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ABSTRACT

Background Acute kidney injury (AKI) is a common complication in hospitalized patients and is
associated with a high mortality rate. A precise estimation of creatinine clearance (Clcr) is of great
importance in daily clinical practice, particularly among critically ill patients with unstable kidney
function, in guiding drug dosage adjustment. Clcr can be determined precisely through a simple
laboratory method (amount of total urinary creatinine divided by the average of two consecutive
serum creatinine concentrations) in patients with stable kidney function. However, in patients
with rapidly improving kidney function, Clcr determined by the laboratory method can produce
highly variable and inaccurate results due to the non-linear changes in plasma creatinine
concentrations. Aim To determine the magnitude of discrepancies of Clcr calculated using the
two-point average method to the actual Clcr and derive a correction factor for creatinine clearance
determined by the two-point average method. Methods Patients with improving kidney functions
were simulated. The actual urinary creatinine clearance, Aeo-24, Was subsequently calculated using
area under the curve (AUC) 0-24 hours via Simpson’s approximation. Creatinine clearances were
then calculated using Ae 024 / AUCo24 and the 2-point average method. Results When Clcr
improved greater than 35 ml/min, Clcr estimated by the 2-points method deviated significantly in
progress from the actual Clcr whereby it underestimated the Clcr by 38%. The derived correction
factor is 65 ¢ [Cler(ne)/ 33]. The correlation between actual Clcr and Cler with correction factor
was reported as R = 0.9882. Conclusion During the improvement kidney function, measuring
urinary creatinine clearance using the 2-points average method can produce highly inaccurate Clcr
measurement, particularly at Clcr > 35 ml/min. The correction factor derived is found to be able to
address the mentioned pitfall with low error.

INTRODUCTION

Acute kidney injury (AKI) is a common complication in
hospitalized patients and is associated with a high mortality
rate. The incidence of AKI is markedly higher in critically ill
patients and those admitted to ICU settings. An estimated 5 to
20% of critically ill patients experience an episode of AKI
during the course of their illness [1]. Critically ill patients
normally have fluctuating renal function with serum creatinine
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changing from day to day [2] as well as dilution effects of
parenteral solutions (in large quantities) on serum creatinine.
Hence, the patient’s GFR estimation is of great importance in
daily clinical practice, particularly among critically ill patients
with unstable kidney function. Creatinine clearance (Clcr) has
been the most widely used method to measure glomerular
filtration rate and it requires the complete timed collection of
urine as well as a blood sample of serum creatinine (taken
during the urine collection period) [3]. An accurate estimation
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of kidney function is vital for the routine care of patients which
includes diagnosing of kidney disease, monitoring the
progression kidney disease and drug dosages adjustment [4].
Inappropriate drug dosing in patients with unstable kidney
function is an important cause of adverse drug events. Drug
therapy may not be effective or may be toxic if there were
inappropriate drugs dosing based on false creatinine clearance
estimation, especially for drugs with narrow therapeutic
indexes. Clcr can be determined accurately through a simple
laboratory method (amount of total urinary creatinine divided
by the average of two consecutive serum creatinine
concentrations or known as the 2-point average method) in
patients with stable kidney function [5]. The limitation of the
urinary creatinine method is that it is only valid in patients with
stable renal function.

According to Chow and Schweizer (1985), the 24-hours
urinary creatinine clearance method produced inaccurate and
highly variable results in patients with rapidly improving renal
function. The authors revealed that the commonly used the 2
points average method in estimating one’s Cler during
improving renal functions are prone to error. On the other hand,
when renal function was deteriorating, the Clcr estimated by
using the 2-points average method was found to have non-
significantly deviated from the theoretical Clcr. There is a
non-linear change in serum creatinine when renal function is
improving based on one compartmental model. It is noted that
the predicted Clcr in patients with rapidly improving renal
function deviated significantly from the actual Clcr based on
the known Clcr (Actual Clcr), Ae. The deviation was found
significantly deviated when Clcr was greater than 40 ml/min.
In the simulated model, when the actual (or theoretical) Clcr
was 80 ml/min, the calculated Clcr based on 2 points (Co and
C4) average method was 54.7 ml/min, which translated to a -
31.63% (underestimating) of deviation [6,7]. Therefore, the
aims of this study were: (a) to determine the magnitude of
discrepancies of Clcr calculated using the two-point average
method to the actual Clcr in patients with rapidly improving
kidney function; (b) to derive a correction factor for Clcr
determined by the two-point average method in patients with
rapidly improving kidney function and (c) to find the
correlation of Clcr from improved method to the known Clcr.

