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Aims 1. To determine the population pharmacokinetics of gentamicin in 957
patients with varying renal function dosed once daily. 2. To see if current starting
doses for once daily aminoglycoside dosing are appropriate. 3. To test whether
calculating creatinine clearance using an adjusted Cockcroft and Gault method
(CLcGradjusted) Was a better predictor of gentamicin clearance than the standard
Cockcroft and Gault method (CLc, unadjusted)-

Methods Nine hundred and fifty-seven patients were dose-individualized for
gentamicin using SeBA-GEN, a Bayesian dosing method. This method returns
estimates of the values of gentamicin CL and 174 from which the 24 h AUC can be
estimated. The goal of therapy was to attain an AUC of 70—100 mg 1"'h depending
on the severity of the infection. The population was divided into four groups of
differing renal function. Linear regression analysis was performed to determine the
relationship between 174 and various indices of weight, and gentamicin CL and
either CLCr,adjusted or CLCr,unadjusted'

Results The mean Iy (£5s.d.) and CL (+s5.d.) of gentamicin in our total population
were 17.4 (+4.1) 1 and 4.0 (£1.8) 1h~ ', respectively. There was a decrease in /g4
with reducing renal function when comparing patients with normal renal function
and patients with poor renal function. The lower of total body weight (TBW) and
lean body weight (LBW), termed dosing weight (DWT), was a slightly better
predictor of V4 (©=0.28) than either TBW (#=0.21) or LBW (¥=0.21).
CL¢radjustea (7 =0.80) was a better predictor of gentamicin CL than CLcy ynadjusted
(F =0.57).

Conclusions The mean population values of 74 and CL of gentamicin dosed once
daily are similar to those described by others in relation to multiple daily dosing.
Given that previous methods have been based on population values of 74 and CL
from multiple daily dosing, the currently recommended starting doses for once daily
aminoglycoside dosing would seem appropriate. The V4 reduced with decreasing
renal function, with a maximum of 23% difference between patients with normal
and poor renal function. The Cockcroft and Gault method of calculating creatinine
clearance does not appear to perform well at low values of serum creatinine
concentration. An adjustment of the Cockcroft and Gault method is proposed to
allow for this.
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Introduction

After 50 years, aminoglycoside antibiotics remain import-
ant for the treatment of serious infections [1]. There have
been numerous publications advocating the use of once
daily dosing of aminoglycosides over conventional dosing
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methods involving multiple daily doses. In addition to
clinical studies, there are now at least nine meta-analyses
comparing once vs conventional daily dosing [2—10].
These suggest that once daily aminoglycoside dosing is as
effective as conventional therapy, with a trend towards
less nephrotoxicity.

Methods of monitoring aminoglycosides after once
daily dosing, include the methods of Nicolau ef al. [11],
Begg et al. [12], and Prins ef al. [13]. The advantages and
disadvantages of these methods have been reviewed
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recently [14], but there have been no formal comparative
studies between the three methods. There has even been
debate over the need to monitor serum aminoglycoside
concentrations at all with once daily dosing [15]. We
believe that in the early period after a change in a method
of dosing, it is even more important to monitor, until
trials confirm the requirements or not [16].

Bayesian methods have been advocated for dose
prediction during aminoglycoside therapy, and have good
predictive performance using minimal data points [17,
18]. A sequential Bayesian algorithm for the dose-
individualization of once-daily dosing of the aminoglycos-
ides gentamicin and tobramycin (SeBA-GEN) has been
developed [18]. This method returns estimates of the
values of gentamicin CL and V4, from which the AUC
can be estimated for a given dose and a new dose
recommended for any target AUC.

Although it is well accepted that gentamicin clearance
correlates well with creatinine clearance, in a recent
comparison of SeBA-GEN vs ABBOTTBASE in 100
consecutive patients it was shown prospectively that
creatinine clearance calculated from low values of serum
creatinine using the Cockcroft and Gault method [19]
using LBW as described by Pesola e al. [20] (See
Appendix 1, equations 1 and 2) resulted in a poor pre-
diction of gentamicin clearance [18]. An adjusted method
of calculating creatinine clearance (see Appendix 1,
equation 5) was devised to accommodate low values of
serum creatinine. In this method, values of serum
creatinine less than 0.06 mmoll '
0.06 mmol 1" because it was thought that low values of
serum creatinine may reflect decreased production rather
than enhanced clearance. When gentamicin clearance
was regressed against this adjusted estimate of creatinine
clearance (CLcyadjusted), there was greater explained
variance (7220.79) than when gentamicin clearance was
regressed against the conventional unadjusted Cockcroft
and Gault creatinine clearance (CLcy unadjusted) (7220.51)
[18]. This suggests that CLc; agjusced Was a better predictor
of gentamicin clearance and highlights the limitations of
the Cockcroft and Gault formula in patients with low
values of serum creatinine. Failure to adjust in this way
may result in over-estimation of the patient’s predicted
gentamicin clearance, with the potential for significant
overdose on the first dose in some patients.

