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Abstract Background and aims: The most used indicator for the renal function is the glomerular
filtration rate (GFR). Current used predictive GFR equations were calibrated on patients with
chronic kidney disease. Thus, they are not very precise in healthy individuals. The estimation
of skeletal muscle mass (SMM) allows the prediction of the daily urinary creatinine excretion
(24hUCrE). This study proposes an equation for the estimation of GFR based on SMM (eGFRMus-
cle) and serum creatinine (SCr).
Methods and results: Four hundred sixty-six free-living men underwent a bioelectrical imped-
ance analysis for the evaluation of SMM (kg), a blood withdrawal for the measurement of SCr
(mg/dL), and a 24-h urinary collection for the assessment of 24hUCrE (g/24 h). The linear regres-
sion analysis between SMM and 24hUCrE and the measurement of SCr allowed developing a pre-
dictive equation of eGFRMuscle. The equation predicting eGFRMuscle (ml/min/1.73 m2) was
SMM (kg) � 3.06/SCr (mg/dL). eGFRMuscle was statistically different from eGFR predicted by
CockrofteGault, MDRD Study, and CKD-EPI equations (p Z 0.017, p < 0.001, and p < 0.001,
respectively). Pairwise comparison of standard error of the area under the ROC curve (AUC) of
eGFRMuscle with all the other AUCs of ROC curves highlighted significant differences.
Conclusions: The equation presented in this study results in age, weight, gender, and ethnicity in-
dependent because it arises directly from SMM estimation. Therefore, the proposed equation
could allow evaluating the GFR also in healthy people with low, average, or high weight, and
in older people, regardless of GFR and SCr levels.
ª 2020 The Italian Diabetes Society, the Italian Society for the Study of Atherosclerosis, the Ital-
ian Society of Human Nutrition and the Department of Clinical Medicine and Surgery, Federico II
University. Published by Elsevier B.V. All rights reserved.
Introduction

The assessment of renal function is essential for early
diagnosis and continuous monitoring of chronic kidney
disease (KD) and as an indicator of when to start renal
replacement therapy (dialysis, hemofiltration, and hemo-
diafiltration). Moreover, it is necessary for the dose-
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adjustment of potentially toxic drugs eliminated mainly
by the renal route. To date, the best indicator of renal
function remains the estimated glomerular filtration rate
(GFR) [1]. Since GFR is not directly measurable, the renal
clearance of a suitable substance is used as a proxy of GFR.
The renal clearance of a given substance represents the
volume of plasma from which the substance is completely
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removed per unit time. Suitable exogenous (e.g. inulin,
iothalamate, iohexol, etc.) or endogenous (e.g. creatinine,
cystatin-c) substances for the assessment of GFR would are
those completely filtered by the glomeruli and neither
reabsorbed nor secreted at the tubular level. This type of
approach to the assessment of GFR is however cumber-
some for many people for the practical difficulty to perform
a correct and accurate 24-h urine collection. For this
reason, the use of predictive equations for the estimate of
GFR (eGFR) has spread in clinical practice [2]. The most
utilized such equations, namely the MDRD (Modification of
Diet in Renal Diseases Study) [3] and the CKD-EPI (Chronic
Kidney Disease Epidemiology Collaboration) [4],were cali-
brated on people suffering from chronic kidney disease.
Therefore, these equations fail to accurately estimate the
GFR in healthy people. In fact, it is well recognized that
both the CKD-EPI and the MDRD Study equations are not
suitable for all populations and GFR ranges [5].On the other
hand, the more outdated CockrofteGault equation [6] de-
pends on age, body weight (BW) and gender and it is
inadequate for older or obese people [7e9]. In any case, the
core of these equations is the measurement of serum
creatinine (SCr), plus some easily obtainable demographic
and anthropometric variables (age, gender, ethnicity, body
weight). The use of these additional variables in the pre-
dictive equations of eGFR represents an attempt to adjust
for the influence of skeletal muscle mass (SMM) on creat-
inine excretion. In fact, muscle mass is usually unknown,
but it is closely related to age, gender, race and bodyweight.
The skeletal muscle is indeed the only tissue responsible to
produce creatine that in turn gives rise to creatinine [10].
Thus, at least theoretically, the precise measurement of SCr
and the accurate prediction of daily urinary creatinine
excretion (24hUCrE), should provide an accurate assess-
ment of eGFR. Since the 24hUCrE depends solely on the
SMM, the knowledge of the muscle-creatinine equivalence
and an accurate estimation of the SMM would enable a
precise prediction of 24hUCrE and therefore of the eGFR.
Indeed, an accurate estimation of SMM may be obtained in
a quick, inexpensive and non-invasive way by bioelectrical
impedance analysis (BIA).The present study suggests a
method for predicting the eGFR based on the measurement
of SCr and the estimation of SMM by BIA (eGFRMuscle),
independently of age, gender and race. This method would
be suitable also for people without KD and even for older or
obese people. This work represents the extended version of
poster communication at the ESPEN Congress in 2018 [11].