METHODOLOGY
Data simulation

The study design involved the generation of the theoretical
model for creatinine clearance in patients with rapidly
improving kidney function, generation of equations for the
model, and deriving a method for reference Clcr in patients
with rapidly improving renal function. Serum creatinine at a
specific point in time (Co, Ci2, and Cz4) was simulated with
theoretical creatinine clearances (known Clcr) using equation
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1. The serum creatinine was simulated for twenty-two 60
years old, 65 kg body weight and 170 cm height males
(typical Asian body height and weight) with improving renal
function. In each subject, an initial creatinine clearance of 10
ml/min and serum creatinine concentration, C; of 6.2 mg%
(mg/dL) were assumed. Improving creatinine clearance of 15,
20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95,
100, 105, 110, 115 and 120 ml/min were assumed in subjects
1to 22 respectively. Subsequently, an additional of twenty-
two set of data was simulated using the similar method but an
error of £15% (randomly) was intentionally introduced to Cq
and Cy4 to yield Co(err) and Ca4 (err).

The actual urinary creatinine clearance, A¢ o024, Was
subsequently calculated using area under the curve (AUC) o.
24 hours estimated via Simpson’s approximation (Appendix
1). Creatinine clearances were then calculated using Ac o-24 /
AUC24 and Ac0-24/AUC (2 points average). A straight line
for data from 15 to 40ml/min and another straight-line form
30 ml above was plotted (figure 2), the 2 straight lines
intersected at 35 ml/min. The simulated creatinine

. . Ae 0-24
clearances using the 2-points average method (m

were then used to derive a correction factor for creatinine
clearance with reference to the known Clcr or theoretical
Clcr using simulated patients with Clcr of greater than 35
ml/min.

)

The 2 points average method is the method used in
laboratory to measure the 24 hours creatinine clearance
(using total creatinine excreted through urine divided by
average serum creatinine at time t = 0 and t = 24). The
derived correction factor was then tested on Clcr (2 points
average method) estimated with Cq (err) and Cy4 (err). Co (err)
and Cy4 (err) were generated by intentionally introduced an
error of £15% to the known Coand Cz to mimic the real-
world scenario where there will be an assay errors within £15%
in laboratory [9]. An error between -15% to 15% (e.g. -12%,
-5%, 6%, 13%) were randomly introduced to the generated
Co and Cos. Corrected Clcr based on Cq (err) and Caa(err)
was then computed and labelled as Clcr* (corr). A graph on
correlation between theoretical Clcr and Clcr* (corr) was
plotted and R? value was obtained. The correction factor was
further validated in a larger simulated sample (200 samples)
with various degrees of improving renal functions, various
ages, body weighs and genders. This step was to confirm the
application of Clcr* (corr) in predicting the theoretical Clcr
(known Clcr). Root mean square error (RMSE) calculation
was performed to evaluate the accuracy of the model.

Note: Known or actual Clcr refers to the real Clcr based on

the proven model (Figure 1) while estimated Clcr refers to
Clcr estimated by the 2-point average method.
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Figure 1 — One compartmental model for creatinine kinetic
(Adapted from MS Chow and R Schweizer. Estimation of
renal creatinine clearance in patients with unstable serum
creatinine concentrations: Comparison of multiple methods.
Drug Intelligence and Clinical Pharmacy.1985, 19; 385.)

