urine is less influenced by these compounds. Other substances can
falsely decrease creatinine concentration, e.g., ascorbic acid and bilirubin.
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Fig. 1 The relationship between BMI and creatinine output over 24 h calculated per Kkilo-
gram of the total body weight in adolescents (Based on data published by Remer 2002). As can
be seen from the Figure, urinary output (dU) of creatinine (recalculated per kg of the body weight) is
constant over a wide range of body mass index (BMI). Two outliers were excluded. Circle = boys,
square = girls

Enzymatic methods can be influenced by bilirubin, hemoglobin, monoclonal
immunoglobulin M, and some drugs, e.g., dobutamine.

Reference Intervals

Reference intervals are based on the abovementioned international calibration.
Reference intervals for plasma (serum) creatinine are always different for both sexes
due to the difference in muscle mass. Reference intervals for plasma (serum) are
64-104 pmol/L (0.72—1.18 mg/dL) in men and 49-90 pmol/L (0.55-1.02 mg/dL) in
women.

Output of Creatinine

In order to predict the output of creatinine, a great number of equations for estimat-
ing glomerular filtration rate (eGFR), e.g., the Cockcroft-Gault equation, are based
on the patient’s weight. Therefore, this equation fails in individuals with fluid
retention or obesity. Output of creatinine calculated per kilogram of the body weight
is expected to be constant in adults without fluid retention, excessive amount of body
fat, or muscle atrophies. Figure 1 shows body mass index (BMI) 16-22 kg/m?,
where creatinine output calculated per kilogram of the body weight is practically
independent of BMI. Output of creatinine ranges from 0.15 to 0.18 mmol/day/kg of
the body weight (median 0.17 mmol/day/kg of body weight, 10th percentile 0.13,
90th percentile 0.20 mmol/day/kg of body weight).
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If a constant amount of creatinine is excreted from one kilogram of body mass
(except for individuals with muscle atrophies, fluid retention, or excessive obesity), we
may then check the output of creatinine in adults in comparison to body mass. Table 1
indicates the reference limits of daily creatinine excretion in the urine according to
ARUP’s Laboratory Test Directory (http://Itd.aruplab.com/Tests/Pub/0020473).

If values are recalculated based on body weight, i.e., we want to calculate the
body weight in relation to the amount of excreted creatinine (a coefficient of
0.17 mmol of creatinine based on one kilogram of the total body weight per day
was used), unrealistic values are obtained in some cases. Maximum creatinine output
is derived from the maximum possible GFR (150 mL/min, i.e., 2.5 mL/s). When
diuresis is 1,500 mL/day, plasmatic concentration of creatinine is 90 pmol/L, and
concentration of creatinine in the urine is 13 mmol/L, then creatinine clearance is
2.508 mL/s and creatinine output is 19.5 mmol/day (Schiick, 2012, personal com-
munication). Nevertheless, the maximum possible output of creatinine does not
represent the reference limit. Therefore, we recommend the following reference
ranges for creatinine output in the urine over 24 h:

Men 10-16 mmol/day (1.13—-1.81 g/day)
Women 8-14 mmol/day (0.90-1.58 g/day)

Note: If the coefficient of 0.17 mmol/day per kilogram of the body weight is used,
the corresponding weights are 59-94 kg in men and 47-82 kg in women.

Ratios of Urinary Compounds to Creatinine
Ratios of urinary compounds to creatinine are becoming increasingly popular as
tools suitable for evaluating substances eliminated through the urine, based on the
principle that the concentration of creatinine reflects diuresis (Fig. 2). It is obvious
that the reliability of the estimation of diuresis from creatinine concentration
decreases with decreasing creatinine concentration.

The most used ratios are PCR (protein-to-creatinine ratio) and ACR (albumin-to-
creatinine ratio). As can be seen from Fig. 2, lower concentrations of urinary
creatinine are rather poor predictors of urine volume. On the other hand, interpreting
ratios is practical and much better than evaluation of concentration alone. However,
timed urine samples can provide the physician with more accurate protein and
albumin excretion values.

Cystatin C

Pathophysiology

Cystatin C (cystatin 3, gamma-trace protein) is a member of cystatin superfamily II,
gen CST3, locus 20p11.2. Cystatin C is a basic (isoelectric point, pl, 9.3) protein
composed of a single polypeptide chain of 120 amino acid residues with a molecular
weight of 13.4 kDa (13,359 g/mol). Cystatin C is synthesized at a constant rate by all
nucleated cells. The synthesis is not influenced by inflammation, catabolism, or diet.
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Fig. 2 The relationship between diuresis and concentration of creatinine in the urine.
Creatinine is excreted at a constant rate. Therefore, concentration of creatinine in the urine decreases
with increasing volume of urine. However, kidney function influences the balance between serum
and urine creatinine. Higher concentrations of creatinine in a lower volume of urine have an
acceptable low error estimate. On the other hand, lower concentrations of creatinine in the urine
may represent different volumes of urine, and the estimation of urinary volume is imprecise. For
example, concentration of creatinine of 20 mmol/L means that the volume of urine is between
approximately 500 and 1,000 mL/day. In contrast, concentration of creatinine of about 5 mmol/L
means that the volume of urine is between 1,200 and 3,500 mL/day for different kidney functions.
Nevertheless, ratios of urinary compounds to creatinine are better estimates for interpretation
purposes than concentrations of these compounds without any correction

