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Vancomycin is a renally excreted drug, and its body clearance correlates with creatinine clearance. However, the renal function
estimation equation that best predicts vancomycin clearance has not been established yet. The objective of this study was to
compare the abilities of different renal function estimation equations to describe vancomycin pharmacokinetics in elderly pa-
tients. The NPAG algorithm was used to perform population pharmacokinetic analysis of vancomycin concentrations in 78 el-
derly patients. Six pharmacokinetic models of vancomycin clearance were built, based on the following equations: Cockcroft-
Gault (CG), Jelliffe (JEL), Modification of Diet in Renal Disease (MDRD), Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) (both in milliliters per minute per 1.73 m?), and modified MDRD and CKD-EPI equations (both in milliliters per
minute). Goodness-of-fit and predictive performances of the six PK models were compared in a learning set (58 subjects) and a
validation set (20 patients). Final analysis was performed to estimate population parameters in the entire population. In the
learning step, the MDRD-based model best described the data, but the CG- and JEL-based models were the least biased. The
mean weighted errors of prediction were significantly different between the six models (P = 0.0071). In the validation group,
predictive performances were not significantly different. However, the use of a renal function estimation equation different from
that used in the model building could significantly alter predictive performance. The final analysis showed important differences
in parameter distributions and AUC estimation across the six models. This study shows that methods used to estimate renal
function should not be considered interchangeable for pharmacokinetic modeling and model-based estimation of vancomycin

concentrations in elderly patients.

Renal function influences vancomycin elimination kinetics and
its dosing in clinical practice. About 80 to 90% of a vancomy-
cin dose is eliminated unchanged in the urine in subjects with
normal renal function (1). Vancomycin body clearance is signifi-
cantly reduced and half-life is prolonged in elderly patients com-
pared with those in young adult patients. While reduced renal
function is the major determinant, age has also been described as
an independent descriptor of pharmacokinetic changes in the el-
derly (2).

The Bayesian approach is viewed as the most efficient method
for vancomycin monitoring and dose adjustment (3, 4). This ap-
proach requires population information on the drug pharmaco-
kinetics (PK), including the structural and covariate models, and
parameter distributions. Population PK analysis can provide such
information and identify quantitative relationships between phar-
macokinetic parameters and clinical descriptors such as renal
function.

In the 1980s and 1990s, several studies reported a positive lin-
ear correlation between vancomycin body clearance and creati-
nine clearance (CLg) (5-10). In those studies, creatinine clear-
ance was either estimated using the Cockcroft-Gault (CG)
equation or measured from urine collection. For vancomycin and
many other drugs, the CG equation has been the reference index
for adjusting drug dosage regimens in the case of renal impair-
ment. New equations for estimating the glomerular filtration rate
(GFR) have been proposed in the last 15 years, notably the Mod-
ification of Diet in Renal Disease (MDRD) equation and the
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation. It has been shown that these two equations provide
more accurate estimation of the GFR than the CG equation in

2986 aac.asm.org

Antimicrobial Agents and Chemotherapy

most patient populations (11-15). However, it remains to be
proven that these new equations are better descriptors of drug
clearance for renally excreted agents. The equation that best pre-
dicts vancomycin clearance has not been established yet.

The objective of this study was to compare the abilities of dif-
ferent renal function estimation equations to describe vancomy-
cin clearance and estimate vancomycin concentrations in a pop-
ulation of elderly hospitalized patients.

(This work has been presented in part at the 9th French meet-
ing of Physiology, Pharmacology and Therapeutics [P2T], 22 to 24
April 2014, Poitiers, France.)

MATERIALS AND METHODS

Study population. This was a retrospective study performed with patients
hospitalized in various geriatric units from October 2009 to January 2013.
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Most patients were hospitalized at the University Hospitals of Lyon. A few
patients were hospitalized in other hospitals in the Lyon area. Vancomy-
cin and serum creatinine assay were performed in the same laboratory,
except for five patients. All patients benefited from routine therapeutic
drug monitoring and Bayesian adaptive control of vancomycin dosage
regimens using the BestDose (formerly MM-USC*PACK) software (Lab-
oratory of Applied Pharmacokinetics, USC School of Medicine, Los An-
geles, CA [http://www.lapk.org]). As this was a retrospective, noninter-
ventional study based on data collected in routine clinical care, an
Institutional Review Board (IRB) approval was not necessary, in accor-
dance with French regulations for clinical research.

Data available for each patient were age, sex, height, weight, and serum
creatinine levels, as well as vancomycin doses, infusion durations, dosing
times, blood sampling times, and concentrations in plasma. Any changes
in covariate observations during vancomycin therapy (e.g., body weight
and serum creatinine) also were recorded precisely.

Serum creatinine was assayed by an enzymatic method on an Abbott
Architect C8000 automated analyzer. This method was traceable to the
reference isotope dilution mass spectrometry (IDMS) method. Serum
vancomycin concentrations were measured by immunoturbidimetric as-
say on the same Abbott Architect automated system. The assay calibration
data, expressed as coefficients of variation, were 6.56%, 2.20%, and 2.41%
for control levels of 6.40, 22.26, and 36.08 mg/liter, respectively. The lower
limit of quantification of the assay was 1.1 mg/liter.

