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To predict the ceftazidime dosage regimen as a function of the glomerular
filtration rate expressed by the modification of the diet in renal disease
(MDRD), reason for admission and mechanical ventilation in intensive care
unit (ICU) patients to treat Pseudomonas aeruginosa pneumonia.

A published and qualified population pharmacokinetic model was used to
perform Monte Carlo simulations of ceftazidime concentrations. The serum
target of 40-100 mg I was defined based on the minimal inhibitory
concentration (MIC), the European break point (EBP), the pulmonary drug
diffusion and toxicity. The recommended dosage regimens were based on
the maximum percentile of the patients with simulated steady state
concentrations reaching the target.

Steady-state was reached at 72 h whatever the MDRD. The simulations of
serum concentrations generated higher percentiles of the population
reaching the target after continuous administration. We recommend a 4 g
continuous dose after the usual 2 g loading dose for patients with MDRD
from 10 to 30 mI min™', 6 g for MDRD between 40 and 80 ml min™', 8 g for
MDRD from 90 to 110 ml min~, 10 g for MDRD from 120 to 190 ml min™'
and 12 g day™ for patients with MDRD higher than 200 ml min™".

Our study demonstrated that in ICU patients for a given MDRD, steady-state
takes longer to reach in polytrauma patients than in patients with medical
or post surgery reasons for admission. Continuous infusion ensures that a

higher percentage of patients reaches the target than the same dose given
by discontinuous administration and this only depends on MDRD.
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Introduction

In daily clinical practice, for beta-lactams, the initiation of
antimicrobial treatment begins with a standard dosage
regimen [1], sometimes adjusted to the body weight. The
dose adjustment is essentially used for patients suffering
from renal disease or cystic fibrosis [2, 3]. In most of the
cases, there is no therapeutic drug monitoring and the
concentrations in blood and at the site of infection are
unknown [4]. The main risk consists of inefficacy with the
potential emergence of antibiotic resistance and toxicity
[5]. This risk is particularly high in intensive care unit (ICU)
patients due to the large variability in antibiotic pharma-
cokinetics [6-10]. For some bacteria like Pseudomonas
aeruginosa, with increased minimal inhibitory concentra-
tions (MIQ), this risk has to be managed very carefully. In
these cases, ceftazidime could be an interesting drug of
choice due to less risk of resistance compared with most
of the beta-lactams [11]. Continuous infusion regimens of
some beta-lactams have the greatest likelihood of achiev-
ing pharmacodynamic targets [12, 13]. However a 4g
ceftazidime dose by continuous infusion in critically ill
patients with severe nosocomial pneumonia did not
provide concentrations in excess of the MIC. Therefore,
higher doses of ceftazidime needed to be administered [6,
14, 15]. Rather than using a dosage regimen mainly based
on body weight, pharmacokinetic and pharmacodynamic
principles, that predict antimicrobial efficacy, can be used
to set targets for antimicrobial regimes and optimization
[16]. For clinical practice, we performed and qualified a
population model of ceftazidime disposition in ICU
patients [8]. The results of that study combined the rela-
tionship between ceftazidime pharmacokinetic param-
eters and patient covariates that may be useful for dose
adjustment, i.e. glomerular filtration rate, mechanical ven-
tilation status and reason for admission [8].

The aim of our present work was to predict in ICU
patients the best a priori adapted dosage regimen as a
function of these covariates taking into account ceftazi-
dime pharmacodynamic indexes and to give to the patient
the maximal chance that his/her steady-state ceftazidime
serum concentration was in the therapeutic zone as soon
as possible.

Methods

Our work was only performed in silico, so no patients were
included and no informed consent was required.

Data

This work was based on a NONMEM population pharma-
cokinetic model constructed during a previously pub-
lished study [8]. The final model was qualified with the
following equations and the corresponding program can
be obtained from the authors.