Measurable concentrations of cystatin C are found in the plasma (about 1 mg/L),
urine (0.2 mg/L), cerebrospinal fluid (3—14 mg/L), seminal plasma (40-60 mg/L),
milk (2 mg/L), saliva (0.4—5 mg/L), tears (1 mg/L), and amniotic (1 mg/L) and
synovial fluid (2 mg/L). With regard to molecular weight and pl, cystatin C is freely
filtered and completely reabsorbed and degraded in the proximal tubuli. Therefore,
the plasma concentration of cystatin C indirectly reflects glomerular filtration rate,
and increased urine concentration reflects tubular injury.

Analytical Remarks
International calibration is based on CRM ERM-DA471/IFCC. Immunoassay is a
dominant principle of cystatin C measurement.

The Use of Cystatin C in Nephrology

The measurement of cystatin C is recommended in situations where eGFR based on
serum creatinine is less accurate and also for confirmation of CKD in adult patients
with mildly to moderately decreased eGFR (based on creatinine), i.e., 45—-59 mL/min
per 1.73 m? (G3a) (KDIGO 2012 Guideline 2013). As cited from KDIGO 2012
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Guideline: “1.4.3.2: We suggest using additional tests (such as cystatin C or a
clearance measurement) for confirmatory testing in specific circumstances where
eGFR based on serum creatinine is less accurate. (2B).”

Cystatin C, Cardiovascular Mortality, and Morbidity

Shlipak (Shlipak et al. 2005) published a relation between increased concentrations
of cystatin and the annual rate of death due to all causes and also death due to
cardiovascular causes. While the relation between cystatin C and the rate of death
was almost exponential (the higher the level of cystatin C, the higher the hazard
ratio), association of creatinine categories and mortality revealed a J-shaped curve.
One important result was that within each quintile of creatinine concentration, higher
quintiles of cystatin C were associated with increased risk of mortality due to all
causes. Cystatin C was further assessed as a cardiovascular risk factor (Taglieri
et al. 2009; Woitas et al. 2013) and is classified as a cardiorenal biomarker
(Chowdhury et al. 2013).

Reference Intervals
Reference intervals based on the abovementioned international calibration are
0.31-0.99 mg/L in men and 0.4-0.99 mg/L in women.

Urea

Pathophysiology

Urea is an end product of protein catabolism, synthesized in the liver. About 90 % of urea
is excreted by the kidneys. Free filtration in the glomeruli is followed by several stages of
passive tubular transport, which results in the reentering of the plasma compartment.
Clearance of urea is lower than true GFR. Impaired kidney function, dehydration,
increased protein catabolism (including catabolism of protein in gastrointestinal bleed-
ing), a high-protein diet, administration of cortisol, and obstruction of the urinary tract
are the main reasons for increased urea concentration in plasma. Creatinine rises more
slowly than urea in prerenal failure or in cases of decreased renal blood flow.

Analytical Remarks

Older nonenzymatic methods of urea determination are used in exceptional cases,
and the majority of laboratories use the enzymatic method with urease (EC 3.5.1.5)
and glutamate dehydrogenase (EC 1.4.1.3). International calibration is based on
NIST SRM 912a.

Reference Intervals

Increased concentrations of urea are found in older populations and in men. Different
reference values can be found in the literature. Reference intervals in men up to
50 years of age are 3.2—7.4 mmol/L and 3.0-9.2 mmol/L in men above 50 years of
age. The intervals are 2.5-6.7 mmol/L in women up to 50 years of age and
3.5-7.2 mmol/L in women above 50 years of age.



51 Estimation of Glomerular Filtration Rate 1155

Output of Urea

Output of urea is influenced by protein catabolism. The normal concentration of urea
in the urine is 250-433 mmol/L. If daily volume of urine is about 1,350 mL/day,
daily production of urea is calculated at 340—585 mmol/day.

Biological and Analytical Variability of GFR Measures and Related
Tests

Intraindividual (variability within a subject) and interindividual (variability between
subjects) biological variabilities are important characteristics required for accurate
interpretation of laboratory tests. Desirable precision, maximum tolerable bias, and
total allowable error are calculated according to biological variability, and they
define the requirements for laboratory tests. The index of individuality is calculated
as a ratio of intraindividual biological variability and analytical variability. Reason-
able analytical variability is expressed as a coefficient of variability (CVa, given in
%) and calculated from intermediate precision (long-term analytical variability
assessed over a period of several weeks) in the clinical laboratory. The reference
change value (RCV, or critical difference, given in %) is calculated from
intraindividual variability (CVi) and analytical variability (CVa) as

RCV = 2.77 % (CVa? + CVi2)'/?

and expresses changes (in %) in the concentration of the analyte, which represents a
significant departure from the basal value. The absolute RCV is calculated for the
selected basal value. Required parameters for accurate interpretation of laboratory
tests are given in Table 2.

