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Abstract

The initiative for estimating glomerular filtration rate (GFR) derives from the limitations of interpreting plasma creatinine alone,
the cost and complexities of determining a gold standard GFR with either inulin or radionuclides, and the inaccuracies inherent in
measuring a 24 h urine creatinine clearance. In August 2005, the Australasian Creatinine Consensus Working Group recommended
that an eGFR based on the abbreviated MDRD (Modification of Diet in Renal Disease) formula shall be automatically calculated
for every request for creatinine in people over 18 years. Uptake was almost universal, though with appropriate caveats in place
regarding potential limitations. Updated recommendations in 2007 recognised uniform standardisation of the plasma creatinine
assay. A recent development is the CKD-Epidemiology Collaboration (CKD-EPI) equation which confers less underestimation
of GFR in subjects with normal renal function. Cystatin C and its derivative equations may have advantages in some situations.

Serum Creatinine as an Index of Kidney Function and its
Inherent Limitation

Traditionally, a single measure of plasma creatinine has been
used to determine glomerular function and by corollary,
diagnosis and staging of chronic kidney disease (CKD).
For any individual, plasma creatinine values are tightly
distributed around a homeostatic set-point, with an intra-
individual variation (CVi) of 5.3%.! The consequence of
this is that an individual may show a significant increase in
plasma creatinine with deterioration in renal function, yet
still have a result which falls within the reference interval.
Furthermore, plasma concentrations of creatinine are affected
by other factors including muscle mass, diet, gender, age and
ethnicity. A very lean elderly woman with renal impairment,
for example, may have a ‘normal’ plasma creatinine despite a
reduced GFR. Conversely a very muscular subject may have
an apparently ‘abnormal’ creatinine despite having a normal
GFR. These limitations have focused attention on more direct
measurement of GFR.

GFR and Creatinine Clearance

The perfect filtration marker: is not protein bound, is freely
filtered by the glomerulus, is without any tubular secretion, is
not metabolised by the kidneys, and is physiologically inert.
Very few substances fulfil these criteria: the gold standard
has been a plant polysaccharide called inulin, an exogenous
substance requiring injection and a complex collection

protocol; alternatives involve administration of radionuclides
such as '®I-iothalamate, >'Cr-EDTA or *"Tc-DTPA, which
are labour-intensive procedures and too costly for routine use.
None of these techniques is suitable as a screening procedure
for the detection of CKD.

In the past, a 24 h urine creatinine clearance has been regarded
as a more sensitive tool for the detection of kidney failure
than a single plasma creatinine measurement. However,
the inconvenience of a timed urine collection, failure to
collect the entire specimen, and the wide (11%) within-
subject variability, restrict the usefulness of this procedure.
Furthermore, there is some tubular secretion of creatinine
and as a result, healthy individuals could have a creatinine
clearance regularly exceeding that of inulin clearance by 10
to 40%, thereby overestimating GFR and masking any future
renal impairment.?

Introduction of eGFR

While recognising the inadequacies of plasma creatinine and
a 24 h creatinine clearance, the National Kidney Foundation
Disease Outcomes Quality Initiative (K-DOQI) recommended
use of estimates of GFR calculated from prediction equations
based on plasma or serum creatinine.’

In 1976, Cockcroft and Gault published an equation to
predict creatinine clearance based on age, weight, height and
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plasma creatinine, together with correction factors.* Although
helpful, it has many inherent limitations, having been derived
mostly from hospitalised men (with only nine females in the
cohort), all of whom had CKD. The requirement for weight
and height to be provided also restricted its ability to be
reported by the laboratory. Despite these shortcomings, it has
achieved a considerable prominence, more through cumulated
experience than a solid evidence base. It is remarkable that for
guiding the administration of many drugs, the FDA (US Food
and Drug Administration) and other bodies still stipulate that
creatinine clearance should be estimated by the Cockcroft-
Gault equation.

The MDRD study was based on a multicentre trial to evaluate
the effect of dietary protein restriction and blood pressure
control on progression of renal disease in 1628 patients with
CKD, with the added objective of developing an equation that
could improve the prediction of GFR from plasma creatinine.’
GFR was measured as the renal clearance of '*I-iothalamate,
and creatinine clearance was computed from creatinine
excretion in a 24 h urine collection and a single measurement
of plasma creatinine. Stepwise multiple logistic regression
analysis was employed to determine the set of variables that
best predicted GFR.* A 6-variable equation was derived, and
subsequently a simplified 4-variable version which included
age, gender, plasma creatinine value and race differentiation
as white or black was published (equation 1, Table). Results
were expressed as per 1.73 m? of body surface area.’

