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Abstract: Altered pharmacokinetics (PK) of hydrophilic antibiotics in critically ill patients is common,
with possible consequences for efficacy and resistance. We aimed to describe ceftazidime population
PK in critically ill patients with a proven or suspected Pseudomonas aeruginosa infection and to
establish optimal dosing. Blood samples were collected for ceftazidime concentration measurement.
A population PK model was constructed, and probability of target attainment (PTA) was assessed
for targets 100% T > MIC and 100% T > 4 x MIC in the first 24 h. Ninety-six patients yielded
368 ceftazidime concentrations. In a one-compartment model, variability in ceftazidime clearance
(CL) showed association with CVVH. For patients not receiving CVVH, variability in ceftazidime CL
was 103.4% and showed positive associations with creatinine clearance and with the comorbidities
hematologic malignancy, trauma or head injury, explaining 65.2% of variability. For patients treated
for at least 24 h and assuming a worst-case MIC of 8 mg/L, PTA was 77% for 100% T > MIC and 14%
for 100% T > 4 x MIC. Patients receiving loading doses before continuous infusion demonstrated
higher PTA than patients who did not (100% T > MIC: 95% (n = 65) vs. 13% (n = 15); p < 0.001 and
100% T > 4 x MIC: 20% vs. 0%; p = 0.058). The considerable IIV in ceftazidime PK in ICU patients
could largely be explained by renal function, CVVH use and several comorbidities. Critically ill
patients are at risk for underexposure to ceftazidime when empirically aiming for the breakpoint
MIC for P. aeruginosa. A loading dose is recommended.

Keywords: pharmacokinetics; pharmacodynamics; target attainment; ceftazidime; critically ill

1. Introduction

Ceftazidime, a third-generation cephalosporin, is a first line treatment option for
critically ill patients with Pseudomonas aeruginosa infections. P. aeruginosa infections occur
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in critically ill patients with a reported 30-day mortality ranging between 20.9% to 49%
in previous studies. These infections are typically nosocomial (ventilator associated)
pneumonia, (catheter-associated) urinary tract infections or sepsis [1-4].

Early and adequate treatment of sepsis with antimicrobial therapy improves morbidity
and mortality outcomes in critically ill patients with an infection [5]. Pharmacokinetics
of hydrophilic antibiotics that are renally cleared, such as ceftazidime, are susceptible to
variations in renal function, edema, and to the impact of resuscitation therapy during
sepsis, which could lead to alterations in clearance as well as volume of distribution. In
addition, the presence of co-morbidity may also influence the pharmacokinetics of these
drugs [6]. These pharmacokinetic changes may cause low drug concentrations, with a
risk for not achieving the pharmacokinetic/pharmacodynamic (PK/PD) target [7-17]. For
ceftazidime, the PK/PD target in critically ill patients is reached when the free (f) drug
plasma concentration is maintained above the minimum inhibitory concentration (MIC)
for 100% of a dosing interval [8]. There is debate as to whether the PK/PD target should be
100% f T > MIC or whether a higher PK/PD target of 100% f T > 4 x MIC should be aimed
for in critically ill patients [10].

Studies comparing different ceftazidime dosing regimens in large populations are
generally lacking. Moreover, existing ceftazidime PK models are based on small study
populations and these models mostly do not describe ceftazidime PK in ICU patients [9-21].

In this study, a population pharmacokinetic (POP/PK) analysis of ceftazidime is
performed in critically ill patients with a proven or suspected P. aeruginosa infection. The
objective is to describe the population PK of ceftazidime, quantify variability in PK between
patients and to identify factors associated with this variability. Additionally, we aimed
to identify the dosing regimen with optimal PK/PD target attainment. Finally, develop-
ment of antimicrobial resistance was analyzed, and exploratory analyses were carried out
to test whether PK/PD target attainment could be associated with microbiological and
clinical cure.

2. Results
2.1. Patients and Ceftazidime Concentrations

A total of 394 blood samples were collected from 96 ICU patients. Fifteen percent of
these samples were taken within the first 24 h of treatment with ceftazidime and for 46%
of patients a sample was drawn within the first 24 h. The median number of samples per
patient was 3 interquartile range: [1-5]. The majority of patients (83%) had a continuous
intravenous dosing regimen. Only ten percent of patients were treated with an intermittent
dosing regimen. The remainder switched between dosing regimens during the first 24 h of
treatment. A total of 2.5% of the samples were taken during intermittent infusion. Patient
characteristics are presented in Table 1. Twenty-eight (7.1%) of 394 ceftazidime samples
contained a concentration below LLQ.

2.2. Population Pharmacokinetic Analysis

The ceftazidime data best fitted a one-compartmental model with first-order elimi-
nation (Table 2). The variability between patients, or the interindividual variability (IIV),
could be estimated for CL and V. Residual variability was best described by a proportional
error model. Introduction of CVVH improved the model fit as evidenced by the drop
in objective function of 60.6 points (p < 0.001) and improvement of the goodness-of-fit
plots. Further covariate analysis resulted in a model with a positive significant association
between ceftazidime CL and CICKD-EPI and associations between CL and comorbidities,
indicating higher CL in the presence of the comorbidities hematologic malignancy and
trauma or head injury (factor 1.57 and 1.99, respectively). The comorbidities trauma and
head injury were merged into one group, due to having the same underlying mechanism
for increasing drug clearance, being the hyperdynamic state with glomerular hyperfil-
tration. With the inclusion of these associations, the estimate for IIV CL for patients not
receiving CVVH, IIV dropped from 103.4% to 36% (Table 2).