Estimation Methods of GFR
The Principle of Renal Clearance

Renal clearance is defined as “the volume of plasma from which the substance is
completely cleared by the kidneys per unit of time” (Burtis 2006). For a substance
with specific properties (stable rate of synthesis, stable plasma concentration, freely
filtered, no influence of renal tubuli in terms of reabsorption, secretion, synthesis, or
catabolism), the amount of the filtered substance is the same as the amount of the
excreted substance:

GFR * PSubst = USubst * V

where GFR is the glomerular filtration rate,
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PSubst and USubst are plasma and urine concentrations of that substance,
respectively, and V is the volume of urine per unit of time.
Then we have

GFR = (USubst * V) /PSubst

The problem consists in the properties of an “ideal” substance: creatinine is far from
ideal due to proximal tubular secretion; inulin, >'Cr-EDTA, and iohexol display
extrarenal clearance; the use of >'Cr-EDTA, '*’I-iothalamate, and **™Tc-DTPA is
connected with the risk of ionizing radiation; other markers are neither sensitive nor
specific for the assessment of GFR (beta-2-microglobulin, alpha-1-microglobulin,
urea, and retinol-binding protein).

Creatinine Clearance and the Historical Cockcroft and Gault Equation

Creatinine is supposed to be filtrated freely by the glomeruli and excreted in the urine
without any tubular secretion or reabsorption. Unfortunately, this is not the case
since creatinine is secreted in the proximal tubuli and this secretion increases with
decreasing GFR. Renal clearance of creatinine (CCr) is calculated by the following
simple equation:

eGFR ~ CCr = (UCreat % V) /SCreat (1)

where UCreat is the concentration of creatinine in the urine, V is the volume of urine
per unit of time, and SCreat is the plasma (serum) concentration of creatinine.
Volume is expressed in mL, time in minutes (SI units: in seconds), and concentra-
tions of creatinine must be in the same units (both urine and plasma in mg/dL, or
both urine and plasma in mmol/L). The product (UCreat * V) in Eq. 1 represents the
rate of creatinine elimination in the urine, e.g., in g/day (SI: mmol/day). Creatinine is
supposed to be synthesized at a constant rate, where the amount of creatinine
produced daily is a function of body muscle mass. Because of the correlation
between the muscle mass and body weight, one can assume that the rate of creatinine
elimination can be deduced from

eGFR ~ CCr = X/SCreat 2)

where X represents the amount of creatinine excreted per day. For example, here is
the Cockcroft and Gault formula

eGFR = [(140 — Age) = Weight] /(48,8 % SCreat) * F 3)

where Age is in years, Weight is in kg, SCreat is in pmol/L, factor F is 1.0 for men
and 0.85 for women, and eGFR is in mL/s.

Cockcroft and Gault derived this formula in 1976 based on data from 249 healthy
volunteers. This formula is not recommended any more. However, there have been
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instances where this formula has been used among clinical pharmacists; also, some
pharmacokinetic programs still use the obsolete equation. A similar principle is used
in other equations, where the estimation of creatinine output is calculated from body
measurements (height in children, weight in adults, etc.).

eGFR Based on Cystatin C

There are many equations based on the assumption that cystatin C is produced at a
constant rate:

eGFR = X/SCystC

where X is an estimate of the daily output of cystatin C.
However, certain extrarenal clearance of cystatin C exists, and therefore, new
equations are based on the regression between cystatin C and the “gold” standard.
In 2005, Grubb derived a cystatin C-based equation for use in adults and children
(Grubb 2005):

eGFR = 84.69 % SCystC %% « 1.384(if < 14years)

or with gender factor

eGFR = 87.62 * SCystC 193 x 1.376(if < 14years) * 0.940(if female)

Results are in mL/min per 1.73 m?.

A review of other cystatin C-based equations in children was published by
Andersen (Andersen et al. 2009) and Filler (Filler et al. 2012).

The CKD-EPI formula based on cystatin C was published in 2013 (KDIGO 2012
Guideline 2013). It should be noted, however, that Grubb published a new cystatin
C-based equation in 2014:

eGFR = 130 % SCystC 3% 5 Age 0117 — 7(mL/min per 1.73m2)

This equation disregards sex and race and can be used as an assay-independent
calculation (Grubb 2014).

Urea Clearance

When compared with GFR measured by inulin clearance, urea clearance underesti-
mates GFR, while creatinine clearance overestimates GFR. Therefore, an equation
was derived as a mean of urea and creatinine clearance (listed in the European Best
Practice Guidelines for Haemodialysis (ERA-EDTA 2002)).
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Mean of Urea Clearance and Creatinine Clearance

This equation is based on the assumption that urea clearance underestimates “true”
GFR and creatinine clearance (due to the proximal secretion of creatinine, increased
with decreasing GFR) overestimates GFR:

eGFR = V/(2 % t) x (UUrea/SUrea 4+ UCreat/SCreat) x 1.73/BSA

V = volume of urine in mL per time

t = time in minutes or seconds

UUrea and UCreat = urinary concentrations of urea and creatinine in mmol/L
SUrea nad SCreat = serum concentrations of urea and creatinine in mmol/L,
BSA = body surface area in m*

eGFR is then in mL/min per 1.73m?or mL/s per 1.73m?.

