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Given the centrality of GFR in characterizing CKD, much
effort has focused on different ways to determine GFR.
The gold standard method is a measured GFR (mGFR)
with the clearance of an exogenous ideal marker that is bi-
ologically inert and exclusively cleared by glomerular fil-
tration without tubular reabsorption or secretion. Inulin
clearance has been considered the gold standard, although
there may be other exogenous markers with these prop-
erties. Iothalamate clearance is muchmore widespread in
its use in the United States and can be considered a gold
standardmGFR for the arguments thatwewillmake. The
major problemwith clinical application of mGFR is that it
is invasive, inconvenient, and too expensive for routine
use in most settings. In practice, alternative methods to
mGFR that are less invasive, more convenient, or less
expensive are often used for determining GFR.

With all alternative methods, there is potential bias
(i.e., systematic deviation) compared with mGFR. One
alternative method with a concern for bias is urinary
creatinine clearance (CrCl). Urinary CrCl is believed to
overestimate GFR and do so more severely at lower
levels of GFR because of increased tubular secretion
of creatinine. Another alternative method with a
widely held concern for bias is eGFR, which is believed
to underestimate GFR at high levels of GFR. Findings
from these two examples have been based on analyses
where bias was assessed across levels of GFR. How-
ever, there are different ways to assess bias across lev-
els of GFR. Should bias be assessed across levels of
mGFR or across levels of the alternative method? Is
there only one correct approach? We will argue that
there is a best approach for comparing clearance-based
methods (e.g., comparing CrCl with mGFR) and a dif-
ferent best approach for comparing eGFR with mGFR.

In this issue of the Clinical Journal of the American Soci-
ety of Nephrology, Zhang et al. (1) use the Chronic Renal
Insufficiency Cohort to assess bias between CrCl and
mGFR. They challenge the widely held belief that uri-
nary CrCl overestimates GFR more severely at lower
levels of GFR (1). This challenge is not on the basis of
unique data but rather, a different analytic approach. As
with prior studies, they reproduce the finding that has
been used to support the claim of increased tubular se-
cretion of creatinine as GFR declines. Specifically, they
show that, although the ratio of CrCl to mGFR was, on
average, 1.13, this ratio increases as mGFR decreases.
They then show that, to some extent, this finding can

be explained by a statistical phenomenon known as re-
gression to the mean. Regression to the mean occurs be-
cause ofmeasurement error; if youwere to obtainmGFR
in a group of individuals twice, those with low mGFR
will tend to have a higher mGFR on repeat, and those
with high mGFR will tend to lower mGFR on repeat. In
this analysis, CrCl can be viewed as being similar to
repeat mGFR. Because a low mGFR is, in part, caused
by measurement error, those with a low mGFR will
tend to have a relatively higher CrCl (regression to the
mean), and thiswill increase the ratio of CrCl tomGFR
(Table 1).
Is there a better analytic approach to assess whether

bias between CrCl and mGFR changes across levels of
GFR? If so, does this better analytic approach clarify
whether there is increased tubular secretion of creatinine
as GFR declines? The best approach for comparing two
independent clearance–based methods may be a Bland–
Altman plot (Table 1) (2). A Bland–Altman plot uses the
average (mGFR1CrCl)/2 on the x axis, which decreases
error by averaging the two GFR methods. More impor-
tantly, the average (mGFR1CrCl)/2 causes error on the x
axis to be equally influenced by both mGFR error and
CrCl error, lessening the effects of regression to the
mean. Zhang et al. (1) estimated the measurement error
(within–person coefficient of variation) as 10%withmGFR
and similarly, 12%with CrCl. Using a Bland–Altman plot,
the ratio of CrCl to mGFR did not increase as (mGFR1
CrCl)/2 decreased, and this finding argues against in-
creased tubular secretion of creatinine as GFR declines
(1). However, another recent study using a Bland–Altman
plot did findCrCl increased relative tomGFR as (mGFR1
CrCl)/2 declined (3). Although not originally reported, the
trend was statistically significant (P,0.01; T. Larson, per-
sonal communication) and argues for increased tubular
secretion of creatinine as GFR declines. The reason for the
discrepancy between these two studies is unclear.
If Bland–Altman plots are the best approach for com-