Renal function estimation. For each patient, renal function was esti-
mated and updated for any change in serum creatinine by using six esti-
mation equations: the original Cockcroft-Gault, the Jelliffe (JEL), the
MDRD, the CKD-EPI, and the modified MDRD and CKD-EPI (MDRDm
and CKD-EPIm, respectively) equations. Every serum creatinine available
during the duration of vancomycin therapeutic drug monitoring was in-
cluded in the analysis, even when vancomycin concentration was not
measured on the same day. The modified MDRD and CKD-EPI equations
consisted of adjusting the estimate provide by the equations to individual
body surface area. The six equations are detailed below.

The Cockcroft and Gault (CG) formula is (16) CLy (milliliters per
minute) = [K X (140 — age) X weight]/S,, where K is 1.23 if the subject
is female and 1.04 if the subject is male, age is in years, actual body weight
is in kilograms, and serum creatinine (S,) is in micromoles per liter.

The Jelliffe equation (JEL), which is implemented in the BestDose
software, is (17) CLy (milliliters per minute per 1.73 m?) =[P — 0.4 X
W X (C, — C)IT)/[(C, + C,)/2 X 1,440] X (1.73/BSA), where P is the
adjusted daily production of creatinine (in milligrams per day, estimated
from previous works), Wis the body weight in hundreds of grams, C, and
C, are the first and the second serum creatinine levels in milligram/deci-
liter, and T is the time between the two serum creatinine levels in days;
1,440 is the number of minutes in 1 day. The estimate is adjusted to body
surface area (BSA, in square meters) and expressed per 1.73 m? of surface
area. Body surface area is estimated using the Gehan and George equation
(18).

The 4-variable simplified Modification of Diet in Renal Disease
(MDRD) equation is (19) GFR (milliliters per minute per 1.73 m?) =
175 X S, M1%* X age™ %% (with the result multiplied by 1.212 if the
subject is black and 0.742 if the subject is female, and both coefficients
apply to black females), where GFR is the glomerular filtration rate and
Scy Is serum creatinine in micromoles per liter.

The CKD-EPI equation is (13) GFR (milliliters per minute per 1.73
m?) = 141 X min(S¢, /K, 1)* X max(S¢,/k, 1) 1299 X 0.993%¢ (with the
result multiplied by 1.159 if the subject is black and 1.018 if the subject is
female, and both coefficients apply to black females), where S, is serum
creatinine (in micromoles per liter), k is a constant equal to 0.7 if the
subject is female and 0.9 if the subject is male, « is a constant equal to
—0.329 if the subject is female and —0.411 if the subject is male, and min
and max indicate the minimum and maximum of S, /k or 1, respectively.

The modified MDRD and CKD-EPI equations adjusted to individual
body surface area are GFR (milliliters per minute) = GFR(MDRD or

June 2015 Volume 59 Number 6

Antimicrobial Agents and Chemotherapy

Vancomycin Kinetics and Renal Function Estimation

CKD-EPI) X (BSA/1.73 m?), where BSA is the patient’s individual body
surface area estimated by the Du Bois formula (20).

Pharmacokinetic model building. The patient population was di-
vided into two groups by random selection: a learning set of 58 patients
and a validation set of 20 patients. The learning set was used for model
selection and initial estimation of pharmacokinetic parameters. The vali-
dation set was then used for external validation of the models selected in
the first step. The entire data set was used for final estimation of pharma-
cokinetic parameters (third step). The Non-Parametric Adaptive Grid
(NPAG) algorithm was used as population approach for all analyses (21).

One-, two-, and three-compartment models without any covariates
were fitted to vancomycin concentrations in the learning set to determine
the best structural model. The influences of available covariates on PK
parameters were then assessed in the selected structural model.

The influence of body weight on vancomycin clearance and volume of
distribution was examined using various relationships, including linear
equations and allometric scaling.

The influence of renal function on vancomycin clearance was modeled
as follows:

CLyanco = CLyr + E X CL; (1)

where CLy snco 1S Vancomycin total body clearance (in liters per hour),
CLyy is vancomycin nonrenal clearance (liters per hour), E is the esti-
mated creatinine clearance or estimated glomerular filtration rate calcu-
lated with the CG, JEL, MDRD, MDRDm, CKD-EPI, or CKD-EPIm
equation (estimates in milliliters per minute or milliliters per minute per
1.73 m? were converted in liters per hour or liters per hour per 1.73 m? by
multiplying by 0.06 in the PK model file), and CLg is a slope parameter (in
liters per hour per unit of CLy or GFR).

Because a two-compartment model best fit the data (see Results), six
two-compartment models were created and compared in subsequent
analyses, each based on a renal function estimation equation (see equation
1). Each model had five parameters: the two clearance parameters de-
scribed above (CLyy and CLg), volume of distribution (V, in liters), and
intercompartment transfer rate constants from the central to the periph-
eral compartment (Kp, per hour) and in the opposite direction (Kp, per
hour). These models are referred to as CG-, JEL-, MDRD-, MDRDm-,
CKD-EPI-, and CKD-EPIm-based models in this article for ease of read-
ing.