MDRD Formula

MDRD (Modification of Diet in Renal Diseases) was published by Levey (Levey
etal. 1999). Three equations were derived for chronic kidney diseases, the first based
on age, gender, and serum creatinine (and race); the second on age, gender, serum
creatinine, and serum urea (and race); and the third on age, gender, serum creatinine,
serum urea, and serum albumin (and race). The equations were derived from a
sample of 1,070 patients and validated using a sample of 558 patients with chronic
kidney disease. Renal clearance of '*’I-iothalamate was selected as the “gold”
standard; creatinine was measured using a kinetic alkaline picrate method. The
first equation was enhanced by improvements in international creatinine standardi-
zation: the “new” MDRD formula (called the “175 MDRD equation™) replaced
previous versions (Levey et al. 2007):

eGFR(MDRD) = 175 # (SCreat™""'**) x Age "2 4 F

where SCreat is in mg/dL, Age is in years, and F is 1.0 for men and 0.742 for women.
Another factor is used for race (1,210 if African American). eGFR (MDRD) is in
mL/min per 1.73 m?.

For the SI unit, the MDRD equation is

eGFR(MDRD) = 2.9167 * | (SCreat * 0.0113)*1“54} * Age 020 « F

where SCreat is in pmol/L, Age is in years, and the other factor as above. eGFR
(MDRD) is in mL/s per 1.73 m?.
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CKD-EPI Equations

The CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) equation was
published by Levey (Levey et al. 2009), and the authors recommend using this equation
instead of the older MDRD equation. The 2009 CKD-EPI is based on creatinine in
serum, derived from a sample of 8,254 participants and validated using a data set of
3,896 participants. lothalamate clearance was selected as the “gold” standard.
The KDIGO CKD 2012 Guideline strictly recommends using CKD-EPI equations.
The use of other creatinine-based equations is possible only when improved accuracy is
proved, compared with the 2009 CKD-EPI creatinine equation. When recording eGFR,
the equation used should be specified (KDIGO 2012 Guideline 2013).
There are three recently recommended CKD-EPI equations:

* 2009 CKD-EPI creatinine-based equation
* 2012 CKD-EPI cystatin C-based equation
* 2012 CKD-EPI cystatin C- and creatinine-based equation

These equations are described in Table 3.

Lund-Malmé Equations

These equations were derived from a population of Swedish Caucasians (derivation
set from Lund, N = 436; validation set from Malmo, N = 414); clearance of
iohexol was used as the “gold” standard. The entire cohort of 850 patients was
within an age interval of 26-85 years; plasma creatinine was 45-545 pmol/L, and
iohexol clearance was 9—121 mL/min per 1.73 m?> (Bjérk et al. 2007). All equations
(Table 4) used creatinine, age in years, and sex; adjustment to lean body mass can be
applied. Lean body mass (LBM) can be calculated according to James (see Bjork
et al. 2007) as follows:

Women : LBM = 1.07 * Weight — 148 x (Weight /Height)*

Men : LBM = 1.1 * Weight — 120 * (Weight/Height)*

where Weight is in kg, Height in cm, and LBM is in kg.

One of the advantages of the Lund-Malmo equations lies in the fact that the
equation estimates GFR using a broad age range and predicts GFR in patients with
“normal” serum creatinine. A further advantage is its derivation from a European
population. Bjork published a revised version of the Lund-Malmé equations in 2011
(Bjork et al. 2011). Nyman published a better performance of the revised Lund-
Malmé eGFR than MDRD or CKD-EPI in a population of 2,847 adults (Nyman
et al. 2014). However, CKD-EPI is now the standard method of GFR estimation.
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Table 4 Lund-Malmé equations

Type of

equation Condition Equation

Lund-Malmo SCreat e((4.62—0.01lZ*SCrem)—().()]24*Age+1D.339*(]n(Age))—0.226*53)()/60
equation <150 pmol/L

without SCreat e((&17+0.0005*SCrea17l.07>xln(SCreat))70,0124>:<Age+0.339*(1n(Age))70.226*Sex) /60
correction to >150 pmol/L

LBM

Lund-Malmo SCreat e((4.95—0.01l*SCreal)—0.00587*Age+0.00977*LBM)/60

equation with | <150 pmol/L

correction to SCreat ((8:5840.0005+SCreat—1.08+In(SCreat))—0.00587+Age+0.00977+LBM) /60
LBM >150 pmol/L

Creatinine should be in pmol/L and age in years. Results are in mL/s per 1.73 m> Sex is 0 for men and
1 for women. For LBM calculation, see the section “Lund-Malmo Equations”

Estimation of GFR in Children

The Schwartz formula (Schwartz et al. 1976) has been used for years, based on
serum creatinine and body height:

eGFR = 41.3 x (Height/SCreat)

where Height is in meters and SCreat is in mg/dL.

This equation was recommended in the KDIGO 2012 Guideline as the “bedside”
Schwartz formula.