paring CrCl with mGFR, are they also the best way to
compare eGFR with mGFR? We would argue that the
answer is no. AlthoughCrCl andmGFR are independent
of each other, mGFR and eGFR have a dependent asym-
metric relationship. The eGFR equations commonly used
in practice were developed with least squares regression
to estimate the averagemGFR for a set of predictors (usu-
ally some combination of serum creatinine, cystatin C,
age, sex, and race) (4,5); the term eGFR can literally be
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interpreted as the expected value of mGFR. Commonly, the
bias between eGFR and mGFR is compared across levels of
mGFR (Figure 1, Table 1). Such analysis may explain the com-
monly held belief that eGFR underestimates at high levels of
GFR. However, the correct way to assess whether the eGFR
equation is biased is to use the same approach as originally
usedwhen deriving the equation. Both theModification of Diet

in Renal Disease (MDRD) Study (4) and the Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) (5) equations
were developed to be unbiased, such that the mean of ln
eGFR2ln mGFR is zero across the full range of eGFR for the
equation population. For interpretation, this bias can be con-
verted to a percentage using the formula [exp(ln eGFR2ln
mGFR)21]3100%. If the median or mean of eGFR2mGFR is

Table 1. Assessment of bias between different GFR methods across levels of GFR

GFR Methods Compared mGFR Versus CrCl mGFR Versus eGFR

Commonly used x axis mGFR mGFR or (mGFR1eGFR)/2
Commonly used y axis CrCl-to-mGFR ratio eGFR2mGFR
Commonly used assessment of bias Mean of CrCl-to-mGFR ratio Median or mean of eGFR2mGFR
Methodologic limitations with
the common approach

CrCl and mGFR are independent
and both affected by
measurement error; to some
extent, a lowmGFR is causedby
measure error, and the
corresponding CrCl will be
higher (regression to themean),
resulting in an increase in the
CrCl-to-mGFR ratio

Least squared linear regression is
asymmetric, and eGFR was
developed to estimate mGFR;
thus, eGFR equations were
derived to be unbiased across
levels of eGFR, not levels of mGFR
or (mGFR1eGFR)/2; commonly
used eGFR equations were not
derived, such that the mean or
median of eGFR2mGFR50; the
MDRD Study and CKD-EPI
equations were derived, such that
the mean of ln eGFR2ln mGFR50

More correct x axis (mGFR 1 CrCl)/2; this is the
appropriate setting for
application of the Bland–
Altman approach; if
measurement error withmGFR
and CrCl is similar, then
(mGFR 1 CrCl)/2 causes error
in the x axis to be equally
influenced by mGFR error and
CrCl error

eGFR; although eGFR has
measurementerror fromtheserum
markers, this is already
incorporated into how the
equation estimates mGFR for the
equation population

More correct assessment of bias
(y axis)

No one correct approach (relative
or absolute bias both
informative)

eGFR should always be assessed for
bias the same way that eGFR was
derived to be unbiased; for the
MDRD Study and CKD-EPI
equations, this would be the mean
of ln eGFR2ln mGFR and can be
reported as a relative bias
(percentage bias)

Biologic/clinical relevance Tubular secretion of creatinine is
thought to increase as GFR
declines; however, the CrCl-to-
mGFR ratio increasing as
mGFR declines is caused by
regression to the mean to some
extent rather than biology