In the NPAG modeling procedure, the residual variability was de-
scribed by a polynomial equation as follows:

Y; = (2.2491 — 0.0414 X Cobs; — 0.0072 X Cobs;?
+0.0003 X Cobs’) X vy (2)

where Y; is the predicted vancomycin assay standard deviation for the
observed concentration Cobs;. The coefficients in the relationship be-
tween Y; and Cobs; are based on best-fit polynomial to the drug assay
precision data. y is a positive coefficient estimated by the NPAG algorithm
which inflates the assay imprecision to take into account other sources of
noise in the parameter estimation.

The goodness of fit of candidate models was evaluated using the
Akaike information criterion (AIC = —2 log(L) + 2p, where L is the
likelihood and p is the number of parameters in the model). When com-
paring two models, a lower AIC value indicates a better fit.

Bias and precision of population and individual Bayesian posterior
predictions provided by the model were used to assess predictive perfor-
mances of candidate models. The mean error (ME, in milligrams per liter)
and the mean weighted error (MWE, in milligrams per liter) of prediction
were used as measures of bias, while the mean weighted squared error
(MWSE, in square milligrams per square liter) of prediction was used as a
measure of precision. Weighted measures of bias and precision were used
because outlier data (very high, unexplained observed vancomycin con-
centrations) were observed in the data set. Those measures are based on
the individual error of prediction (E;), according to the following equa-
tions:
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TABLE 1 Characteristics of the study population

Value for group”

Characteristic Overall Learning set Validation set
No. of patients 78 58 20

No. of females/males 37/41 27/31 10/10

Age (yrs) 82.8 X 6.8 83.2*+59 84.1 9.0
Wt (kg) 62.7 * 122 623+ 11.8 63.9 = 13.7
Body surface area (m?) 1.67 £ 0.19 1.67 +0.19 1.69 + 0.19
Serum creatinine (mg/dl)b 1.15 £ 0.80 1.15 £ 0.89 1.17 £ 0.42
Initial vancomycin dose (mg/24 h) 1,649 * 672 1,665 * 691 1,602 *+ 629
Intermittent dosing (%) 75.6 75.9 75.0

No. of observed vancomycin concentrations 376 289 87

No. of peak levels (0.5-2 h postdose) 89 68 21

CLcp» CG (ml/min) 52 =+ 23°(6-126) 52 + 23 52 + 23
CLg, JEL (ml/min/1.73 m?) 58 * 26 (9-152) 60 £ 27 49 £ 21
GFR, MDRD (ml/min/1.73 m?) 70 * 33°(10-193) 72 = 34 62 = 26
GFR, MDRDm (ml/min) 68 = 32°(8— 188) 69 + 33 63 = 27
GFR, CKD-EPI (ml/min/1.73 m?) 64 * 24°(9-105) 65 £ 24 58 * 22
GFR, CKD-EPIm (ml/min) 61 + 24 (7— 114) 62 =24 59 +24

“ Data are given as means £ SDs unless otherwise stated. Renal function estimates in the entire population are given as means = SDs (min — max).

b =216.

¢ The estimates of renal function were significantly different in the entire population (P < 0.0001, global comparison with the Kruskal-Wallis test).

E; = Cpred; — Cobs;
Weighted error (WEi) = (Cpredi - Cobsi)/ Y;
Weighted squared error (WSEi) = [(Cpredi - Cobsi)/ Yi]2

where Cobs; and Cpred; represent the concentrations observed and pre-
dicted by the model, respectively (in milligrams per liter), and Y; is the
standard deviation related to Cobs; and provided by equation 2. ME,
MWE, and MWSE are the means of E;, WE,, and WSE,, respectively.

Model validation. The predictive performances of the final models
were assessed in a subset of 20 patients who were not included in the
learning step. The population nonparametric joint densities of pharma-
cokinetic parameters estimated by the NPAG algorithm in the learning set
were used to calculate population predictions. In addition, those densities
were used as priors for Bayesian estimation of individual parameters of the
20 patients and subsequent calculation of individual predictions. Bias and
precision of both population and individual predictions from the six
models were compared. Also, a cross-validation was performed for the
models based on the CG, JEL, original MDRD, and original CKD-EPI
equations, by calculating individual predictions from each model but re-
placing the corresponding renal function estimates with those provided
by the other three equations for each patient in the validation data set.
This cross-validation was performed to investigate whether the renal
function estimation equations could be interchangeable in model-based
prediction.

Final analysis. Finally, the six final models were fitted to vancomycin
data from the entire 78-patient data set in order to get final estimates of the
PK parameters. The nonparametric population joint densities estimated
in the 58-patient learning set were used as initial prior distributions for
this calculation. The goodness-of-fit and predictive performances were
assessed as described above for the learning set. In addition, Bayesian
posterior parameters from each model were used to calculate the individ-
ual area under the concentration-time curves (AUCs). Because all 78 pa-
tients were treated for at least 48 h, AUC,, 4 calculated over 24 h on the
second day of therapy was used for between-model comparisons.