TVCL=6,+0, xMDRD =2.24 (I h™')+0.024
x MDRD (ml min™")

TVV, =6, for patients without mechanical ventilation
=189

TVV, =0, for patients with mechanical ventilation
=9.02 |

TVQ=60;=1521h"
TVV, =6, for polytrauma aetiology =57.11
TVV, =6, for post operative aetiology =25.7 |

TVV, =65 for medical aetiology =13.6 |

where: TVCL, TVV;, TVQ, TVV, are typical values, respec-
tively, for ceftazidime clearance (I h™), central volume of
distribution (l), inter-compartmental clearance (Ih™) and
peripheral volume of distribution (I).

This model was based on the following design.Briefly,a
prospective, open and randomized population pharmaco-
kinetics study of ceftazidime in 72 ICU patients was carried
out, following the agreement of the Toulouse Ethics Com-
mittee. Patients were suffering from Pseudomonas aerugi-
nosa nosocomial pneumonia.They received ceftazidime as
a 6 g continuous infusion with or without a 2 g loading
dose or by 2 g x 3 discontinuous injections per day. Sixty
patients were mechanically ventilated. Admitting diagno-
sis was poly-traumatism (n = 27), post surgery (n = 19) and
medical reason (n = 26). The mean glomerular filtration
rate estimated by the MDRD formula [17] was 121 =+
55 ml min~". The data from 49 patients were used for the
model building and those of 23 patients for the qualifica-
tion. The model was qualified by a comparison of the pre-
dicted and observed concentrations in the 23 patients. A
final model was elaborated from the whole population.

Table 1 presents the typical value for the central,
peripheral and total volume of distribution fitted for the six

Table 1

Typical values of the volume of distribution (I) in the sub-populations
defined by their mechanical ventilation status (without = 10 or with = 1)
and their reason of admission (PO = polytrauma, P1 = post surgery and
P2 = medical reason)

10PO 76.0 18.9 57.1
10P1 44.6 18.9 25.7
10P2 325 18.9 13.6
11P0 66.1 9.0 57.1
11P1 347 9.0 25.7
11P2 22.6 9.0 13.6
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sub groups as a function of mechanical ventilation status
and reason for admission.

Simulation
Typical patients were defined as a function of the combi-
nation of the selected covariates of the model:

1 Glomerular filtration rate estimated by MDRD from 10 to
200 ml min™" with a step of 10 mImin™ (20 cases). This
range is included into the range of the population used
to elaborate the model (7.9-253 ml min™").

2 Ventilation status: 10 without mechanical ventilation and
1T with mechanical ventilation (two cases).

3 Admitting diagnoses: PO = polytrauma, P1 = post surgery
and P2 = medical reason (three cases).

In total, 120 (20 x 2 X 3) typical patients were studied.

Several ceftazidime dosage regimens were simulated:
discontinuous administration of 2 g x 3 day™' and continu-
ous administration of 4,6, 8,10 and 12 g day ' aftera 2 g
loading dose and 6 g day ™' after a 3 g loading dose.

For each studied dosage regimen and each of the 120
typical patients, 1000 simulated pharmacokinetic profiles
were obtained by a NONMEM Monte Carlo procedure.

Interpretation

Steady-state was considered as reached when the varia-
tion of the concentration (continuous infusion) or trough
concentrations (discontinuous injections) were lower than
10% from one day to another. This corresponds with the
usual 90% target steady-state concentration.

For efficiency, the target serum concentration at
steady-state, whatever the dosage regimen, was defined as
a steady-state concentration (continuous infusion) or a
trough concentration (discontinuous injections) higher
than 40 mg I [18]. On the one hand, this 40 mg I target
corresponds to five-fold the European break point
(8 mg ™) [19, 20]. On the other hand, in our ICU patients,
the most frequently observed MIC for Pseudomonas
aeruginosa was 2 mg I”. The 40 mg |" target corresponds

Table 2

to the combination of two parameters, a local concentra-
tion at four-fold the MIC (i.e. 8 mgI™") and a ceftazidime
disposition in the alveolar film evaluated to 20% of the
blood concentration [14, 21]. For safety reasons, a
maximum limit was defined as a 100 mg ™" concentra-
tion by assimilation to the described toxicity of cefepime
[22].