The claim that eGFR underestimates
at high levels of GFR is not correct,
because eGFR equations were
derived to be unbiased at all levels
of eGFR for the equation
population; rather, eGFR can
underestimateGFR in populations
that arehealthier than the equation
population; this is particularly a
problem with equations that were
developed using all patients with
CKD (MDRD Study) or mostly
patients with CKD (CKD-EPI)
applied to healthy individuals
with high-normal marker levels
(serum creatinine or cystatin C)

mGFR, measured GFR; CrCl, creatinine clearance; MDRD, Modification of Diet in Renal Disease; CKD-EPI, Chronic Kidney Disease
Epidemiology Collaboration.
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desired to assess bias, then eGFR equations should be de-
rived, such that the median or mean of eGFR2mGFR is
zero. This was not done for either the MDRD Study or the
CKD-EPI equation. Assessing eGFR bias in amanner consis-
tent with how the eGFR equationwas derived to be unbiased
allows for a more clear determination of whether eGFR be-
haves differently in populations that differ from the equation
population.
An objection to this reasoning may be that eGFR has

measurement error, and thus, regression to the mean phe-
nomena should occur when assessing bias across levels of
eGFR. Certainly, eGFR has measurement error from the en-
dogenousmarkers, such as serum creatinine and cystatin C,
used in the eGFR equation. However, eGFR measurement
error is already incorporated into how eGFR predicts mGFR.
For example, a high eGFR level in a patient may be, in part,
caused by measurement error from the within–person bio-
logic and assay variation in serum creatinine or cystatin C
levels causing a low level. However, the eGFR equation was
derived assuming that low serum creatinine or cystatin C

levels were, in part, caused by measurement error in the
study sample used to derive the equation. Thus, in a similar
population to the equation population, measurement error
with eGFR will not cause bias.
When eGFR is applied to populations that differ from the

equation population, measurement error with eGFR can
cause bias. A common example of this is the application of
serum creatinine–based equations that were developed us-
ing all (MDRD Study equation) or mostly (CKD-EPI equa-
tion) patients with CKD to healthy populations. A healthy
personwith a high normal serum creatinine (about 1.3mg/dl
inmen and 1.1mg/dl inwomenwith a standardized assay)
has about a 50%highermGFR than a patientwith CKDwith
the same high normal serum creatinine level (6). A high
normal serum creatinine (or a high normal cystatin C level)
in a healthy person is at the tail upper end of the distribution
for a healthy population but not for a CKD population, and
it is more likely to be high from measurement error in a
healthy population than in a CKD population. This contrib-
utes to the underestimation of mGFR by about 20%with the

Figure 1. | Differences between eGFR andmeasuredGFR (mGFR) are only unbiased across levels of eGFR on the logarithmic scale.Here, we
derive eGFR to estimate mGFR in 1093 subjects from an earlier study (10) using a least squares regression model (ln mGFR regressed on ln
serum creatinine, ln serum creatinine squared, age, and sex). We then assess whether bias changes as GFR changes in the same dataset with a
linear fit. (A) eGFR2mGFR across levels ofmGFR. (B) eGFR2mGFR across levels of (eGFR1mGFR)/2. (C) eGFR2mGFR across levels of eGFR.
(D) ln eGFR2ln mGFR across levels of ln eGFR.

1520 Clinical Journal of the American Society of Nephrology



CKD-EPI equations in healthy populations with an eGFR of
45–59 ml/min per 1.73 m2 (7). Other than incorrect implicit
assumptions about measurement error with eGFR, there
are also biologic reasons for eGFR to be biased when ap-
plied in populations that differ from the equation popula-
tion. The primary source of creatinine, muscle mass, is lower
in patients with CKD (8), and this also contributes to why
creatinine-based equations developed using patients with
CKD underestimate GFR in healthy patients (6). Cystatin
C–based equations developed in nontransplant populations
underestimate GFR in transplant recipients (7), possibly be-
cause there are numerous factors that affect the non-GFR
determinants of cystatin C levels (9), and the distributions
of these factors may differ between transplant and nontrans-
plant populations.
In conclusion, improper assessment of CrCl and eGFR bias

can lead to incorrect understanding of renal physiology and
the clinical assessment of kidney function. There are two
important examples of this occurring. Increased tubular
secretion of creatinine at lower levels of GFR may occur,
but regression to the mean can explain at least some of the
data used to support this claim. The concern that eGFR
underestimates at high levels of GFR is unfounded, because
equations were developed to be unbiased across all levels of
eGFR for the equation population. The problem is that
application of eGFR equations developed with mostly pa-
tients with CKD to healthy individuals can substantially
underestimate GFR.
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