Statistical analysis. The nonparametric Kruskal-Wallis test was used
to compare bias and precision between the six models at each stage of the
analysis. The same test was also used to compare the estimation of renal
function provided by the six formulas. The nonparametric Friedman test
for matched groups was used to compare the vancomycin AUC,, 4 cal-
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culated from the six models. Statistical significance was set at 0.05 for all
comparisons.

RESULTS

Patient characteristics are presented in Table 1. For the whole
study population of 78 subjects, 376 measured vancomycin con-
centrations were available. The number of vancomycin concen-
trations per patient ranged from 1 to 16 (median, 4). Those con-
centrations were collected over the duration of vancomycin
monitoring, which was variable. Most patients were sampled on
several occasions, with one to three measurements taken on each
occasion (i.e., a given dosing interval). There were 23.7% of con-
centrations measured at or near the peak (0.5 to 2 h after the end of
the infusion, n = 89). About three-quarters of patients were ad-
ministered intravenous vancomycin under intermittent dosing
exclusively. The other patients received vancomycin by continu-
ous intravenous (i.v.) treatment during the entire therapy or part
of it. Two hundred sixteen serum creatinine measurements and
the same number of renal function estimates from each prediction
equation were available. The renal function estimates provided by
the six equations were significantly different (P < 0.0001). The
patients’ characteristics were similar between the learning and the
validation data sets.

In the learning set, a two-compartment model best fit the data.
Such a model was associated with a 291-point decrease in the AIC
compared with a one-compartment model without any covariate.
Body weight and age did not influence vancomycin clearance or
volume of distribution. This was not surprising, as the ranges of
those covariates were limited in this very homogenous popula-
tion. Only renal function significantly influenced vancomycin
pharmacokinetics. Values of the gamma parameter of the residual
error model ranged from 1.23 (MDRDm model) to 1.39 (CKD-
EPIm model), which indicates limited overall noise in the data.
Goodness-of-fit and predictive performances of the six clearance
models are shown in Table 2. The inclusion of estimated CLy or
GFR as a covariate on vancomycin body clearance significantly
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TABLE 2 Goodness-of-fit and predictive performances of the six
models in the learning set (n = 58 patients, 289 vancomycin
concentrations)

AIC Weighted error ~ Weighted squared
Model AIC decrease”  (mgl/liter) error (mg?/liter?)
CG 1,606.7 —43.6 0.82 = 5.3 28.15 + 52.6
JEL 1,610.1 —40.2 0.50 = 5.4 29.0 = 67.3
MDRD 1,591.8 —58.5 1.6 £5.6 34.1 £73.3
MDRDm 1,593.4 —56.9 1.7 £ 5.7 35.1 = 69.4
CKDEPI 1,638.1 —12.2 1.4 £52 28.9 = 62.7
CKDEPIm 1,643.6 —6.7 1.4 £5.0 27.1 £ 54.6
Pvalue” 0.0071 0.80

@ Calculated as the AIC of the reference two-compartment model without covariate
(1,650.3) minus the AIC of the selected model.

b Probability that the errors do not differ among the models using the Kruskal-Wallis
test.

improved the model fit with each of the six renal function estima-
tion equations. However, the relative decrease in the AIC com-
pared with the simple two-compartment model varied substan-
tially between the six models of vancomycin clearance: —43.6,
—40.2, —58.5, —56.9, —12.2, and —6.7 for the models based on
the CG, JEL, MDRD, MDRDm, CKD-EPI, and CKD-EPIm equa-
tions, respectively. The AIC criterion indicated that the MDRD-
and MDRDm-based models best fit the data. The CG- and
JEL-based models were close, while the CKD-EPI- and CKD-
EPIm-based models showed poorer fits. Biases were significantly
different between the six models (P = 0.0071). The JEL- and CG-
based model showed the least mean weighted error. Precisions, as
measured by the mean weighted squared error, were not signifi-
cantly different (P = 0.80).

In the analysis of the validation data set, bias and precision of
both population and individual predictions from the six models
were not significantly different (Table 3). In addition, a cross-
validation of the CG-, JEL-, MDRD-, and CKD-EPI-based models
was performed by fitting each model to the original renal function
data and also to data with renal function estimated by each other
equation. The results are shown in Table 4. For the CG- and JEL-
based models, the use of GFR estimated by the MDRD or the
CKD-EPI equation in place of the original equations (i.e., CG or
JEL) resulted in greater negative biases for both population and
individual predictions. In other words, using the MDRD or the

TABLE 3 Predictive performance of the six models in the validation set
(n = 20 patients, 87 vancomycin concentrations)

Population predictions Individual predictions

Weighted Weighted

Weighted squared Weighted squared

error error error error
Model (mg/liter) (mg*/liter”) (mg/liter) (mg?*/liter?)
cG 1946  248%638 03827 7.6+ 129
JEL 1.6 £4.4 21.6 £57.7 —0.15 %22 49+75
MDRD 2.1 *5.1 30.0 = 85.8 —0.42 2.0 42+ 8.0
MDRDm 1.7 =45 22.6 £ 61.5 0.17*x24 5.6 = 10.2
CKDEPI 2.1+44 23.3 £61.6 —0.24 £ 2.1 43+76
CKDEPIm 1.4 +43 20.2 = 56.9 —0.23 £ 2.1 44 +76
P value® 0.61 0.89 0.24 0.33