For the 1000 simulations of each typical patient
dataset, we determined the percentiles of the concentra-
tions which reached the goals at 24,48 and 72 h to inves-
tigate the time required to reach steady-state.

The dosage regimen recommendations were estab-
lished on the base of the maximum percentile of patients
reaching the target interval of 40-100 mg I after a 2g
loading dose followed by continuous infusion of ceftazi-
dime.

Results

In the ICU population of our pivotal study, glomerular fil-
tration rate estimated by MDRD was 141 = 34 mImin™' in
the PO subgroup (polytrauma), 92 = 48 ml min™" in the P1
subgroup (post surgery) and 120 = 69 ml min™" in the P2
(medical reason).

Table 2 shows the time required to reach steady-state
as a function of the three covariates including in the model
during discontinuous administration and continuous infu-
sion.

Figure 1 presents the percentile of the ceftazidime
simulated concentrations included in the target interval of
40-100 mg I"". To ensure multiple comparisons, this figure
has been divided into four parts corresponding toa 2 g x
3 g day ' on the left (A and C) and a continuous infusion of
6 g day™' aftera 2 g loading dose on the right (B and D).The
upper graphs (A and B) correspond to the results at 24 h
and the lower graphs (C and D) at 72 h.

Comparison between the upper and lower graphs
shows that steady-state is not reached at 24h for
all patients as demonstrated in Table 2. Particularly,

Time required to reach steady-state (t;;) AS A function of the glomerular filtration rate estimated by MDRD clearance (ml min™') in the sub-populations
defined by their mechanical ventilation status (without =10 or with =11) and their reason for admission (PO = polytrauma, P1 = post surgery and P2 = medical
reason) after discontinuous administration of 2 g x 3 day™' and a 2 g loading dose followed by 6 g day™" continuous infusion

2 g loading dose + 6 g infusion

2gx3day’
MDRD MDRD
(ml min™) (ml min~")
10PO =60 72 h >60
10P1 =140 48 h >140
10P2 =70 48 h >70
11P0 =50 72 h >50
11P1 =100 48 h >100
11P2 =20 48 h >20

48 h
24 h
24 h
48 h
24 h
24 h

MDRD tss MDRD

(ml min™) (h) (ml min™)

=120 48 h >120 24 h

=30 48 h >30 24 h

- - =10 24 h

=90 48 h >90 24 h
- =10 24 h

- - =10 24 h
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Figure 1

Ceftazidime dosage regimen in intensive care patients BJCP

Ceftazidime: 2 g three times a day

MDRD (mlmin™")

Ceftazidime: 2 g three times a day
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Ceftazidime: 2 g loading dose + 6 g infusion day™

30 60 150 180 210

MDRD (ml min')

Ceftazidime: 2 g loading dose + 6 g infusion day™

150 180

MDRD (ml min™")

Percentage of the ceftazidime simulated concentrations in the 40-100 mg I”" target interval after 24 h (A and B) and 72 h (Cand D) fora 2 g x 3 day™' (A and
C) and a 2 g loading dose + 6 g continuous infusion (B and D) in patients with (1) or without (10) mechanical ventilation as a function of MDRD in ml min~".
The admitting diagnoses were: PO = polytrauma, P1 = post surgical and P2 = medical reason.The vertical colour lines correspond to the mean glomerular
filtration rate estimated by MDRD in these three subpopulations. [0PO (—s—); IOP1 (—=—); IOP2 (—=—); 11P0 (—%—); ITP1 (—%—); 11P2 (—%—)
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Ceftazidime: 2 g loading dose + continuous infusion at 72 h