Methods

Study population

The study population was made of 466 free-living men, a
subgroup of 994 men (aged 32e82 years) participating in
the 2002e2004 follow-up examination of the Olivetti
Heart Study, who agreed to undergo BIA in addition to all
the other operations included in the study protocol [12].
All the Olivetti Heart Study participants were on their
habitual diet and did not follow any physical exercise
program. They underwent anthropometric measurements
and a venous blood withdrawal and performed a 24 h
urine collection for which they received detailed verbal
and written instructions. The study was approved by the
local Ethics Committee and the participants gave their
informed written consent to participation and to the study
procedures.

Serum creatinine and urinary creatinine excretion
measurements

The day before the visit, the participants performed a urine
collection discarding the first void in the morning and then
collecting all the urines until the following morning,
including the first void. The volume of the 24 h collection
was recorded, and a specimen was used for the urinary
creatinine assay. A fasting venous blood sample was taken
for SCr determination. Urinary and serum creatinine con-
centration was measured by an autoanalyzer (ABX Pentra
400, HORIBA ABX - Rome, Italy) using a picric acid color-
imetric method with a kinetic reading of the results. As
creatinine measurements were performed before 2006,
the results were transformed as IDMS (Isotope Dilution
Mass Spectrometry) calibrated with the following formula:
Creatinine IDMS calibrated (mg/dL) Z (Creatinine not
IDMS calibrated (mg/dL)�0.067)/1.065 [13].

Bioelectrical impedance analysis and estimation of
skeletal muscle mass

BIA measurements were carried out by the same operator
using the same analyzer (BIA 101model, Akern/RJL Systems,
Florence, Italy) on all patients [14]. SMM by BIA was esti-
mated by using the Tengvall equation [15] as applied tomen,
making use of height (cm),BW (kg), resistance and reactance
(ohm) of the participant: SMM (kg) Z �24.02 þ (0.33
� height) þ (�0.031 � resistance) þ (0.083 � reactance)
þ (0.046 � BW).

Estimated glomerular filtration rate

For the MDRD Study equation, a 4-variable MDRD Study
equation re-expressed for use with standardized creati-
nine measurements was used [16]. The CKD-EPI equation
was developed according to Ref. [4]which exclusively re-
quires the use of a standardized creatinine measurement.
We applied two different formulas (both for white men)
depending on the serum creatinine value (SCr � 0.9 or
SCr > 0.9). For the MDRD Study and CKD-EPI equations,
the results are already normalized to 1.73 m2 body surface
area (BSA). The CockrofteGault equation [6] was devel-
oped using a not-standardized creatinine value and
referred to 1.73 m2 BSA. BSA was calculated according to
the Du Bois and Du Bois formula [17].