The advantage of this equation over Cockcroft and Gault’s
was the lack of requirement for either body weight or height
to be supplied and it became the preferred equation. The
MDRD study equation was subsequently validated in patients
with diabetic kidney disease, renal transplant recipients, and
African-Americans with non-diabetic kidney disease. Given
that the MDRD equation was originally derived from a group
of CKD patients, its utility for healthy individuals remains
unclear, and strictly it has not been validated in children
under 18 years of age, in pregnant women, in patients above
70 years of age, and in ethnic groups other than African-
American. More importantly, given the rise in the epidemic
proportions of global obesity, the MDRD equation has not yet
been validated at extremes of body weight, further limiting
its usefulness in targeting individuals at higher risks of
developing CKD.

Poorer performance of the MDRD formula is reported at
low plasma creatinine concentrations.® Calibration bias and
measurement imprecision for plasma creatinine have a large
impact on the uncertainty in eGFR, especially with lower
plasma creatinine values (corresponding to higher levels of
renal function).” It was recognised that there was a positive
systematic bias for plasma creatinine concentrations analysed
with the Beckman Coulter CX3 in the original MDRD study.
To overcome the error from instrument bias, a unified effort to
standardise creatinine measurements to the reference isotope-
dilution mass spectrometry (IDMS) method was encouraged

Table. eGFR prediction equations based on plasma creatinine concentration.

MDRD eGFR = 186 x [Plasma Creatinine (umol/L) x 0.0011312] 154

x [age (years)] 02%
x [0.742 if female] x [1.212 if black]

[equation 1]

MDRD eGFR (IDMS aligned) = 175 x [Plasma Creatinine (umol/L) x 0.0011312] 154

x [age (years)] 0%

x [0.742 if female] x [1.212 if black]

[equation 2]

CKD-EPI eGFR;

Female with Creatinine < 62 umol/L; use eGFR = 144 x (Cr/61.6)32°x (0.993 )"
Female with Creatinine > 62 umol/L; use eGFR = 144 x (Cr/61.6)"?*x (0.993)e
Male with Creatinine < 80 pmol/L; use eGFR = 141 x (Cr/79.2)%4!! x (0.993)Ae
Male with Creatinine > 80 pmol/L; use eGFR = 141 x (Cr/79.2)12% x (0.993 )¢

where Cr is the plasma creatinine (umol/L)

[equation(s) 3]
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in laboratories around the world. With this, a new factor of
‘175 (as opposed to ‘186”) was subsequently recommended
in the MDRD equation for creatinine assays that are IDMS-
aligned (equation 2, Table).®

Comparative performance of the MDRD and the Cockeroft-
Gault formulae has been assessed in numerous studies.
Generally, the MDRD has been shown to perform somewhat
better than Cockcroft-Gault in a majority of the studies, with
less bias and a higher proportion of results in agreement with
aradionuclide gold standard.”!* However the Cockcroft-Gault
formula has been reported to be more accurate when plasma
creatinine is within the reference interval.!" Recalibration
of creatinine assays to align with IDMS has been shown to
improve the performance of the MDRD equation. '

Australasian Recommendation of eGFR Reporting

In August 2005, the Australasian Creatinine Consensus
Working Group recommended that an eGFR based on the
abbreviated MDRD formula be automatically calculated for
every request for plasma creatinine in people over 18 years."
Updated recommendations in 2007 further addressed some
of the more contentious areas and also recognised IDMS-
aligned standardisation of the plasma creatinine assay,
emphasising adoption of the ‘175’ as opposed to ‘186’ version
of the MDRD equation.'*

The original recommendations stipulated that eGFR be
reported in mL/min or mL/min/1.73m2.'*> Moreover, an
eGFR was to be reported for all patients above 18 years of
age, and all values greater than 60 mL/min/1.73m? were to
be reported as ‘“>60 mL/min/1.73m?’ rather than an exact
figure. In the 2007 revised recommendations, the limit
for reporting an exact figure was raised to >90 mL/min/
1.73m>.1

Although GFR is recognised to decline with age, it is debated
whether this is a truly physiological or pathological change.
Age-adjusted reference intervals have not been recommended
as it has been argued that it is difficult to accommodate the
opposing effects of rising creatinine due to reduced renal
function and declining creatinine due to reduced lean body
mass. The revised recommendations also advised caution
in interpretation of eGFR values in the range of 45-59 mL/
min/1.73m? in people over 70 years old."