@ Probability that the errors do not differ among the models using the Kruskal-Wallis
test.
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TABLE 4 Cross-validation of the vancomycin models (# = 20 patients,
87 vancomycin concentrations)®

Method used to estimate renal
function in the validation data set

Model and type of

prediction CG JEL MDRD CKD-EPI P value®
CG

Population predictions  0.64  0.66 -2.1 —1.36 0.0102
Individual predictions  —1.5 —2.6 -3.1 —3.36 0.038
JEL

Population predictions  0.049  0.0037 —2.7 —2.0 0.0115
Individual predictions  —2.8 —2.6 —4.1 —3.8 0.0984
MDRD

Population predictions 4.0 4.0 0.97 1.8 0.0157
Individual predictions ~ —2.2  —2.1 -2.9 —2.7 0.45
CKD-EPI

Population predictions 3.4 3.4 0.48 1.2 0.0208
Individual predictions —1.7 —1.5 —2.6 —2.46 0.25

@ Each value indicates the mean error of population or individual predictions provided
by the CG-, JEL-, MDRD-, and CKD-EPI-based models in the analysis of data,
including renal function estimated by each renal function estimation equation. Results
in bold indicate the reference analysis based on the reference model and reference renal
function estimation method.

b Row-based probability that the biases do not differ among the methods to estimate
renal function based on the reference model using the Kruskal-Wallis test.

CKD-EPI equations in place of the CG and JEL equations led to
underestimation of vancomycin concentrations. The CG and JEL
equations appear to be interchangeable, as the mean errors were
very similar. For the MDRD- and CKD-EPI-based models, the use
of CLy estimated by the CG or the JEL equation in place of the
original equation significantly altered population predictions but
not individual predictions. For population predictions, the
MDRD- and CKD-EPI-based models appear to overestimate van-
comycin concentrations (greater positive biases) when CL esti-
mated by the CG or the JEL equation was used. In contrast, the
MDRD and CKD-EPI equations appear to be interchangeable for
model-based prediction of vancomycin concentrations.

Figure 1 shows the distribution of the prediction errors from
each model in the final analysis of the entire patient data sets (n =
78 patients) for both population and individual predictions (i.e.,
predicted minus observed vancomycin concentrations, also
known as residuals). The corresponding plots of observed versus
predicted concentrations are provided in the supplemental mate-
rial. The six models predicted vancomycin concentrations well,
although some high, unexplained vancomycin concentrations
were underpredicted by all models, even after Bayesian estimation
of individual parameters. Table 5 shows goodness of fit, predictive
performance, and individual AUC,, _ ;5 from the six models in this
final analysis. While the MDRDm-based model showed the lowest
AIC value, it displayed the largest bias and imprecision. Biases
were significantly different between the six models, the CG-based
model being the least biased. Precisions were not significantly dif-
ferent. The six models provided significantly different estimates of
the AUC in the 78 individuals.

A summary of population PK parameters of vancomycin esti-
mated in the final analysis is shown in Table 6. Except for volume
of distribution, which estimation was quite consistent across the
six models, typical parameter values as well as variability estimated
by the different models varied substantially. So, estimates of renal
function markedly influenced the estimation of vancomycin pop-
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FIG 1 Box plots of prediction errors from the six vancomycin models. For each box, the central marker is the median, and the edges of the box are the 25th and
75th percentiles. The whisker length is 1.5 times the interquartile range. Dots represent outlier values. The left panel shows population predictions; the right panel
shows individual predictions. For individual predictions, two outlier values less than —50 mg/liter are not shown, for ease of graphical display.

ulation PK parameters. As an example, Fig. 2 shows the popula-
tion distributions of vancomycin clearance parameters estimated
by the CG- and the MDRD-based models. Clearly, the two distri-
butions did not fully overlap. The CG-based model showed a clus-
ter of high probability points with high CLg and low CLyy, while
the MDRD-based model displayed a cluster of low-CLg and high-
CLyg pairs.

DISCUSSION

Because renal function declines with age, drug dosage adjustment
for renal function is often necessary for elderly patients. The
Cockceroft-Gault equation has long been the reference equation
for adjusting vancomycin as well as other drug dosage regimens to
renal function. New renal function estimation equations have
emerged in the last 15 years, notably the MDRD and CKD-EPI
equations, which are now widely used to estimate the glomerular
filtration rate in clinical routine practice. Numerous studies have

TABLE 5 Goodness-of-fit, predictive performance (population
predictions) and individual AUC,, 4 from the six models in the final
analysis (n = 78 patients, 376 vancomycin concentrations)