Although there is a large amount of data describing
the pharmacokinetics of aminoglycosides in various
populations following multiple daily dosing [21], there is
little data describing the pharmacokinetics of gentamicin
when given once daily. In addition, there have been few
studies looking at the pharmacokinetics in patients with
varying degrees of renal dysfunction in once daily
aminoglycoside dosing. The method of Begg et al. [12]
proposed starting doses for patients with varying degrees

were set at
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of renal function, aiming to achieve equivalent AUCs:.
These AUCs are based on those that would have been
achieved with conventional dosing targeting peak concen-
trations of 6—10 mg 17" and trough concentrations of less
than 2mgl™~'. However, this method has not been
validated.

Aims

The main aim of this study was to determine the
population pharmacokinetics of gentamicin in our local
population during once daily dosing and to establish
whether the pharmacokinetics of gentamicin differed in
patients with varying degrees of renal dysfunction. From
these data the validity of the proposed starting doses as
suggested by Begg e al. [12] for patients with normal
and varying degrees of renal dysfunction were assessed. A
secondary aim was to test retrospectively whether the
method for adjustment of the Cockcroft and Gault
equation as proposed by Duffull et al. [18] was a better
predictor of gentamicin clearance than that of the
Cockcroft and Gault method modified by Pesola to use
LBW instead of TBW [19].

Methods
Patients

Patients who were dose-individualized for gentamicin
using SeBA-GEN as part of routine clinical practice were
included in the study. Patients were excluded if they had
tetraplegia, because of the risk of respiratory failure with
high peak concentrations. Our guidelines also excluded
patients with endocarditis because the principles of
therapy with aminoglycosides differ for this indication.

Once daily dosing

The goal of therapy was to achieve high peak serum
concentrations (> 10 mg 17") while limiting the value of
steady state AUC(0,24h) to between 70 and 100 mgli1
h [12]. These steady state AUC(0,24h) values represent
the consequences of a dose of between 5 and
7mgkg 'day ' in patients with normal renal function
who have a typical value of gentamicin clearance
(4.0 lhfl) [21]. These doses are associated with peak
concentrations of 20-30 mg 17" in patients with a typical
value of volume of distribution (0.251 kgil) [22]. The
initial dose was chosen by the physician caring for the
patient. Two blood samples were taken, the first at 0.5 h
after the end of the infusion, and the second at a time
between 6 and 20 h after the infusion, depending upon
renal function. Blood sample monitoring was repeated
every 2—-3 days depending on the clinical condition of

the patient. Serum gentamicin concentrations were
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measured using the Abbott TDx fluorescence polarization
immunoassay method (limit of detection 0.25 mg 171)
by Canterbury Health Laboratories.

Individualization of once daily dosing

The patient demographic data and dosing information
were entered into SeBA-GEN by the clinical pharmacist
in the team responsible for the care of the patient, or by
the clinical pharmacology staff. The dosing prediction,
the demographic data, and pharmacokinetic data were
saved into an individual file for each patient. Each file
was identified by the patient’s national identity number.

Collection of data

The data files from January 1995 to June 1997 were
imported into Microsoft Excel (5.0). The following
demographic data were available: age (years), height
(cm), gender, serum creatinine (mmollil), total body
weight (TBW) (kg), lean body weight (LBW) (kg),
patient name, and national hospital number. The values
of clearance (gentamicin CL) and V4 were also recorded.
The values of CL;unadjusted a0d  CLcyadjusted Were
calculated as per equations 4 and 5 in Appendix 1.

The population was divided into four groups depending
upon  CLcpadjuseea: >4.0,  2.5-4.0, 1.3-2.4, and
<13 1h~". These were the subgroups determined by
our dosing protocol [12]. In addition to providing a
stratified subgroup analysis, the mean values of clearance
from each subgroup can be used to determine the starting
dose for each patient group for future dosing algorithms,
and to check on the validity of currently recommended
starting values.