Statistical analysis

Statistical analysis was performed using the Statistical
Package for the Social Sciences (SPSS Statistics for



Table 1 Mean � SD and range (minemax) of age, weight, height,
body mass index (BMI), skeletal muscle mass (SMM), serum creat-
inine (SCr), and estimated glomerular filtration rate (eGFR) by
different equations in 466 males, a subgroup of 994 participating in
the follow-up examination of the Olivetti Heart Study (2002e2004).

Mean � SD MineMax

Age (y) 59.7 � 6.4 35.4e81.6
Weight (kg) 75.9 � 10.8 49.1e112.9
Height (m) 1.66 � 0.06 1.49e1.88
BMI (kg/m2) 27.4 � 3.4 18.9e39.1
SMM (kg) 25.7 � 2.8 17.2e36.7
SCr (mg/dL) 1.03 � 0.19 0.72e3.45
eGFR by Muscle (ml/min/1.73 m2) 77.6 � 12.3 23.8e122.9
eGFR* by Cockfroft-Gault

(ml/min/1.73 m
2
)

78.3 � 12.3 20.9e118.9

eGFR by MDRD (ml/min/1.73 m2) 80.5 � 11.2 18.8e120.3
eGFR by CKD-EPI (ml/min/1.73 m2) 80.8 � 12.1 17.0e125.0

eGFR* estimated by means of CockrofteGault equation was
normalized for body surface area 1.73 m

2
.

For the other equations, the estimated GFR is already related to the
body surface area.
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Windows, Version 22.0; IBM Corp, Armonk, NY, USA).
Linear regression analysis was performed to predict the
daily amount (g) of urinary creatinine produced per kg of
SMM. Then, an equation containing SMM and SCr was
developed for the estimation of GFR (eGFR Muscle). The
difference between the eGFRMuscle and the GFR esti-
mated using other equations was evaluated by the Wil-
coxon's signed-rank test. The same nonparametric analysis
was used after stratification of the eGFR by quintiles of age,
SCr, BW, and GFR. The cross-tabulation analysis was car-
ried out to compare sensitivity, specificity, the positive and
negative predicted value of the different equations esti-
mating the GFR. The differences between sensitivity and
specificity along the full range of possible values of
different equations were evaluated with the analysis of the
Receiver Operating Characteristic (ROC) curves using the
comparison method of the standard error of the area
under the curve [18]. Two-sided p values less than 0.05
were considered statistically significant.

Results

Muscle-creatinine equivalence and prediction of daily
urinary creatinine excretion

The muscle-creatinine equivalence was previously calcu-
lated [19] by linear regression of the 24hUCrE (g/24 h) on
SMM (kg) in the whole study population. The reliability of
the adopted model was evaluated by graphical and sta-
tistical studies of the residues plotted against the inde-
pendent variable values (SMM) [19]. Then, the predicted
value of 24hUCrE, directly proportional to SMM, was ob-
tained as 24hUCrE (g/24 h) Z 0.044 3 SMM (kg).This
equation is the muscle-creatinine equivalence and allows
to predict the daily urinary creatinine excretion deriving
exclusively from total SMM.

Calculation of eGFRMuscle by the predicted daily uri-
nary creatinine excretion and by the measured serum
creatinine.

Starting from the well known formula:
GFR Z 24hUCrE/SCr, the eGFRMuscle (ml/min/1.73 m2)
was derived as follows:

Z1000� 24hUCrE ðg=24hÞ=1440� 0:01

� SCrðmg=dlÞeGFRMuscle
�
ml

�
min

�
1:73m2�Z1000

� 0:044� SMMðKgÞ�1440� 0:01

� SCrðmg=dlÞeGFRMuscle
�
ml

�
min

�
1:73m2�Z3:06

� SMMðKgÞ�SCrðmg=dlÞ

Comparison of eGFRs values derived from different
equations

Table 1 shows age, BW, height, body mass index (BMI),
SMM, SCr, and eGFR, estimated by means of different
equations, of the 466 study participants. eGFRMuscle
was significantly different from eGFR obtained by
CockrofteGault, MDRD Study, and CKD-EPI equations
(p Z 0.017, p < 0.001 and p < 0.001, respectively).
Compared to the eGFRMuscle, stratification by quintiles of
SCr and BW (Figs. 1 and 2, respectively) showed that
MDRD Study and CKD-EPI equations overestimate eGFR at
normal values of SCr (up to the SCr value of 1.10 mg/dl,
fourth quintile: p < 0.001), overestimate it in normal-
weight people (first, second and third quintiles of BW:
p < 0.001) and underestimate it in overweight individuals
(fifth quintile of BW: p < 0.001). Fig. 3 shows that
CockrofteGault, MDRD Study, and CKD-EPI equations
overestimate eGFR at low GFR values (first, second and
third quintiles of GFR: p < 0.001) and underestimate it at
high levels of GFR (fifth quintile of GFR: p < 0.001,
p Z 0.001 and p Z 0.019, respectively). Stratification by
quintiles of age (Fig. 4) shows that CockrofteGault equa-
tion overestimates eGFR at low age (first, second and third
quintiles of age: p < 0.001) and underestimates it at
advanced age (fifth quintile of age: p < 0.001), while
MDRD Study and CKD-EPI equations overestimate it for
the first four quintiles of age (p < 0.001).

The cut-off for the diagnosis of KD was set to <60 ml/
min/1.73 m2 and eGFRMuscle values were used to classify
KD patients. Table 2 provides the sensitivity, specificity and
positive or negative predicted values for KD of CKD-EPI,
MDRD Study, and CockrofteGault equations compared to
eGFRMuscle. Sensitivity and positive predicted values
were poor (52e80%), while specificity and negative pre-
cision were excellent (97e99%). Thus, all three equations
provided many false negatives and a few false positives.
According to the analysis of the ROC curves, the
CockrofteGault, MDRD Study, and CKD-EPI equations were
globally well performing in diagnostic accuracy: area
under the curve (AUC)_CockrofteGault Z 0.959;
AUC_MDRDZ 0.927; AUC_CKD-EPIZ 0.933. However, the
comparison of paired data of ROC curves highlighted sig-
nificant differences between the AUC of eGFRMuscle and
all the others AUCs (Table 3).



Figure 1 Comparison of the eGFR (as mean and 95% CI) calculated by different predictive equations, per quintiles (Q) of SCr.

Figure 2 Comparison of the eGFR (as mean and 95% CI) calculated by the different predictive equations, per quintiles (Q) of body weight.
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Figure 3 Comparison of the eGFR (as mean and 95% CI) calculated by the different predictive equations, per quintiles (Q) of GFR.

Figure 4 Comparison of the eGFR (as mean and 95% CI) calculated by the different predictive equations, per quintiles (Q) of age.
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Table 2 Sensitivity, specificity and precision (positive or negative
predictive value) of different equations estimating GFR, compared
to eGFRMuscle. The cut-off for the diagnosis of kidney disease was
<60 ml/min/1.73 m2 eGFRMuscle was used to classify patients with
renal disease. The values are expressed as percentages.

eGFR by CockfrofteGault eGFR by MDRD eGFR by CKD-EPI

TPR 61 52 52
TNR 97 99 99
PPV 50 80 71
NPV 98 98 98

TPR Z true positive rate (sensitivity); probability that a test result
will be positive when the disease is present.
TNR Z true negative rate (specificity); probability that a test result
will be negative when the disease is not present.
PPV Z positive predicted value (positive precision); probability that
the disease is present when the test is positive.
NPV Z negative predicted value (negative precision); probability
that the disease is not present when the test is negative.
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Discussion