Weighted

Weighted squared Individual

error error AUC,, 45
Model AIC (mg/liter) (mg*/liter?) (mg-h-liter ")
CG 2,126.9 0.41 £ 4.6 21.6 £ 42.0 393 = 167
JEL 2,097.2 —0.49 = 5.1 26.2 +61.3 373 £163
MDRD 2,101.2 1.1 £53 29.0 = 67.3 391 + 162
MDRDm 2,088.9 1.6 £ 5.2 29.8 =624 402 * 169
CKDEPI 2,140.9 0.88 * 4.6 22.2 *+49.6 384 * 162
CKDEPIm 2,126.9 1.3 £48 249 £ 52.4 385 = 160
P value 0.0004" 0.80° 0.0002°

@ Probability that the errors are not different among the models, using the Kruskal-
Wallis test.

b Probability that the individual AUCs calculated on the second day of therapy from
each model are not significantly different, using the Friedman test.
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compared the ability of old and newer estimation equations to
estimate GFR in various patient populations, and newer equations
usually performed better than older equations in estimating the
true GFR in most patient groups (11, 15). However, the use of the
MDRD or CKD-EPI equation for dose adjustment of renally ex-
creted drugs has not been validated.

Individualization of vancomycin dosage regimens can be opti-
mized by combining therapeutic drug monitoring and Bayesian
adaptive control based on population PK models (3, 22). Most
population PK models of vancomycin previously published for
adult patients incorporated CL estimated by the CG equation as
a covariate influencing vancomycin body clearance, as reviewed
by Marsot et al. (23). More recently, it has been suggested that
AUC should be used as a target criterion in place of trough level for
vancomycin therapeutic drug monitoring, because it better corre-
lates with the drug efficacy (24, 25). In routine clinical practice, it
is not possible to get rich data and calculate the actual AUC, but
one can estimate the AUC from a few concentration measure-
ments using PK models and Bayesian estimation. Little is known
about the influence of PK model covariates such as renal function
on model-based vancomycin AUC estimation.

To our knowledge, this is the first population PK study which
assessed six renal function estimation equations, including the
CG, MDRD, and CKD-EPI equations, as covariates for prediction
of vancomycin clearance, concentrations in serum, and AUC. Sev-
eral important conclusions can be drawn from this study.

First, estimates of renal function provided by the CG, JEL,
MDRD, MDRDm, CKD-EP], and CKD-EPIm equations were sig-
nificantly different. In particular, in this population of nonobese
elderly patients with normal mean body weight, estimates pro-
vided by the CG equation were generally lower than those pro-
vided by the original MDRD and CKD-EPI equations, which is
consistent with previous works from our group and many others
(26-32). Because of this systematic difference, the use of the newer
MDRD or CKD-EPI equation in place of the CG equation for drug
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TABLE 6 Population pharmacokinetic parameters of vancomycin estimated in the entire population study (n = 78 patients, 376 vancomycin

concentrations)
Model and type of result? CLyy (liters/h) CLy" Kep (71 Kpe (h7h) V (liters)
CG
Mean 0.60 0.42 0.20 0.10 44.3
Median (IQR) 0.37 (0.23-1.08) 0.39 (0.20-0.61) 0.086 (0.031-0.21) 0.074 (0.021-0.15) 44.3 (33.4-56.4)
CV (%) 89.1 67.6 141.7 104.8 48.4
JEL
Mean 0.71 0.37 0.73 0.32 35.1
Median (IQR) 0.34 (0.17-1.15) 0.32 (0.17-0.51) 0.27 (0.047-0.90) 0.13 (0.043-0.19) 35.0 (14.6-47.9)
CV (%) 103.4 69.7 205.5 314.9 64.4
MDRD
Mean 0.67 0.27 0.28 0.14 41.1
Median (IQR) 0.46 (0.27-1.14) 0.28 (0.085-0.4) 0.12 (0.036-0.39) 0.078 (0.012-0.17) 38.2 (28.0-54.7)
CV (%) 107.2 74.9 109.0 148.7 51.7
MDRDm
Mean 0.72 0.29 0.43 0.52 40.7
Median (IQR) 0.42 (0.18-0.95) 0.30 (0.10-0.41) 0.14 (0.046-0.26) 0.094 (0.040-0.23) 41.2 (36.3-54.9)
CV (%) 124.7 70.1 175.5 274.6 43.3
CKD-EPI
Mean 0.55 0.34 0.17 0.11 44.6
Median (IQR) 0.36 (0.23-0.89) 0.32 (0.19-0.44) 0.075 (0.030-0.20) 0.045 (0.017-0.14) 43.5 (31.2-54.0)
CV (%) 94.2 53.1 133.3 163.1 51.7
CKD-EPIm
Mean 0.44 0.38 0.19 0.15 44.5
Median (IQR) 0.33 (0.22-0.60) 0.35 (0.17-0.55) 0.092 (0.027-0.24) 0.055 (0.015-0.19) 42.9 (29.9-57.8)
CV (%) 116.7 68.1 136.7 163.8 49.1

“ The unit of CLy is liters per hour per unit of CL.y or GFR (liters/hour or liters/hour perl.73 m?), depending on the renal function estimation equation. For example, with the
CG-based model, the mean vancomycin renal clearance for a subject with a creatinine clearance of 6 liters/h (100 ml/min) is: 0.42 X 6 = 2.52 liters/h.