Descriptive statistics were computed for the pharmaco-
kinetic and demographic data (mean, s.d. and 95%
confidence interval) using Graphpad Prism (Ver 2.0).
Linear regression was performed to determine the
relationship between 174 and either TBW, LBW, or
DWT; and between gentamicin CL and
CLCr,unadjusted or CLCr,adjusted.

A data rounding technique was used to determine
whether the serum creatinine concentration of
0.06 mmol 1~ " that had been used prospectively in our
previous study was the best ‘round up’ point for adjusting
the Cockcroft and Gault method. This was assessed by
performing repeated linear regression analyses between
gentamicin CL and CL¢; unadjusted» Where patients with
values of serum creatinine of 0.02 were rounded to 0.03,
then all values of 0.03 mmol1~ " to 0.04 mmol 171, etc.
until 0.12 mmol 1~ ", In other words, in the first linear
regression all the data was included, while for the second
regression all data were again used except all values of
0.02 mmol 1~ were rounded to 0.03 mmollfl, and so

either
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. o 2
on. The coefficient of determination (") values were
compared between regressions.

Results
Demographics and population pharmacokinetics

Data from nine hundred and fifty-seven patients (506
males and 451 females) were available for analysis. The
mean age (+s.d.) of our population was 60 (+20.3)
(range 16—97). The mean TBW and LBW (+s.d.) were
68.4 (+15) (range 30-140) and 65.5 (£10.2) (range
37.8-88.7), respectively. The mean serum creatinine
concentration was 0.08 mmoll™ ', with 208 patients
having values of serum creatinine concentration less than
0.06 mmol 1~ ". The population values of gentamicin CL
and V4 are given in Table 1, and population frequency
histograms are presented in Figure 1(a),(b).

The mean VVy (+s.d.) and CL (+s.d.) of gentamicin
in our total population were 17.4 (+4.1) 1 and 4.0
(£1.8) 1h~ ", respectively (Table 1). These are very
similar to those published previously [21, 22]. The large
variation around the value of clearance, was expected
given the large variation in age and renal function of our
population. Further, as expected, gentamicin clearance
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Figure 1 a) Frequency histogram of gentamicin CL for 957
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patients. b) frequency histogram of 4 for 957 patients.
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Arithmetic
Total population mean s.d. Range

Va (1) 17.4 4.1 8.0-38.5
CL (1h™" 4.0 1.8 0.68-12.5
Stratified subgroup population analysis
CLcpadjustea (107 1) >4.0 2.6-4.0 1.3-2.5 <13

(ml min~ ") (>66) (43-65) (22-42) (<21)
n= 551 232 152 22
Vi (1) 18.0 16.9 16.3 14.6
95% CI 18.4-17.7 17.4-16.4 16.9-15.8 15.9-13.3
CL (1h™" 5.1 2.9 2.0 1.2
95% CI 5.23-4.97 2.92-2.87 2.02-1.98 1.23-1.17

Starting dose Starting dose Starting dose

CL cyadjusted CL AUC=100 AUC=85 AUC=70
(1 hil) (mean) (rounded dose)" (rounded dose)" (rounded dose)
>4.0 5.1 501 (500) 433.5 (420) 357 (360)
2.6—4.0 2.9 290 (300) 246.5 (240) 203 (200)
1.3-2.5 2.0 200 (200) 170 (160) NA
<13 1.2 NA NA NA

“Rounded to nearest 40 mg, NA =Not appropriate as peak concentrations is too low
(<10 mg 1Y), therefore the advantage of ODD will not be conferred.

Starting doses

(mg kg™ ") Starting doses

CL Cradjusted recommended by (mg kgil) based on
(1 Y Target AUC (0,24 h) Begg et al. [12] current study
>4.0 70, 85, 100 5,6,7 5.5,6.7,7.7
2.6—4.0 85, 100 5,6 3.8, 45
1.3-25 100 2.6-3.1 3—4
<13 Seek specialist advice NA

*Starting doses calculated using mean clearance for each group multiplied by the desired AUC,
then divided by the mean LBW of the 957 group (65 kg). NA =Not appropriate as peak

concentrations is too low (<10 mg 17, for the advantage of once daily dosing method.

Table 1 Mean, s.d. and range of the
pharmacokinetic parameters of
gentamicin. Pharmacokinetic parameters
(mean, 95% confidence interval)
stratified for renal function.