100%

A

|
|
90% !
|

80% i

70%

60%

50%
40%

30%
20%

% of concentrations in the
40-100 mg I"' interval

10%

0% I I I

90

120 150 180 210

MDRD (ml min™')

Figure 2

Percentage of simulated patients with 72 h ceftazidime concentrations included in the 40-100 mg I" target interval after a 2 g loading dose + different
continuous infusion doses as a function of glomerular filtration rate estimated by MDRD in ml min~' whatever the admitting diagnosis and the mechanical
ventilation status.The coloured arrows present the recommended dosage as a function of MDRD.4 g (—e—);6 g (—™—);8 g (—=—);10g (—=—);12 g (—=—)

polytrauma patients (PO) with a MDRD lower than
60 ml min™' required 72 h to be at steady-state and other
polytrauma patients had a 48 h delay. To take this point
into account, all the following conclusions have been
based on 72 h simulations.

When comparing the graphs in Figure 1C and D, the
simulations generated higher percentiles after continuous
administration than discontinuous injections for all sub-
populations with MDRD higher than 60 ml min~'. On the
contrary, for patients with a MDRD lower than 60 ml min™',
the percentage of patients in the target interval was lower
due to higher concentrations.

At steady-state, after continuous administration
(Figure 1D) all the subpopulations with a MDRD higher
than 60 ml min™' presented exactly the same results due
to the exclusive dependency of the steady-state concen-
trations on ceftazidime clearance and therefore to the
MDRD. For patients with renal insufficiency, the percent-
age of patients in the target interval was higher for poly-
trauma patients since the simulated concentrations were
lower. This is the consequence of the larger impact of the
greater volume of distribution on ceftazidime disposition.
No influence of the mechanical ventilation status was
observed.

On another hand, the trough concentrations at steady-
state observed after discontinuous administrations
(Figure 1C) vary between subgroups due to their partial
dependency to the volume of distribution including
admitting diagnosis and mechanical ventilation as
covariates.

Simulations were performed with 2 g and 3 g loading
doses followed by a 6 g day™ continuous infusion. After

592 / 73:4 / Br] Clin Pharmacol

24 h for patients with a MDRD higher than 60 ml min™, the
loading dose had no influence on the percentile of
patients’ concentrations in the target interval. For patients
with MDRD lower than 60 mImin™', the percentage of
patients with G4 included in the 40-100 mg I interval was
lower with a 3 g loading dose than with 2 g dose due to a
greater number of patients with concentrations higher
than 100 mg ml'. Therefore, the 2 g loading dose was
chosen.

Figure 2 presents the percentile of simulated concen-
trations included in the 40-100 mg | goal after a 2g
loading dose followed by various increasing continuous
doses in polytrauma patients. The coloured arrows show
the dosage regimen recommendations as a function of
MDRD.

As previously demonstrated, the results of the different
subgroups stratified by admitting diagnosis, with or
without mechanical ventilation, are totally superimpos-
able for the same dosage regimen given as a continuous
infusion in patients with a MDRD higher than 60 ml min~'.

As the maximal percentile target has been chosen to
determine the recommended dosage regimen, this figure
could help everyone to define it. For example, a patient
with a MDRD of 90 ml min~' roughly requires a 8 g continu-
ous dose after the usual 2 g loading dose; another patient
with a MDRD at 120 ml min~" would be also treated by a 8 g
dosage and for a patient with a MDRD at 140 mI min™" a
10 g day™' dose would be recommended. Figure 2 leads to
the dosage regimen recommendations presented in
Table 3.Even if the polytrauma patients with a MDRD lower
than 60 mI min™' presented a small difference (less than
5%) in the maximal percentage of patients reaching the
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Table 3

Recommended dosage regimen to reach the maximum percentage of
ICU patients with a 40-100 mg I target interval concentration at steady-
state after a 2 g loading dose and continuous infusion expressed as a
function of glomerular filtration rate estimated by MDRD whatever the
reason for admission and the mechanical ventilation status

Recommended dosage: 2 g
loading dose followed by

MDRD (ml min~")

10-30 4 g day!
40-80 6 g day’
90-110 8 g day”’
120-190 10 g day™!
=200 12 g day™’

goal, the recommended dosage regimens are the same as
in patients hospitalized for other reasons.