In 2009, Schwartz published a new formula based on height, serum creatinine,
cystatin C, and BUN (Schwartz et al. 2009):

eGFR = 39.1 * [(Height/SCreat)**'° x 1.8 /SCystC"*** x 30/BUN(mg/dL)"'%
+ 1.099(if male) * Height/1.4]>'®

where Height is in meters, SCrea in mg/dL, SCystC in mg/L, and BUN in mg/dL.
Schwartz used plasma iohexol clearance as the “gold” standard. Other
equation is

eGFR = 40.7 * (Height/SCreat)"* x (30/BUN)"*"

where Height is in meters, SCreat and BUN are in mg/dL, and results are in mL/min
per 1.73 m®. This equation was recommended in the 2012 KDIGO CKD (KDIGO
2012 Guideline 2013).

However, Nyman tested the use of the Lund-Malmé equation in children and
found this equation performed well in 85 pediatric Caucasian patients, aged
0.3—17 years. The Lund-Malmé equation performed better when not corrected for
lean body mass (Nyman et al. 2008).
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Table 5 Measured and calculated values

Variable Value Unit Value | Unit
Serum creatinine 0.1 mmol/L 1.13 mg/dL
(100) (pmol/L)

Serum urea 5.0 mmol/L 5.0 mmol/L

Serum cystatin C 1.1 mg/L 1.1 mg/L

Urine creatinine 7 mmol/L 0.79 g

Urine urea 250 mmol/L 250 mmol/L

BSA 1.94 m’ 194  |m’

Clearance of creatinine 1.08 mL/s per 64.9 mL/min per
1.73 m® 1.73 m*

Clearance of urea 0.77 mL/s per 46.4 mL/min per
1.73 m’ 1.73 m’

Mean of urea and creatinine clearance | 0.93 mL/s per 55.7 mL/min per
1.73 m? 1.73 m?

eGFR (2009 CKD-EPI creatinine) 1.254 mL/s per 75.2 mL/min per
1.73 m? 1.73 m*

eGFR (2012 CKD-EPI cystatin C) 1.189 mL/s per 71.3 mL/min per
1.73 m® 1.73 m’

eGFR (2012 CKD-EPI 1.217 mL/s per 73.0 mL/min per

creatinine + cystatin C) 1.73 m? 1.73 m?

eGFR (MDRD) 1.14 mL/s per 68.6 mL/min per
1.73 m? 1.73 m*

The differences among various GFR estimations are natural and caused by using different
populations when deriving the respective equations. Some equations perform well during the
interval of “normal” GFR values, and others perform better in pathology

Example: Male, white, 50 years, 24-h collection of urine (1,440 min.), volume of
collected urine 1,500 mL/day. Weight 75 kg, height 180 cm. Measured and calcu-
lated values are given in Table 5.

The use of an exogenous filtration marker is recommended in situations where
more accurate GFR values are needed to make better treatment decisions. Inulin
clearance is recognized as the “gold” standard for GFR assessment (KDIGO 2012
Guideline 2013). There are two principles of inulin clearance measurement: “renal”
clearance of inulin (continuous infusion of inulin with measurement of plasma and
urine inulin concentrations under steady-state conditions, where timed collection of
urine is necessary) and “plasma” clearance of inulin (measurement of several plasma
inulin concentrations after an intravenous bolus of inulin). There are several models
of “plasma” clearance of inulin (simple exponential analysis, area under curve
calculation, the Jung model using early and late plasma concentrations, the
biexponential model, etc.).

Table 6 shows our own experience with plasma inulin clearance, based on the
Jung model (Jung et al. 1991). Results of other equations are compared.
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Table 6 Comparison of “plasma” inulin clearance (the Jung model of calculation) with other
eGFR equations

Absolute
bias Relative | Correlation | Percentage + 30 %
eGFR (mL/min) bias (%) coefficient (accuracy)
2009 CKD-EPI creatinine -5.1 —-2.0 0.504 80
Clearance of creatinine 9.7 14.7 0.380 46
“Plasma” clearance of inulin | 10.5 14.0 0.959 87
(monoexponential model)
2012 CKD-EPI cystatin C -7.4 -9.1 0.627 73
MDRD equation —11.8 -10.9 0.461 71
2012 CKD-EPI cystatin -7.5 -7.6 0.602 76

C + creatinine

The table shows the “gold” standard (inulin clearance) compared with various equations for
estimating GFR. As can be seen, the creatinine clearance and MDRD equations perform poorly
while the CKD-EPI equation performs better. The different mathematical inulin clearance model
performs well for obvious reasons (calculation is based on the same variables)

Interpretation of eGFR
Specific Problems with Cystatin C Measurement and Interpretation

Sources of errors in GFR estimation using creatinine and cystatin C (KDIGO 2012
Guideline, modified) are shown in Table 7. Synthesis, tubular processes, and
extrarenal elimination are listed as ‘“non-GFR variables that differ from derivation
sets of patients” in KDIGO 2012 Guideline.