Where R = production rate; C = Serum creatinine
concentration; V = volume of distribution, K, = renal
elimination rate constant;

Kn = nonrenal elimination rate constant; and Ae = urinary
creatinine excretion.

R, Creatinine production rate = 28 — (0.2 x age) mg/kg/day;
female, R is multiplied by 0.8.

V, Volume of distribution = 0.6 L/kg

Kar, Non-renal clearance = 2.86 x 10 ml/min/kg

The endogenous creatinine production rate, R, within an
individual is constant as long as muscle mass is constant [6].
The exceptions are patients assumed to be with liver disease
and muscle atrophy. The volume of distribution for creatinine,
V = 0.6 L/kg is also assumed to be constant in patient with
unstable renal function [6]. An exceptional is the patients
with ascites whereby the volume of distribution for creatinine
would be greatly increased.

Based on the above-proposed model, the serum creatinine
concentration, C at any time, t, can be derived by the
following equations [7]:

C= V% (1—eXY + Coe Equation 1
According to Hankins et al. (1981), a one-compartmental
model is generally adequate to describe the creatinine
kinetics in renally impaired patients of various ages, heights
and body weights. The three parameters are chosen as
creatinine generation and excretion are closely associated and
influenced by the mentioned three parameters [8]. Chow
(1985) has also described that a one-compartmental model is
sufficient to describe creatinine kinetics in patients with
unstable renal function. Equation 1 has been tested in three
studies published in 1975, 1984 and 1985 respectively by
Chiou and Hsu (1975) as well as Chow and Robert (1984 &
1985) [6,7,10].
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Statistical

Root mean square error (RMSE) was used to determine the
predictive performance of the simulated serum creatinine.
RMSE is one of the ways to measure the accuracy of a
predictive model. In general, the lower the RMSE value, the
better the model's predictive accuracy. A lower RMSE
indicates that the model's predicted values are closer to the
actual values. Conversely, a higher RMSE suggests that the
model's predictions have larger average differences from the
actual values. Pearson correlation analysis was used to
analyze the R? between actual Clcr and Clcr with correction
factor applied. If the R value is between 0.00 to 0.25, there is
little or no relationship, while 0.26 to 0.49 indicates low
relationship, 0.50 to 0.69 indicates moderate relationship,
0.70 to 0.89 indicates high relationship, and 0.90 to 1.00
indicates very high relationship. Paired T test was used for
pair-wise comparison. Paired T test is a statistical test used to
determine if there is a significant difference between the
means of two related or paired groups [11].

RESULTS
Simulated data in patient with improving kidney function

The results of the simulated serum creatinine data for twenty-
two 60 years old, 65 kg body weight and 170 cm height males
with various degree of improving renal functions are
illustrated in Table 1.

The root mean square error (RMSE) of the model was 0.27.
The data generated in table 4.1 revealed that the 2-points
average method ((C0+C24)/2) that is normally applied was
able to predict a Clcr that is closed to the theoretical (known)
Cler by using the known urinary creatinine clearance (Ae).
However, it was only true when Clcr was less than 35 ml/min.
When Clcr improved greater than 35 ml/min, Clcr estimated
by the 2-points method deviated significantly in progress from
the known Clcr. When known Clcr was 100 mi/min, the 2-
points method yielded an eatimated Clcr of 62 ml/min. In
other word, the 2-points estimation method underestimated
the Clcr by 38% when renal function improved from 10
ml/min to 100 ml/min.