Discussion

A prompt initiation of the right antibiotic therapy is the
cornerstone to maximize the successful outcome of treat-
ment. In ICU patients, due to the high pharmacokinetic
variability, a standard dosage regimen of ceftazidime is not
the best predictor of successful treatment and this could
lead to therapeutic failure and/or to the emergence of
resistance [6, 23, 24].

Efficient therapeutic drug monitoring requires evaluat-
ing not only the pharmacokinetic disposition of the drug,
but also the antibiotic susceptibility of the bacteria so that
the target dose can be determined. The antibiotic suscep-
tibility may be defined by the actual MIC of the strain or by
the European break point (EBP) if the MIC is not available
[25].

Several approaches have been developed for predic-
tion purposes by the combination of factors influencing
pharmacokinetics and pharmacodynamics [26-28]. The
pharmacodynamic relationship, historically thought to be
predictive of beta-lactam efficacy, is the percentage of the
dosing interval that the free drug concentration remains
above the MIC of the infecting organism [29]. When the
time higher than the MIC for total drug was evaluated,
targets of 90 to 100% were required for predictable micro-
biological success in clinical practice [30-33]. AUIC (ratio of
the area under the concentration curve : MIC) has been
evaluated for beta-lactams and must be higher than 125
[16], which corresponds to a 40mgl™"' target serum
concentration for a MIC of 8 mg |I”". The pharmacokinetic/
pharmacodynamic index values derived from concentra-
tions measured in serum over time are not sufficient to
infer similar effects from tissue concentrations or local
concentrations [34]. The infected tissue concentrations
would be the most relevant target but in clinical practice,

these data are not available [5, 35]. Consequently, thera-
peutic drug monitoring has to be based on blood concen-
trations which are the easiest measurements to assess [28,
36]. Measurements in specific compartments or determin-
ing free concentrations in interstitial fluid by microdialysis
contribute to the understanding of concentrations at the
site of infection [37]. According to Bergogne-Berezin &
Boselli [14, 21, 38], ceftazidime lung concentrations corre-
spond to 20% of the serum concentration. Since beta-
lactams have effective local concentrations about four-
fold the MIC [19], the serum concentration probably may
be 20-fold the MIC to ensure the effective treatment of
pneumonia.

From another point of view, even if the relationship
between ceftazidime concentration and toxicity is poorly
described [39], a maximum concentration had to be fixed.
We have chosen 100mgl' by assimilation to the
described toxicity of cefepime [22] which is chemically and
pharmacokinetically very close to ceftazidime [40].

Our study evidenced that steady-state is not reached at
the same time for the different groups of patients and the
various modes of administration as shown in Table 2. As it
was predictable, the loading dose of 2 g usually used in
clinical practice, followed by continuous infusion provided
a quicker time to steady-state than discontinuous injec-
tions [41]. In polytrauma patients with a normal or low
glomerular filtration rate estimated by MDRD, steady-state
is never reached before the 48 h whatever the schedule of
administration and this could increase the risk of inefficacy
[42].The time required to reach steady-state (five-fold half-
life) is always proportional to the volume of distribution of
the drug and antiproportional to the drug clearance.When
comparing profiles determined for different glomerular fil-
tration rates estimated by MDRD and therefore different
drug clearances, the influence of the volume of distribu-
tion is more important in polytrauma patients than in the
two others groups. This can easily be explained since in
polytrauma patients the total volume of distribution (57 )
is very high compared with the other groups (13 1 and 26 )
as shown in Table 1 [8, 43, 44].