GFR and Age

GFR decreases with age; however, values below 60 mL/min per 1.73 m? (1 mL/s per
1.73 m?) are rather unusual in individuals without renal pathology. Mathew (Mathew
2007) used data from Sikaris (personal communication) to elucidate this relation-
ship. More than 97.5 % of the mixed population (more than 300,000 examinations in
a large private pathology, exclusive of creatinine outliers for each decade) have an
eGFR above 60 mL/min per 1.73 m* (1 mL/s per 1.73 m?) at ages <57 years, and
80 % of the mixed population have an eGFR above 60 mL/min per 1.73 m” (1 mL/s
per 1.73 m?) at ages <80 years. Similar data are available in the KDIGO 2012
Guideline, where inulin clearance is above 60 mL/min per 1.73 m? in older healthy
men and women.
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Table 7 Factors influencing the interpretation of creatinine, cystatin C, and eGFR. According to
the KDIGO 2012 Guideline, modified

Source of
error Creatinine Cystatin C
Non-steady AKI AKI
state
Synthesis Increased with great muscle mass, Increased by administration of
high-protein diet, creatine corticosteroids
supplements, ingestion of cooked
meat, muscle hypercatabolism,
African American race
Decreased in malnutrition, marasmus, | Diseases of thyroid glands
muscle-wasting diseases, amputations, | Djabetes, adiposity
liver disease, vegetarian diet
Tubular Drug-induced inhibition of tubular
processes secretion (trimethoprim, cimetidine,
fenofibrate)
Extrarenal Decreased after dialysis Increased by severe decrease in GFR
elimination
Higher GFR | Higher biological variability in Higher biological variability in
non-GFR determinants relative to non-GFR determinants relative to
GFR, higher measurement error GFR, higher measurement error
Interferences | Jaffé method Heterophile antibodies

Decreased: ascorbic acid, bilirubin,
hemoglobin (neonates)

Increased: acetone, acetoacetate,
albumin, cephalosporins (cefoxitin),
glucose, methyldopa pyruvate,
trimethoprim, uric acid

Enzymatic method

Decreased: dobutamine, dopamine,*
bilirubin increased: calcium dobesilate

The important part of the interpretation lies in the fact that both creatinine and cystatin C can be
influenced by a variety of processes and compounds (both of exogenous and endogenous origin).
Creatinine is influenced mainly by changes in muscle mass while cystatin C is influenced by diseases.
Both creatinine and cystatin C are also influenced by interference. The “classic” Jaffé reaction with
alkaline picrate for measuring creatinine produces a lot of interference. Enzymatic measurement of
creatinine and immunoanalytic methods for measuring cystatin C can also be influenced by interference
“Note: Dobutamine and dopamine only interfere with supratherapeutic concentrations, e.g., con-
tamination of the sample

Glomerular Filtration Rate and Body Surface Area

Results of all “new” equations for eGFR are always expressed in standardized
format, i.e., in mL/min per 1.73 m? (or mL/s per 1.73 m?). However, for drug dosing
it is necessary to recalculate the standardized results here to reflect the actual
filtration of the patient (in mL/min or mL/s).
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The following simple equation is used:

GFR = eGFR/1.73 * BSA

where BSA (in m?) is calculated according to the DuBois and DuBois formula
(DuBois and DuBois 1916)

BSA = 0.007184 x Weight™*® « Heigth®?

where Weight is in kg and Height is in cm. GFR is then in mL/min or mL/s.

Specific Clinical Situations
Chronic Kidney Disease (CKD)

“Chronic kidney disease (CKD) is defined as abnormalities of kidney structure or
function, present for more than 3 months, with implications for health and CKD is
classified based on cause, GFR category, and albuminuria category (CGA)”
(KDIGO 2012 Guideline 2013). This completely new definition reflects the need
for both a more “clinical” definition and a more precise “laboratory” classification.
GFR categories together with recommended terms are listed in Table 8.

Lower values of eGFR correlate with worse prognoses: the age-standardized
rate of hospitalization, rate of death, and rate of cardiovascular events (per
100 person-years) increase almost exponentially with decreasing eGFR (Levey
et al. 2006).

Table 8 GFR categories in CKD (KDIGO 2012 Guideline 2013)

GFR GFR (mL/min per GFR (mL/s per

category 1.73 m?) 1.73 m?) Terms

Gl >1.50 >90 Normal or high

G2 1.00-1.49 60-89 Mildly decreased®

G3a 0.75-0.99 45-59 Mildly to moderately
decreased

G3b 0.50-0.74 30-44 Moderately to severely
decreased

G4 0.25-0.49 15-29 Severely decreased

G5 <0.25 <15 Kidney failure

The importance of the KDIGO 2012 Guideline for chronic kidney disease lies in the combination of
the GFR and albuminuria categories for staging and prognostication. Terminology is also clearly
recommended for each GFR category. GFR categories G1 and G2 do not fulfill the criteria for CKD
unless evidence of kidney damage is present

“Note: Relative to a young adult level
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Diabetes Mellitus

Pathophysiology and the Development of Diabetic Nephropathy
In type 1 diabetes mellitus (T1DM), five stages of diabetic nephropathy can be
distinguished:

(a) Early hypertrophy and hyperfunction, lasting anywhere from months to years. At
this stage, eGFR is increased of about 20—40 %, and hyperfiltration is supposed
to be a risk factor.

(b) Clinically latent stage of renal impairment, where eGFR can be increased, but
the basal membrane is thickened and mesangial expansion can be found.

(c) Incipient nephropathy, with positive albuminuria; eGFR is sometimes increased,
but a thickened basal membrane and mesangial expansion is more common.

(d) Manifest nephropathy with proteinuria and decreased eGFR; GFR decreases at a
rate of 1.2 mL/min per year (0.2 mL/s per year).