Derivation of correction factor

Derivation of the correction factor is performed based on
figure 2. Figure 2 demonstrated a non-linear curve when Clcr
is greater than 35 ml/min. Graph (figure 2) is plotted based on
data generated in table 1, 100 ml/min theoretical Clcr matched
with 68 ml/min Clcr by (C1, C2) ave method.
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Table I. Simulated data in patient with improving kidney function
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Subject Initial Clcr  Improving Co Ca Caix AUC A Cler CICr
(ml/min) ‘ler (ml/min)  (mg%) (mg%) (mg%) (0-24) (mg) (ave) (AUC ¢.24)
(mg/ mI*min)
1 10 15 6.2000 4.0299 5.4803 82.23 1383.71 18.79 16.83
2 10 20 6.2000 4.5087 5.1053 76.19 1663.15 21.57 21.83
3 10 25 6.2000 3.9912 4.8273 70.79 1899.16 25.88 26.83
4 10 30 6.2000 3.4807 4.4518 65.94 2098.75 30.11 31.83
5 10 35 6.2000 3.0467 4.1067 61.58 2267.81 34.06 36.83
6 10 40 6.2000 2.6791 3.7914 57.65 2411.24 37.72 41.83
7 10 45 6.2000 2.3669 3.5026 54.09 2533.14 41.07 46.83
8 10 50 6.2000 2.1006 3.2375 50.88 2636.94 44.12 51.83
9 10 55 6.2000 1.8742 2.9958 47.96 2725.51 46.88 56.86
10 10 60 6.2000 1.6793 27727 45.31 2801.27 49.38 61.83
11 10 65 6.2000 1.5138 2.5702 42.89 2866.21 51.61 66.83
12 10 70 6.2000 1.3709 2.3836 40.68 2922.04 53.61 71.83
13 10 75 6.2000 1.2476 2.2125 38.66 2970.16 55.39 76.83
14 10 80 6.2000 1.1416 2.0562 36.81 3011.76 56.98 81.83
15 10 85 6.2000 1.0490 1.9123 35.10 3047.84 58.40 86.83
16 10 90 6.2000 0.9688 1.7797 33.53 3079.22 59.66 91.83
17 10 95 6.2000 0.8984 1.6582 32.08 3106.63 60.79 96.83
18 10 100 6.2000 0.8370 1.5464 30.74 3130.65 61.79 101.83
19 10 105 6.2000 0.7827 1.4441 29.50 3151.77 62.69 106.83
20 10 110 6.2000 0.7349 1.3499 28.35 3170.42 63.50 111.83
21 10 115 6.2000 0.6926 1.2634 27.28 3186.96 64.22 116.83
22 10 120 6.2000 0.6549 1.1838 26.28 3201.67 64.87 121.83

The magnitude of discrepancies or error between theoretical
Clcr and Clcr predicted by (C1, C2) ave method are minimal
or non-significant at Clcr lower than 35 ml/min. When Clcr =
50 ml/min (predicted by C1, C2 ave method), the true Clcr
(based on theoretical Clcr) is 66 ml/min with a 32% of error
noted. Hence, calculation based on Clcr (C1, C2) ave needs to
be corrected.

Steps in deriving the correction factor:
Example: Assuming the Clcr ((C1,C2)) = 45 ml/min

Step 1: Determine the net error Clcr, Clcr(ne), for Clcr greater
than 35 ml/min.
Cler(ne) =45 ml/min — 35 ml/min

=10 ml/min

Step 2: Determine the correction factor.

Correction factor =100 — 35 (Y-axis); 68 — 35 (X-axis)
= (100 - 35)*  [(Clcr(ne))/((68-35)*)]
=65+10/33
=19.70 ml/min

Step 3: Calculate the corrected Clcr (c) = Correction factor +
35 ml/min

=19.7 + 35 ml/min

=54.70 ml/min

This indicates that after applying the correction factor the real
Clcr shall be 54.70 ml/min instead of 45 ml/min. The 2 points
average method underestimated the Clcr by 21.56%.