Since beta lactams are time dependent antibiotics,
another way to increase potentially the luck of success
could be by increasing the loading dose. In fact, the com-
parison of a 2 g vs. 3 g loading dose leads to comparable
concentrations at 24 h for patients with a MDRD higher
than 60 ml min~". For a MDRD lower than 60 mIl min~, a
greater number of patients with concentrations higher
than 100 mg ml™" was observed with the 3 g loading dose.

For continuous infusion, when steady-state is reached,
for a given glomerular filtration rate estimated by MDRD
and higher than 60 ml min™', whatever the subpopulation,
pharmacokinetic profiles are super-imposable for a same
dosage regimen. As it was pharmacokinetically predict-
able, at steady-state, only the MDRD, which is the best
predictor of GFR [17], has an influence on ceftazidime
disposition.

Br ) Clin Pharmacol / 73:4 / 593
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The second point evidenced by our study is that the
target of 40-100 mg |" is reached in very few cases after
the standard dose of 2 g x 3 day'.For the mean glomerular
filtration rate estimated by MDRD in our sub-populations
(ranging from 90 to 140 ml min~') the percentage reaching
the target interval is always lower than 25% at 24 h and
lower than 45% at steady-state. This is due to low plasma
concentrations and therefore this could lead to inefficacy
as previously described [6, 45]. These observations may be
improved by changing the mode of administration and
giving a loading dose followed by a continuous infusion, as
it has already been suggested for different beta-lactams
[12,40,41,46-48]. For the mean glomerular filtration rates
estimated by MDRD in our sub-populations (ranging from
90 to 140 ml min™), 24 h after a 6 g continuous infusion,
the target interval is reached in 75% of the post surgical
patients and 65% of medical patients. For polytrauma
patients, only 45% of the subpopulation reached the goal.
When polytrauma patients’ concentrations are at steady-
state, only 55% satisfy to the efficacy criteria for a mean
glomerular filtration rate estimated by MDRD of
140 ml min™".

For patients with a MDRD higher than 60 ml min™', the
only solution to satisfy to the defined criteria (a steady-
state concentration in the 40-100 mg I"! interval reached
by a maximum of patients), is to increase the dosage
regimen [49, 50]. For patients with renal insufficiency, the
low percentage of patients reaching the target interval is
essentially due to concentrations higher than 100 mg I,
so the dose must be decreased.

As shown in Figure 2, after a 2 g loading dose, the rec-
ommended dosage regimen is a function of the MDRD
whatever the subpopulation. The usually recommended
6 g continuous dose is only valuable for MDRD between 30
and 90 mImn™". For a MDRD lower than 30 mimin™" a4 g
dose is sufficient but higher than the dose recommended
in the summary of the characteristics of the product. For
patients with normal renal function with a MDRD higher
than 90 ml min™ the required doses are from 8 g to 12 g
day™'. These observations are totally in accordance with
those reported by Taconne et al. and Seyler et al. in other
populations [6, 15].

However, if the uncertainty of the pharmacokinetic
parameters of the model is taken into account, an overlap
of the borders of the decision-making interval for the rec-
ommended dose is observed[8]. This leads to a risk of
under/over estimation for the MDRD at the edges of the
range for each recommended dose.That is why these rec-
ommendations must be systematically followed by a mea-
surement of the steady-state serum concentration.

Our study demonstrated that in ICU patients for a given
glomerular filtration rate estimated by MDRD, steady-state
takes longer to be reached in polytrauma patients than in
patients with medical or post surgery reasons for admis-
sion due to a higher volume of distribution. Continuous
infusion ensures a higher percentile of patients reaching

594 |/ 73:4 / Br] Clin Pharmacol

the serum target concentration interval of 40-100 mg [
than the same dose given by discontinuous administra-
tion. At steady-state after continuous administration, the
mechanical ventilation status and the reason for admission
have no influence on the drug disposition and the dosage
regimen must only be determined as a function of the
glomerular filtration rate estimated by MDRD.
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