Y IQR, interquartile range; CV, coefficient of variation.

dosing may have serious implications and cause overdosing in
elderly patients for many drugs that are not monitored with con-
centration measurement (29, 32, 33).

Second, when those six renal function estimation equations
were incorporated as a covariate in a two-compartment model,

0.08.
004

Parameter Probability

=
O
s

ClLs 00 ClLnr

FIG 2 Discrete joint distribution of vancomycin nonrenal clearance (CL,),)
and renal clearance coefficient (CL,) estimated in the 78 patients with the
CG-based model (black lines and filled circles) and the MDRD-based model
(gray lines and crosses).
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important differences were observed in the modeling of vancomy-
cin pharmacokinetics. While all models fit data better than a two-
compartment model without covariables, the goodnesses of fit of
the models were not fully consistent, as large differences were
observed in AIC values in both the learning step and the final
analysis. The mean weighted errors of population predictions
from the six models were also significantly different in those two
steps. Overall, the CKD-EPI- and CKD-EPIm-based models ap-
peared to be less appropriate in elderly patients, with AIC values
greater than those of the MDRD and MDRDm-based models and
mean weighted errors greater than those of the CG- and JEL-based
models. The final analysis in the entire population of 78 patients
also showed that parameter distributions and their descriptive sta-
tistics, as well as AUC estimation, were influenced by the renal
covariate. As the equation used to estimate renal function signif-
icantly influenced data fit, parameter estimation, and AUC esti-
mation, these results suggest that those six equations should not
been considered interchangeable for PK modeling and prediction
of vancomycin concentrations.

Third, when the six PK models were used to predict vancomy-
cin kinetics in a validation data set with CL-y or GFR estimated
with the reference equation, all models adequately described van-
comycin concentrations and provided similar performances. This
means that each model could be used for model-based, Bayesian
pharmacokinetic monitoring and dose adjustment of vancomycin
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in elderly patients in clinical practice, provided that one used the
same renal function estimation equation as was used for model
building. Once serum concentration data are available and a
Bayesian posterior model of drug behavior has been made for each
individual patient, then an empirical relationship can be estab-
lished between that patient’s data of serum creatinine and the
behavior of the drug, and it is likely that the differences between
the various means of estimating creatinine clearance will be min-
imized.

However, when another equation is used to estimate renal
function in place of the reference equation in the model, this could
alter the model-based prediction of vancomycin levels. When
GFR estimated by the MDRD or the CKD-EPI equation was used
along with the CG- or JEL-based model, underestimation of
vancomycin concentrations was observed on average, for both
population and individual predictions. In contrast, population
predictions based on the MDRD- or the CKD-EPI-based model
overestimate vancomycin concentrations when the CG or the JEL
equation was used to estimate renal function. Also, the cross-val-
idation results suggest that the CG and JEL equations appear to be
interchangeable, and so do the MDRD and CKD-EPI equations,
for model-based prediction of vancomycin concentrations in the
elderly. However, older CL estimation equations (CG and JEL)
and the newer GFR estimation equations (MDRD and CKD-EPI)
should not be interchanged for such a task. These observations are
consistent with the differences observed in the estimation of renal
function from each equation in the population (Table 1).

A few other studies examined the influence of renal function
estimation on vancomycin PK modeling. A study conducted with
Japanese elderly patients compared the performance of the CG
equation based on enzymatic S, the CG equation based on Jaffe-
converted S¢,, and the MDRD equation in predicting vancomycin
trough levels using a Bayesian approach (34). When the mean
value of the population PK parameters was used to predict vanco-
mycin concentrations (a priori prediction), the CG equation
based on Jaffe-converted S¢, provided the best predictive perfor-
mance. The use of the MDRD equation was associated with the
largest bias and imprecision. After Bayesian estimation of individ-
ual parameters, the three methods showed comparable perfor-
mances. Our study results are consistent with those from that
study, confirming that the performance of the CG-based model
was comparable to or even better than that of the MDRD-based
model.

Recently, Conil and colleagues compared the ability of mea-
sured CLg, CLcg estimated by the CG equation, and GFR esti-
mated by the MDRD and the CKD-EPI equations to predict van-
comycin body clearance in intensive care unit (ICU) patients who
received continuous i.v. vancomycin (35). Overall, significant but
limited correlation was observed between vancomycin clearance
and any index of renal function. In the Bland-Altman analysis,
measured CLy showed the least bias, and GFR estimated by the
CKD-EPI provided the best precision. The authors concluded that
the CKD-EPI equation was the best predictor of vancomycin
clearance. It seems more difficult to compare results from Conil et
al. with ours because the population, average renal function, PK
estimation methods, and vancomycin use were different.

Sanchez et al. developed a population PK model of vancomy-
cin in 141 subjects, including 40 subjects aged =64 years. The
predictive performance of the model as well as that of 10 other PK
methods was then evaluated in an independent data set of 95 pa-
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tients with a mean age of 50 * 17 years (36). The 10 other methods
consisted of regression equations predicting vancomycin body
clearance and, for some of them, volume of distribution. The re-
sults showed that the predictive performance was not consistent
across all methods. All of them included CLy in the prediction
equation of vancomycin clearance, which was estimated using the
CG equation for most of them. That study did not specifically
address the influence of the estimation of renal function. The dif-
ferences in regression coefficients, structural model, and influenc-
ing covariates between the methods may explain in part the dif-
ference in predictive performance.