THEORETICAL CLCR: [ML/MIN]
]

o 10 20 30 40 50 60 70

Figure 2 Theoretical Clcr versus Estimated Clcr based on Clcr(ave)
using CO and C24
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Table I1. Comparison of theoretical Clcr to Clcr estimated by Clcr(ave) method, Clcr (corr) method

Subject Initial Clcr  mproving Cler  Co" (mg%) % Ca4" (Mg%) % A Cler* Cler (Corr)
(ml/min) (ml/min) A A (mg) (ave)
1 10 15 6.572 5.046 -5 1466.738 17.534 17.534
2 10 20 5.89 -5 4.964 8 1563.365 20.005 20.005
3 10 25 5.704 -8 4191 5 1832.688 25.724 25.724
4 10 30 5.766 -7 3.410 -2 2193.198 33.196 33.196
5 10 35 6.758 9 2.803 -8 2319.972 33.701 33.701
6 10 40 5.828 -6 2.518 -6 2230.395 37.117 39.170
7 10 45 5.456 -12 2.604 10 2325.419 40.071 44,989
8 10 50 6.882 11 1.996 -5 2808.338 43.934 52.597
9 10 55 6.975 12.5 1.762 -6 2826.357 44.930 54.558
10 10 60 6.014 -3 1.731 3 2649.999 47.522 59.665
11 10 65 7.006 13 1.453 -4 3055.385 50.167 64.874
12 10 70 5.89 -5 1.289 -3 2705.809 52.348 69.170
13 10 75 6.944 12 1.185 -5 3166.19 54.096 72.614
14 10 80 6.014 -3 0.993 -13 2915.383 57.787 79.883
15 10 85 6.696 8 0.986 -6 3362.715 58.199 82.860
16 10 90 6.882 11 0.988 2 3594.400 59.298 90.998
17 10 95 5.828 -6 0.952 6 3195.753 63.434 95.017
18 10 100 5.27 -15 0.711 -15 2859.787 65.465 96.868
19 10 105 6.51 5 0.720 -8 3658.458 66.409 104.491
20 10 110 6.727 8.5 0.713 -3 3878.217 70.279 108.667
21 10 115 5.425 -12.5 0.713 3 3261.600 72.398 111.424
22 10 120 5.332 -14 0.687 5 3344.914 73.798 118.298

Note: A + 15% error were introduced to CO and C24 to mimic the real-world measurement of creatinine (assay error).

Cler* (ave) was calculated based on CO* (err) and C24* (err).
Cler (Corr) was calculated based on correction method

An error of £15% (any % between -15% to 15%) was
intentionally introduced (randomly) to CO and C24 to yield
CO(err) and C24 (err). Ae* was calculated based on AUC24
computed using CO (err) and C24 (err). Clcr was estimated
using the 2-points average method and correction method.
Similar trends were observed for Clcr estimated by the 2-
points method compared to theoretical Clcr (refer to table 1
and figure 2). Estimated Clcr by 2-points average method
significantly underestimated the actual Clcr when actual Clcr >
35 ml/min. The correction method was noted to be able to
predict Clcr closed (lowest prediction error) to the theoretical
Cler at all levels of improvements.

Between the two methods (2-points average and correction
method), the Clcr estimated by the 2-points average method
revealed the highest error using theoretical Clcr as a reference.
A mean error of —25.48% was observed between Clcr
estimated by the 2-points average method and theoretical Clcr.
The observed difference was statistically significant, p <
0.001. The Clcr estimated by the correction method was very
close to the theoretical Clcr. An overall mean error of -0.97%
was observed. The difference observed was not statistically
significant (p > 0.05).

Correlation of theoretical Clcr to Clcr estimated by Clcr (corr)
The R2 value using the correction method was 0.9981, n= 199,
p < 0.005. There was an almost perfect correlation observed

between Clcr estimated by correction method and theoretical
Cler.

Verification of correction method in a larger sample of
simulated data with improving kidney functions = 35 ml/min.
The validity and consistency of the correction method was
tested on 200 simulated data (with CO err and C24 err). The
correction method revealed has less error and more consistent
to the theoretical Clcr, R2 = 0.994. A 3.73% mean error was
observed in Clcr estimated by correction method with
reference to theoretical Clcr, p=0.065.