The use of predictive equations for estimating eGFR is very
useful in clinical practice and is largely adopted in clinical
settings. As the Biochemistry laboratory is generally pro-
vided with the patients' basic demographic data (age, sex,
ethnicity) and his/her body weight, the eGFR estimated by
one of the available predictive equations is often added to
the report [2]. The actual measurement of GFR by the renal
clearance of an appropriate marker is not only time
consuming, difficult to perform, expensive and sometimes
invasive, but often provides unreliable results because of
an incomplete urine collection or for other reasons. Thus,
methods such as the clearance of inulin, iothalamate, and
iohexol, which are considered gold standards for other
methods (including the validation of predictive equations
of eGFR), are no longer used in routine clinical practice.
Likewise, the estimation of GFR by measuring the clear-
ance of an endogenous marker such as creatinine may be
unreliable not only because of inadequate 24 h urine
collection but also due to changes in the meat content of
the diet, exhausting physical exercise, emotional stress,
and other acute conditions such as infection, fever, or
trauma.

All currently used eGFR predictive equations utilize the
measurement of SCr since this is strongly correlated with
the GFR. However, this relationship is not only not linear
Table 3 Pairwise comparison of eGFRMuscle ROC curve with the other
confidence interval for the difference, Z statistic, and significance level (p

Pairwise comparison between eGFR by Muscle ROC curve and: eG

Difference between areas 0.0
Standard error 0.0
95% Confidence Interval 0.0
Z statistic 2.9
Significance level p Z

a Compared area under the ROC curves are significantly different (refer
but its trend changes according to the degree of renal
function. Therefore, log-transformation of SCr and GFR
values is required as well as the addition of other param-
eters to reduce the expected bias. For example, in the
simplified MDRD Study equation (4-parameters) age,
gender, and ethnicity are added to the equation to account
for the creatinine production rate from skeletal muscle.
The CKD-EPI equation was developed with the same pa-
rameters of the MDRD Study equation but with more
precise coefficients that also vary according to SCr levels:
thus, it is more accurate across the whole range of GFR
[20]. Neither equation needs to be normalized for body
surface area. The most dated CockrofteGault equation
instead needs to be normalized for body surface area.

In any case, albeit in different ways, all the predictive
equations of eGFR exploit the relationship between serum
creatinine and GFR. For this reason, a predictive equation
based on a direct accurate estimate of SMM should be, at
least theoretically, more accurate than others. Although
this concept is not new [21e24], to our knowledge, a
simple and accurate equation that directly relates the daily
production of urinary creatinine to SMM, in addition to our
recently presented equation (24hUCrE Z 0.044 � SMM)
[19], has not yet been drawn. The equation proposed in the
present study derives from a previous work on the vali-
dation of the measurement of creatinine clearance using
the muscle-creatinine equivalence and the estimation of
SMM [19]. Briefly, the equation correlating the creatinine
production rate to SMM was derived and validated by
linear regression analysis on 466 subjects who underwent
a BIA measurement and provided a 24-h urinary collection.
The slope of this equation was identical to that found in
another study specifically designed to estimate SMM from
the measurement of urinary creatinine excretion [25].
However, in the study by Wang et al. [25], it was not
considered that the constant (Y-intercept) of the equation
represented the bias between the method that measures
the variable and the method that predicts the variable and
that therefore the constant had to be included in the
calculated value of the predicted variable. Therefore, with
respect to the muscle-creatinine equivalence, the innova-
tion that we have previously presented consists of the
integration of the constant within the expected 24hCrE
value [19]. This makes the daily excretion of urinary
creatinine directly proportional to SMM. The equation of
equivalence makes it possible to establish that 1 kg of
SMM produces 0.044 g of urinary creatinine every day, i.e.
eGFR ROC curves: difference between the areas, standard error, 95%
-value).