Table 2 Predicted starting doses using
stratified values of clearance for a desired

AUC.

Table 3 Comparison of starting doses
recommended by Begg et al. [12] vs
starting doses based on the current study
on a weight adjusted basis.

reduced with decreasing renal function. The mean values
of clearance for each of the stratified subgroups can be
used to calculate starting doses for the therapy of future
patients (Tables 2 and 3).

A decrease in V4 with reducing renal function was
seen. This was observed with either CL¢y unadjusted OF
CL¢radjusted- A mean difference of 23% was observed
between patients with normal renal function (CLc; gjusted
>40 1h~ " compared with patients with poor renal
function (CLcpadjustea <1.26 1Th™") (Table 1).

Regression analysis
DWT (1'220.28) was a slightly better predictor of 17y

than either TBW (#=0.21) or LBW (F=0.21) (see
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Appendix 1). As expected, /4 increased with increasing
indices of weight. (See Figure 2)

The regression analysis for gentamicin CL s
CLCr,adjusted and CLCr,unadjustcd showed that CLCr,adjustcd
(r"=0.80) was a better predictor of gentamicin CL than
was CLcy unadjusted (7 =0.57) (see Figure 3). It is important
to note that over 20% of the population had a serum
creatinine concentration of less than 0.06 mmol 1"

The 7 of the repeated linear regressions of gentamicin
CL vs CL¢r unadjusted Where low values of serum creatinine
were sequentially rounded, is shown in Figure 4, plotted
against the ‘round up’ of serum creatinine. The curve
suggests a clear point of inflexion around the ‘round up’
value of 0.06 mmol 1™

The individual characteristics of patients with low

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 47, 637-643
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Figure 2 175 (1) vs DWT (kg) where DWT is the lower of
TBW or LBW. The solid line represents the line of best fit. The
dashed lines represent the 95% confidence interval of the slope.

r’=0.80
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CL¢ , adjusted (Ih™)

CL (Ih™)

151
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Figure 3 a) Gentamicin clearance vs CL, agjusted Where values of
serum creatinine less than 0.06 mmoll  are set at

0.06 mmol 1~ " and DWT is used instead of LBW. b) Gentamicin
clearance vs CLcy agjuseed Using method of Cockcroft and Gault
[19] but using DWT in stead of TBW. The solid line on both
graphs represents the line of best fit. The dashed lines represent
the 95% confidence interval of the slope.
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Figure 4 A plot of the squared correlation coefficient from the
linear regression analysis of gentamicin CL and CL¢; ynadjusted VS
serum creatinine ‘round up’ where the patients with low values of
serum creatinine were sequentially increased in the analysis.

serum creatinine concentrations were compared with
those patients with ‘normal’ values of serum creatinine.
These patients were mostly female (155) vs male (52),
had a lower DWT (58.4 vs 64.1 kg (P<0.005)), lower
age (52 vs 63 (P<0.006)), and a trend towards a larger
174 (0.30 vs 0.27 (P=0.052)).

Discussion

The absolute values of gentamicin CL and 14 after once
daily dosing appear to be similar to those after multiple
daily dosing [21, 22].

This is the first time that a significant reduction in the
V4 for aminoglycosides has been observed in patients
with reduced renal function. This has been described for
other drugs with low protein binding such as digoxin
[23, 24]. The mechanism may relate to displacement of
the drug from tissue binding sites by retained metabolic
products, e.g. urea. In contrast, drugs with high protein
binding, e.g. phenytoin, often have an increased volume
of distribution in renal impairment [25-28], as the
displacement from the plasma protein binding sites
predominates. The largest mean difference (23%) in 174
seen between the group with the highest and lowest
creatinine clearance raises the question of the clinical
significance of this finding. Fortuitously a smaller Iy will
result in higher peak concentrations for any given dose
in patients with renal impairment. This would be
expected to be beneficial in patients with poor renal
function, where gentamicin clearance may be so low that
it is difficult to achieve a high enough peak concentra-
tions (>10 mglil) while maintaining an AUC of
<100 mgl~ "' h.

The starting doses calculated using the mean values of
clearance of each subgroup based on renal function are
similar to those recommended by Begg ef al. [12] (see
Tables 2 and 3). Comparing the initial doses of Begg
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et al. [12] with the new data it would appear that patients
with good renal function (>4.0 lhfl) may have been
slightly underdosed, while patients with poor renal
function may have been slightly overdosed.