(e) Chronic kidney disease with severely decreased GFR or kidney failure.

Only 25 % of patients with type 2 diabetes (T2DM) mellitus have similar renal
impairment, as is common in TIDM, frequently as a result of decompensated
diabetes mellitus. About 40 % of patients with T2DM display slight or moderate
histological findings with borderline renal function. About 35 % display tubuloin-
tersticial changes or glomerulosclerosis.

Guidelines

Recently American Diabetes Association Standards of Medical Care in Diabetes
(ADA 2016) describes consequences of decreased GFR in the following chapters:
Cardiovascular Disease and Risk Management and Microvascular Complications
and Foot Care. Estimated GFR should be used as a screening tool at least once a year
in patients with type 1 diabetes mellitus lasting five or more years and in all patients
with type 2 diabetes mellitus. Serum creatinine with MDRD formula or preferably
CKD-EPI formula is recommended for eGFR assessment of diabetes mellitus. The
five stages of CKD are defined in the 2016 ADA Standards of Medical Care in
Diabetes (Table 9). In contrast to the KDIGO 2012 Guideline, stage 3a and 3b are not
distinguished here.

Both eGFR and albuminuria (and serum/plasma potassium) are measured
together. Screening based on albuminuria alone is not sufficient. It should be
stressed, however, that albuminuria is measured repeatedly due to its high biological
variability. The new term “increased urinary albumin excretion” can be used only if
two of three urine specimens collected within a 3- to 6-month period contain
>30 mg/g creatinine (>3.0 g/mol creatinine). The use of the term
“microalbuminuria” (30-299 mg/g creatinine, 3-29.9 g/mol creatinine) should no
longer be used; similarly, the term “macroalbuminuria” (or “clinical albuminuria”,
>299 mg/g creatinine or 30 g/mol creatinine) is also inappropriate.

The ADA Standards (ADA 2016) recommends actions for the management of
CKD. Patients in stages 4 and 5 should always be referred to a nephrologist, as well
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Table 9 Stages of CKD from the ADA Standards of Medical Care in Diabetes 2016

GFR GFR mL/s
mL/min per | per Comparison with KDIGO
Stage | Description 1.73 m? 1.73 m? 2012
1 Kidney damage with >90 >1.5 Normal or high in KDIGO
normal or increased 2012 without remarks on
GFR damage
2 Kidney damage with 60-89 1-1.49 Same in KDIGO 2012,
mildly decreased GFR without remarks on damage
3 Moderately decreased 30-59 0.50-0.99 Mildly to severely decreased
GFR GFR
4 Severely decreased 15-29 0.25-0.49 Same in KDIGO 2012
GFR
5 Kidney failure <15 or <0.25 or Dialysis is not mentioned in
dialysis dialysis KDIGO 2012

The American Diabetes Association uses a similar GFR classification to the KDIGO Guideline. In
contrast to the KDIGO 2012 Guideline, stages 3a and 3b are not distinguished here

as patients with eGFR 45-60 mL/min per 1.73 m” (0.75-1.0 mL/s per 1.73 m?) and
suspect of nondiabetic kidney disease. More frequent monitoring of an expanded set
of laboratory tests is recommended in patients with eGFR 30-44 mL/min per
1.73 m? (0.5-0.74 mL/s per 1.73 m?).

Estimated GFR (or creatinine measurement) should also be monitored (together
with potassium levels in serum/plasma) in diabetic patients using ACE inhibitors,
angiotensin  receptor blockers, loop diuretics, hydrochlorothiazide, or
chlorthalidone. Hydrochlorothiazide and chlorthalidone should be avoided with
eGFR levels under 30 mL/min per 1.73 m? (0.5 mL/s per 1.73 m?).

AKI and Intensive Care

Definition and Staging of Acute Kidney Injury
Acute kidney injury (AKI) is present when

» Serum creatinine increases by 26.5 pmol/L or more (0.3 mg/dL and more) within
48 h, or

» Serum creatinine increases by at least 50 % above the baseline (at least 1.5 times
above the baseline) within 7 days, or

* The volume of urine is lower than 0.5 mL/kg per hour for 6 h (oliguria).

There are two staging systems — the older RIFLE system (Risk, Injury, Failure,
Loss of function, End-stage kidney disease) and the newer AKIN system (Acute
Kidney Injury Network) (Ronco 2013). Comparison of the RIFLE and AKIN
systems is given in Table 10. Both systems can be used, but a fraction of the patients
classified in the respective stages is not equal.
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Table 10 Comparison of the RIFLE and AKIN systems