FR by CockfrofteGault eGFR by MDRD eGFR by CKD-EPI

41 0.073 0.067
14 0.024 0.022
14e0.069 0.023e0.119 0.024e0.109
69 3.065 3.061
0.003a p Z 0.002a p Z 0.002a

ence: DeLong ER et al. [18]).
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that the excretion of 1 g/24 h of urinary creatinine corre-
sponds to 22.73 kg of SMM. From the muscle-creatinine
equivalence, it was possible to obtain the equation
that allows prediction of the GFR from the measurement of
the SCr and the accurate estimation of SMM
(eGFR Z 3.06 � SMM/SCr). The latter can be estimated by
any method (DEXA, computerized tomography, BIA, etc).
Obviously, the use of BIA is an excellent method in routine
studies because it has low costs, it is not invasive, it is
simple and fast in execution and it is quite accurate in the
estimation of SMM.A problem could be given by patients
with severe KD with fluid abnormalities and consequently
an altered hydration status. In fact, this would lead to an
overestimation of SMM and then of eGFR. On the other
hand, a study has shown that the eGFR prediction could be
improved by modifying some coefficients of the BIA
equation also considering the problem of dehydration [26].
However, we deem that the true novelty of the equation
presented in this study is the fact that it has a quite general
validity, regardless of the method used to estimate the
SMM. Moreover, this equation is also able to bypass the
problem of creatinine tubular secretion which, albeit to a
lesser and variable extent, always occurs together with its
glomerular filtration, in particular with advanced KD. This
is possible because our equation is based on the prediction
of creatinine production and not on its excretion. Finally,
our equation does not need to be normalized for the body
surface.

An in-depth comparison of the existing predictive
equations of eGFR has already been extensively discussed
in previous studies [27e31]. In the present discussion, we
will focus on comparing our equation with those currently
most used. Our equation indirectly confirms that the
MDRD Study and CKD-EPI equations overestimate eGFR at
normal and low SCr values while providing results very
similar to those of our equation at high SCr values. This is
predictable given that the two equations were obtained in
studies where patients with chronic KD were prevalent.
Concerning the BW, the CockrofteGault equation assumes
that GFR increases with increasing BW. The rationale for
this is due to the idea that as the weight increases, the
SMM also increases but unfortunately this is not always
true. Consequently, it is expected that in obese patients,
who have a high BW and a relatively low muscle mass, the
GFR is obviously overestimated with respect to its real
value. However, in a wide range of BW values, our data
show that the averages of the eGFR calculated with the
CockrofteGault equation do not differ significantly from
the ones calculated with our equation (Fig. 2). This
notwithstanding, it is likely that in subjects having a fat
mass predominance, the individual pairwise values
calculated with the two different equations will be
remarkably different. Instead, for the MDRD Study and
CKD-EPI equations, the GFR values differ significantly from
those calculated with our equation, both at low and at high
BW. This is probably due to the fact that in these equations
neither the BW nor the SMM is present and that the age
weighs very little (2e8%) on the equations while the
greatest weight (88e96%) is due to the value of SCr. As far
as the GFR intervals, our equation confirms that all the
other evaluated equations overestimate the GFR at low and
underestimate it at high GFR range (Fig. 3). Finally, as to
the age variable, our equation shows that all the others
overestimate the eGFR at lower age values and indirectly
confirms that the CockrofteGault equation fails at high
values of age (Fig. 4).

Our study has some important limitations. The first one
is that the study was not specifically designed for the
purpose to develop a new equation for eGFR prediction. As
a result, it was not planned to measure GFR by any of the
methods considered the gold standard as the clearance of
either inulin or iothalamate. Thus, it was not possible to
validate our equation against a gold standard. For this
reason, even if our study provides the value of muscle-
creatinine equivalence and a simple equation that allows
predicting the eGFR from the measurement of the SCr and
the estimation of the SMM, other studies specifically
designed to this purpose are needed to confirm the val-
idity of our equation. The second limitation concerns the
fact that the study population consists exclusively of
middle-aged men, thus its results are not automatically
generalizable to the whole population.
Conclusion

The equation presented in this study provides results that
are independent of age, weight, gender, and ethnicity
because they derived from SMM estimation. Therefore, the
proposed equation could allow the evaluation of the GFR
also in healthy people as well as in older people, inde-
pendently of body weight and regardless of GFR and SCr
levels. However, apart from the comparison with the
known and currently used eGFR predictive equations, it
needs to be validated against a gold standard GFR mea-
surement method.
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