Gentamicin is a hydrophilic, polar drug that distributes
mainly into the extracellular fluid volume. Therefore, 174
would be expected to have only relatively small changes
with increasing weight as seen in Figure 2. The increase
in V4 may be accounted for by the water content of
adipose tissue, which has been reported to be around
15% [28], and this has been shown previously in obese
patients receiving aminoglycoside [29]. Dosing weight
(DWT) was a slightly better predictor of 174 than either
TBW or LBW. This is probably because it corrects for
both, obese and cachexic patients.

CLGradjusted Was a better predictor of gentamicin
clearance than CL¢; unadjusted (7220.80 vs 0.57) con-
firming our previous findings [18]. Figure 3b demonstrates
that there are patients with very high predicted values of
CL¢runadjusteds  but  with low  values of gentamicin
clearance. This, and the data rounding analysis support
the concept of rounding low values of serum creatinine
to 0.06 mmol 1~ " before using the Cockcroft and Gault
equation, to give a better estimate of the patient’s
gentamicin clearance. It is probable that low values of
serum creatinine are due to reduced production and not
enhanced clearance. This phenomenon may have impli-
cations for dosing other renally cleared drugs in patients
with low values of serum creatinine, as has recently been
suggested for carboplatin [26].

Adjusting low values of serum creatinine concentrations
to 0.06 mmoll~" does not work well when renal
function is changing. For example, if a patient’s serum
creatinine changes from 0.02 mmol 17" t0 0.04 mmol 1"
through a genuine declining renal function, the 0.06
round up method will not allow for this. This could
be accommodated by adjusting the value of 0.06 to
0.12 mmol 1™, representing a similar reduction in renal
function, but this is awkward. An alternative approach
would be to incorporate a correction factor (CF) into the
Cockcroft and Gault equation to allow for patients with
low values of serum creatinine, as follows:

Creatinine clearance (1 hil)
(140-Age) x DWT
= % 0.85(F)
13900 x (Sc; x CF)

where

0.06

CF= if>1 else CF=1

SCrl

where S,y is the baseline steady-state value of serum
creatinine (taken prior to starting or at initiation
of aminoglycoside therapy). The CF is only influen-
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tial if Sy is less than  0.06 mmoll™", ie if
Scr =>0.06 mmol 17" then CF is set at unity.

In conclusion the mean population values of V4 and
C of gentamicin dosed once daily are similar to those
described by others. This is the first time that 7y of
gentamicin has been reported to decrease in patients with
Cockcroft and Gault
method of calculating creatinine clearance does not
appear to perform well at low values of serum creatinine
Two methods of ‘correcting’ the
Cockcroft and Gault method are proposed to account for
this. We recommend the use of a correction factor rather
than using the ‘0.06 round up’ rule, in patients with
changing renal function.

decreased renal function. The

concentrations.

Appendix
Equation 1
Cockceroft and Gault formula [19]

Creatinine clearance (1 hil)
(140—age) x TBW
= % 0.85 (female)
13900 x Serum creatinine (mmol 171)

where TBW is the total body weight of the patient.

Equation 2

Pesola adjustment [20]

Creatinine clearance (1 hil)
(140—age) x LBW
= %X 0.85 female
13900 x Serum creatinine (mmol 171)

where LBW is a lean body weight using the equation of
Devine [26] (see Equation 3)

Equation 3
Lean body weight (LBW) equation [27]

Lean body weight (kg) = (height (cm)—150)
% 0.9 +45(4 5(male))

Dosing weight (DW'T)

Dosing weight (DWT) =min{LBW, TBW}

Dosing weight (DWT) is the lower of lean body weight
(LBW) or total body weight (TBW), where LBW is
calculated using the Devine [27] equation (see Equation
3).

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 47, 637-643



Equation 4

CLCr,uuadj usted

Creatinine clearance (1 hil)
(140—age) x DWT
= % 0.85 (female)
13900 x Serum creatinine (mmol1 1)

CLcradjusted 18 the CLg, estimated using the standard
Cockcroft and Gault formula [19] as adjusted by Pesola
[20] however uses dosing weight (DWT) in the place of
lean body weight (LBW) (see Equation 3).

Equation 5
Cleyadjuseea-Duftull et al. [19]

Creatinine clearance (1h™ 1)
(140—age) x DWT
= % 0.85 (female)

13900 x Serum creatinine (mmol 171)

Same as equation 4, where values of serum creatinine
. —1
concentrations less than 0.06 mmoll are set at
—1
0.06 mmol1l .
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