DISCUSSION

The 24-hours Clcr is an accepted method to assess kidney
function. One of the limitations of the measured 24-hours of
urinary creatinine clearance was calculated by using the C1,
C2 (2 points) average method. Most clinical laboratories use a
24 hours urinary creatinine clearance and a serum
concentration obtained at the beginning (C1) or end (C2) of a
urinary creatinine collection period [12]. However, the 2
points average method is only valid in patients with stable
kidney functions [6]. In patients with unstable kidney
functions specifically with rapidly improving renal functions,
the 2-points average method is proven to produce highly
variable and inaccurate results. The degree of deviation from
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the real Clcr using the 2-points average method was
significant when the Clcr is greater than 40 ml/min (in
patients with improving kidney function). The mean errors
increase when the Clcr rapidly increases. This observation
was secondary to the non-linear changes in serum creatinine
during improving kidney function. A similar trend was
observed in patients with deteriorating kidney function,
however, the difference observed was not statistically and
clinically significant [6].

In order to overcome the potential error of calculated 24 hours
urinary creatinine clearance in patients with improving kidney
function, we constructed a theoretical group of patients and
simulated their serum creatinine concentration at C0, C12and
C24. AUC was calculated using a 2-points average approach
and integration approach. The actual urinary creatinine
clearance, Ae was calculated by using AUCO0-24. The patients’
serum creatinine concentrations were simulated by using a
one-compartmental pharmacokinetics model. Previous studies
showed that one compartmental model is sufficient to describe
the creatinine kinetics in patients who are renally impaired or
with unstable kidney functions [6,10].

The equations for correction were derived from figure 2. The
derived equation was then tested on simulated data using CO
(err) and C24 (err). An 15% error were intentionally
introduced randomly to simulated patients to resemble the real
world’s data by which there is a reported laboratory essay
error within +15% [9,13]. The derived correction methods
were further validated in a larger sample (200 data) of
simulated data with various degree of improving kidney
functions and various ages, body weights and gender. This
step was performed to check for the reliability, validity and
reproducibility of the correction method [14].

This study was performed using a one-compartmental
pharmacokinetic model to describe the endogenous creatinine.
Even though it is claimed that a two-compartmental model
shall be more accurate in describing creatinine’s kinetics
[15,16], the available pharmacokinetic data proves that a one-
compartmental model is generally sufficient to describe the
creatinine Kinetics in kidney-impaired (but relatively stable)
patients [17] or in patients with unstable kidney function.
Hence, the results of this study based on such a model should
be reasonably valid for clinical purposes.

The correction factor yielded in this study shall be able to
address the pitfall of underestimating one’s kidney function
up to 38%. The normal acceptable range of variation between
the two methods shall be placed at the cut-off point of 30%
[18] An underestimation of one’s kidney function may lead to
the potentially underdose of medication leading to treatment
failure.
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CONCLUSION

During improving kidney function, measuring urinary
creatinine clearance using a 2-points average method can
produce highly inaccurate creatinine clearance measurement,
particularly at creatinine clearance greater than 35 ml/min. An
approximate 20% of mean error difference was observed
between Clcr (corr) and Clcr using the 2-points average
method during improving kidney functions. The 2-points
average method is the method used to calculate the 24-hours
creatinine clearance using serum creatinine concentrations at
the beginning and at the end of the urine collection process.
As such, in order to obtain Clcr for patients with improving
renal functions without significant error to the actual Clcr, the
reported measured Clcr can be corrected using the derived
correction factor, which is 65  [(Clcr(ne))/33].

Limitation

The model used in the data simulation assumed the muscle
mass and creatinine volume of distribution as constant. This
may not observe in real patients due to nutritional status and
aggressive hydration received at intensive care unit setting.
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APPENDIX

dC R
Fra T

C == (1-eX) + Coe™

AUC[* = [ dt

AUCH! = [(24 - 1 (1 -e*@)]+ X (Co — Coe2)
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