Urine Urine
RIFLE | SCreat/GFR output AKIN output
staging | criteria criteria staging | SCreat criteria criteria
Risk Increased SCreat Urine Stage Increased Urine
>50 % or GFR output 1 SCreat > +50 % to output
decreases >25 % <0.5 mL/ +100 % (i.e., <0.5 mL/
kg per 1.5-2.0-fold from kg per hour
hours the baseline) within 6 h
within 6 h or > increase of
26.5 pmol/L
(0.3 mg/dL)
Injury Increased SCreat Urine Stage Increased SCreat Urine
>100 % or GFR output 2 +101 % to +200 % output
decreases >50 % <0.5 mL/ (i.e., 2.01-3.0-fold <0.5 mL/
kg per hour from the baseline) kg per hour
for more for more
than 12 h than 12 h
Failure | Increased SCreat Urine Stage Increased SCreat Urine
>200 % or GFR output 3 +200 % and more output
decreases >75 % <0.3 mL/ (more than 3.0-fold <0.3 mL/
or SCreat kg per hour from the baseline) or | kg per hour
>354 pmol/L for 24 h or SCreat higher than for 24 h or
(4 mg/dL) (with anuria for 354 pmol/L (4.0 mg/ | anuria for
acute rise of 12h dL) with an acute 12 h
44 pmol/L or more increase of at least
(0.5 mg/dL and 44 pmol/L (0.5 mg/
more) dL)

Staging of AKI is based on changes of serum creatinine and urine volume (similar in both the
RIFLE and AKIN classifications) or GFR changes (RIFLE only). Loss of function and end-stage
renal disease (ESRD) do not have a parallel stage in the AKIN system and were removed from the
staging system in 2007 (Mehta et al. 2007). Patients receiving renal replacement therapy (RRT) are
considered to meet the criteria for Stage 3 in the AKIN system (irrespective of the stage before RRT)

Several methods for GFR estimation are discussed among intensivists with strong
emphasis on frequent monitoring of plasma (serum) creatinine; however, creatinine
clearance based on a 2-h collection of urine is also admitted, and iohexol or
iothalamate is classified as acceptable and realistic by the ADQI group. GFR can
be used for staging of acute kidney injury as part of the RIFLE (but not the AKIN)
classification.

Monitoring of creatinine concentration is an essential tool for GFR assessment in
intensive care. Plasma (serum) creatinine is not a precise predictor of GFR
under acute circumstances. On the other hand, dynamic changes in creatinine
concentrations are similar to the dynamic changes in GFR. In cases of
unknown basal creatinine concentration, it is possible to assess creatinine concen-
tration using the CKD-EPI equation. This principle was recommended for the
MDRD equation by Bellomo et al. (2004). They used “basal” GFR of 75 mL/min
per 1.73 m? (1.25 mL/s per 1.73 m?). Table 11 is based on the 2009 CKD-EPI
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Table 11 Estimated baseline creatinine from the 2009 CKD-EPI equation for “basal” GFR of
75 mL/min per 1.73 m* (1.25 mL/min per 1.73 m?) (According to Bellomo et al. 2004)

Male baseline

Age creatinine Male baseline Female baseline Female baseline
(years) | (mg/dL) creatinine (pmol/L) | creatinine (mg/dL) | creatinine (pmol/L)
20 1.35 119 1.06 94

30 1.28 113 1.01 89

40 1.20 106 0.95 84

50 1.13 100 0.89 79

60 1.07 95 0.85 75

70 1.01 89 0.80 71

80 0.95 84 0.76 67

Changes in serum creatinine are used for the diagnosis and staging of acute kidney injury. In acute
settings, physicians do not know the basal value of serum creatinine prior to the development of
acute kidney injury. Because of the relation between age, creatinine, and GFR, basal creatinine can
be estimated from the expected GFR before injury (here it is at least 75 mL/min (1.25 mL/s) per
1.73 m? of body surface area)

creatinine equation with “basal” GFR of 75 mL/min per 1.73 m? (1.25 mL/s per
1.73 m?).

Potential Applications to Prognosis, Other Diseases, or
Conditions

The relation between eGFR and prognosis is given in the KDIGO 2012 Guideline for
CKD. Four variables should be taken into account: cause of CKD, GFR category
(G1-G5), albuminuria category (A1-A3), and complications (other risk factors,
comorbidities). eGFR is used to diagnose and monitor other diseases and conditions:
increased GFR can be expected during pregnancy, with a high-protein diet and in
conditions where there is increased output of osmotically active substances (osmotic
diuresis, e.g., after mannitol, or in hyperglycemic situations). For extrarenal reasons,
decreased eGFR can occur during and after cases of dehydration, e.g., hemorrhagic
shock.

Summary

» Estimated glomerular filtration rate (¢GFR) is used for the diagnostics, staging,
and monitoring of kidney function.

» Estimation is based on serum creatinine and/or cystatin C concentration.

* Methods of determining creatinine and cystatin C should be traceable to interna-
tional calibrators; enzymatic determination of creatinine is preferred to the Jaffé
(alkaline picrate) method.
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* The gold-standard method for GFR assessment (inulin clearance) is preferred to
other methods (‘*’I-iothalamate, iohexol).

* The CKD-EPI equations (Chronic Kidney Disease — Epidemiology Collabora-
tion) are recent equations for calculating eGFR.

* Three CKD-EPI equations are recommended: the 2009 CKD-EPI creatinine,
2012 CKD-EPI cystatin C, and 2012 CKD-EPI cystatin C and creatinine equa-
tions, respectively.

» The MDRD equation or Cockcroft-Gault formula should not be used for eGFR
assessment.

* The KDIGO 2012 Guidelines (both for chronic kidney disease and acute
kidney injury) and ADQI recommendations (Acute Dialysis Quality Initiative)
provide suggestions for health care that positively impact on patient benefit and
safety.
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