The final parameter estimates from the six models (Table 6) are
in agreement with those from previous studies. Significant nonre-
nal clearance of vancomycin was found in this study, with median
values from the six final models ranging from 0.34 to 0.46 liter/h.
This parameter varies widely in the literature, as reported by Mur-
phy and colleagues (10). In a study performed with 10 anuric
patients, nonrenal clearance of vancomycin ranged from 0.23 to
1.40 liters/h (37). Others parameter values are broadly consistent
with population studies performed with senior patients (36, 38).

There are several limitations in this study. First, only a limited
number of elderly Caucasian patients with normal body weight
were included. As a consequence, this study result may not be able
to be generalized to other patient populations.

While many other estimation equations and refinements have
been proposed, we assessed only four original and two modified
(MDRDm and CKD-EPIm, in milliliters per minute) renal func-
tion equations. We selected the CG and MDRD equations because
they are the most widely used methods to estimate renal function
in clinical practice. The CKD-EPI equation is an emerging equa-
tion which might replace the MDRD equation in the future (13).
The Jelliffe equation was selected because it has been the reference
equation in the MM-USC*PACK collection of programs. It also
has the unique feature of using a pair of serum creatinine values,
thus accommodating unstable renal function (17). In very large or
small people, GFR estimated by the MDRD or the CKD-EPI equa-
tion in milliliters per minute per 1.73 m® may be substantially
different from GFR in milliliters per minute, and it has been sug-
gested that GFR in milliliters per minute be used to account for
individual body surface area in drug dosing (39, 40). This is why
we evaluated modified versions of the MDRD and CKD-EPI equa-
tion to get GFR estimates in milliliters per minute. Such modifi-
cation did not appear to significantly influence the estimation of
renal function in the study population, as the mean estimates were
similar between the original and modified MDRD and CKD-EPI
equations (Table 1) in the study population. It also had limited
influence on model-based prediction of vancomycin concentra-
tions and parameter estimation.

We did not assess the influence of the serum creatinine assay
method on the results. The CG equation was developed from se-
rum creatinine measured with a colorimetric Jaffe method which
is no longer in use today. The coefficients of the CG equation have
never been revised for modern, IDMS traceable serum creatinine
assays. Tsuji et al. have shown that converting enzymatic S, val-
ues into corresponding Jaffe values may significantly improve the
performance of the CG equation as a covariate to predict vanco-
mycin concentrations (34). However, in our opinion, it is unlikely
that clinicians will perform such conversion in routine clinical
practice.

Other limitations are inherent to the clinical environment of
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this study. As data were collected during routine patient care, this
may have affected the precision of drug dosing and sampling
times, as well as weight, height, or BSA values.

Finally, we did not evaluate the dose requirements predicted by
each pharmacokinetic model. Despite significant differences ob-
served in data fitting and predictive performance, the six models
might show little difference in the doses required to reach some
predefined target serum levels in patients. It would be interesting
to examine this point in future studies.

Because the MDRD and CKD-EPI equations were shown to
estimate GFR better than the CG equation in most patients, some
authors have recommended using those newer GFR estimation
equations for drug dosing (41). In France, the national health
authority (Haute Autorité de Santé) supports the use of the CKD-
EPI equation for diagnosing chronic kidney disease and estimat-
ing renal function. This institution suggested that drug labels be
revised in order to incorporate the CKD-EPI equation in place of
the CG equation for drug dose adjustment (42).

However, there is no scientific rationale to support this para-
digm shift. When it comes to estimating renal function for drug
dosing, accurate estimation of GFR is not the ultimate goal. In
pharmacology and therapeutics, the objective is to individualize
the drug dosage regimen using the most appropriate index of renal
function. So, one should determine and use the renal function
index that best predicts the drug PK.

In this study, when used as covariate in PK models, the MDRD
and CKD-EPI equations did not outperform the CG and Jelliffe
equations. In a previous study conducted by our group with el-
derly patients who were administered gentamicin, the CG- and
the JEL-based models provided better predictive performance
than the MDRD-based models (26). These findings do not sup-
port a general switch from older to new renal function estimation
equations for drug dosing. Further research is necessary to deter-
mine which marker of renal function is the most adequate for drug
dose adjustment. It is likely that the results may vary across drugs
and depend on the pharmacokinetic properties, especially the re-
nal transport of each agent. Our approach based on population PK
may serve as a template for such evaluation.

Conclusion. In conclusion, this study conducted with elderly
patients showed that the equation used to estimate renal function
significantly influenced both concentration prediction and esti-
mation of PK parameters of vancomycin. Pharmacokinetic mod-
els based on the MDRD and CKD-EPI equations did not outper-
form models based on the Cockcroft-Gault and the Jelliffe
equations. These results suggest that the various renal function
estimation equations should not be considered interchangeable
for PK modeling and prediction of concentrations of renally ex-
creted drugs such as vancomycin.
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