A dosage reduction is often necessary for renally excreted
drugs to avoid toxic effects (see Doogue, page 69 in this
issue). Revised recommendations allow the use of eGFR (by
MDRD) when no other measure of true GFR is possible, but
in practice the Cockcroft-Gault equation is still more widely
used by clinicians. For critically important drugs, for example

cis-platinum in chemotherapy, the recommendations advocate
more formal assessment of GFR.

Despite suggesting a correction factor for African-Americans
with the original MDRD study, there is limited data on
the use of eGFR in other ethnic groups. The Australasian
recommendations stated that for Australian Aborigines and
Torres Strait Islanders and New Zealand Maori, eGFR should
continue to be reported with every creatinine request while
recognising the need for more studies to be undertaken.'
Notwithstanding the difficulty of assigning ethnicity in any
individual, one of the main confounding variables is most
likely to be lean body mass, rather than BMI per se. At higher
levels of BMI, evidence shows Polynesians to be significantly
leaner than their European counterparts, suggesting a body
composition with higher muscle mass.!® Further studies
are ongoing in Australian Aborigines, including detailed
assessments of body composition with DEXA scans and
bioelectrical impedance measurements.

While the foregoing variables merit consideration, achieving
a steady state for plasma creatinine is the single most important
factor for interpretation of eGFR and yet frequently it is not
fulfilled, especially in acutely unwell patients. Of course,
such a condition applies equally to interpretation of plasma
creatinine alone.

CKD-EPI Equation

Given that the MDRD equation was developed in a
population with sub-optimal kidney function, its accuracy
in predicting GFR is best reflected in those with mild
kidney impairment. It is recognised that MDRD tends to
underestimate renal function in those with a normal eGFR
>90 mL/min/1.73m>. In response to these concerns, the CKD-
Epidemiology Collaboration group (CKD-EPI) developed
and validated a new equation in 2009 designed to match the
accuracy of the MDRD equation at GFR <60 mL/min/1.73m?
and to offer greater accuracy at higher GFR, minimising
the over-diagnosis of CKD with the MDRD equation.'
The new CKD-EPI equation was developed from 8254 data
points from six studies and four clinical populations, with
original serum creatinine values recalibrated to the Roche
enzymatic method.'”® The CKD-EPI equation (equation
3, Table) includes log serum creatinine (modelled as a
2-slope linear spline with sex specific knots at 62 umol/L
in women and 80 pmol/L in men), with gender, race and
age on the natural scale. It is therefore effectively four
different equations for whites (men, women, above the knot
value, below the knot value) and another four for African-
Americans in whom a different factor is used. The CKD-
EPI equation was shown to be as accurate as MDRD in the
subgroup with eGFR <60 ml/min/1.73m? and substantially
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more accurate in the subgroup with eGFR >60 ml/min/
1.73m>.

Improved accuracy of the CKD-EPI equation could have
important implications for public health as well as in clinical
practice. Application of the CKD-EPI equation in the
Australian, Diabetes, Obesity and Lifestyle (AusDiab) Study
yielded a lower estimated prevalence of CKD compared
with the MDRD equation, namely 11.5% (95% CI: 9.4-
14.1) compared with 13.4% (95% CI: 11.1-16.1)."7 The
reclassification of individuals as normal appeared appropriate
in that this group had lower cardiovascular risk.'” Extrapolated
to whole populations, it means that fewer individuals will
be assigned as having CKD and thus resources can be more
appropriately targeted.

Cystatin C as a Marker of Kidney Function

Many studies have compared cystatin C concentrations or
cystatin C-derived equations with gold standard methods. Most
studies have found cystatin C or the reciprocal of cystatin C to
be superior, or at least equivalent to serum creatinine for the
detection of decreased GFR. Two meta-analyses concluded
cystatin C to be superior to creatinine in predicting renal
function.'®" Several equations based on cystatin C have also
been published.” Two types of cystatin C method are currently
available commercially, i.e. nephelometry and turbidimetry,
with nephelometry reported to be the more accurate.?! The
lack of an international standardised calibrator currently
limits the use of cystatin C equations. More importantly and
to justify its additional cost, its use will depend on evidence
that it significantly improves clinical outcomes.

Future of eGFR Equations

In the immediate future, the CKD-EPI equation will probably
emerge as the equation of choice to estimate GFR. Cystatin
C and its derivative equations offer some advantages over
plasma creatinine, but the extra cost will not justify its use
until there is compelling evidence suggesting improved
clinical decision making and better outcomes.

In the final analysis, we need to remember that all equations
for GFR estimation are essentially mathematical abstractions
that relate patients to the populations from which the equations
were derived. Inevitably, therefore, there is no ideal “one size
fits all” equation, and clinicians need to be mindful of all
the potential limitations in their application and to interpret
results in a full clinical context.
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