Antibiotics 2021, 10, 612

30f16

Table 1. Baseline characteristics of critically ill patients at ceftazidime therapy initiation (1 = 96).

Characteristic

Median [Range]

Female, n (%)
Age, yrs
Body weight, kg
Body mass index, kg/m?
Ceftazidime dose prescribed in the first 24 h, n (%)
1 g tid
2gtis
<3 g continuous infusion
3 g continuous infusion
3-5 g continuous infusion
5 g continuous infusion
6 g continuous infusion
Other
Loading dose, 1 (% of patients with continuous
infusion)

SOFA score at start of ceftazidime therapy (n = 64) ©
30-day mortality, 1 (%)
Primary infection site, 11(%)
Pneumonia
Bloodstream
Abdominal infection
Meningitis
Other
Admission Category, 11 (%)
Medical
Surgical
Comorbidity, 1 (%)
Hematologic malignancy
Oncologic malignancy
Trauma or head injury
Other
Vasopression, 1 (%)
Ventilation, 1 (%)
Creatinine, mg/dL
eGFR 2, mL/min/m?
CVVH, 1 (%) ?
RIFLE score, 1 (%)

No AKI
Stage 1
Stage 2
Stage 3
Mean Inhibitory concentration (mg/L) P. aeruginosa
at start therapy, n (%)

1
2
4
8
16

38 (40%)
59 [20-84]
79 [44-237]
25 [16-66]

7 (7%)
3 (3%)
1(1%)

34 (35%)

11 (11%)

25 (25%)
9 (9%)
6 (%)

65 (81%)

10 [4-16]
37 (39%)

37 (39%)
17 (18%)
13 (14%)
22 (23%)
7 (7%)

54 (56%)
42 (44%)

14 (15%)
12 (13%)
27 (28%)
43 (45%)
66 (69%)

74 (77%)
0.98 [0.19-7.49]
73 [6-153]
20 (21%)

62
4
1

29

6 (19%)

13 (40%)
8 (25%)
3 (9%)
2 (6%)

2 The estimated glomerular filtration rate is calculated using the Chronic Kidney Disease Epidemiology Collabora-

tion (CKD-EPI) formula.  Patients with application of CVVH during (a part of) their treatment with ceftazidime.

¢ SOFA, Sequential Organ Failure Assessment. The SOFA score could be assessed for only 64 patients because of

missing data in, for example, the Glasgow coma scale.
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Table 2. Parameter estimates of the structural and final model.

Structural Model Final Model Bootstrap #
Estimation RSE (%) Estimation RSE (%) Estimation 95% CI
CLCVVH (L/h) 2.82 11 29 11 2.88 2.18-3.47
CL non CVVH (L/h) 4.56 9 3.42 9 3.46 2.88-4.04
V(L) 47.6 13 46.8 12 46.7 37.5-59.5
Proportional error 0.288 12 0.281 12 0.277 0.216-0.352
v
CL non CVVH (CV%) 103.4 11 36.0 14 35.3 24.7-46.8
V (CV%) 84.7 15 102.8 18 100.1 59.8-160.0
Covariate effects
CKD-EPI - - 0.7722 11 0.788 0.655-1.022
Comorbidity
hematologic - - 1.57 17 1.54 1.07-2.15
malignancy
Comorbidity trauma or - - 1.99 13 1.96 1.51-2.55

head injury

Abbreviations: CI, confidence interval; CL, clearance; CV%, variation coefficient in %; IIV, interindividual variability; RSE, relative standard
error; V, volume of distribution. The shrinkage was 29% for both IIV on CL and V. # CLnonCVVH = 3.42 * (CKD-EPI individual /median
CKD-EPI population)?”72 * 1.57(hemat) * 1.99(trauma /head injury), hemat = 1 if comorbidity was hematologic malignancy, zero if otherwise.
Trauma/head injury = 1 if comorbidity was trauma or head injury, zero if otherwise. # 98.2% of bootstrap runs were successful. The
condition number for the final model was 19.81, indicating that the model was stable.

At four time points of ceftazidime sampling, CKD-EPI data were missing. Because
of the small fraction of missing data, the ‘last observation carried forward” principle
was applied to handle these data. There were no missing data for the other covariates,
comorbidities and CVVH. The associations between the covariates and CL are shown in
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Figure 1. Ceftazidime clearance in relation to (a) CKD-EPI and (b) the different comorbidities in the final model.
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The final model had an adequate fit, as shown by the VPCs stratified for CVVH and
non CVVH (Figure 2). Goodness-of-fit plots and the NONMEM control stream of the final
model are shown in Appendices B and C, respectively.
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Figure 2. Observed ceftazidime concentration—time data and prediction-corrected VPC of the final model. The black dots

represent the observed ceftazidime concentrations. The thick red line is the observed median, and the small blue lines are
the 5th and 95th percentiles of the observed data. The red shaded area represents 95% CI of the model-predicted median
and the blue-shaded areas are the 95% ClIs of the model-predicted 5th and 95th percentiles. (a) CVVH patients, and (b) non
CVVH patients. For the X-axis, the VPC was zoomed in on the first 300 h in order to properly assess the fit. For both groups
(non CVVH and CVVH), 12 data points were collected after 300 h and are therefore not in the figures. The thick red line and
small blue lines run within their shaded areas, demonstrating an adequate fit of the model.

2.3. PK/PD Target Attainment

For the assessment of PK/PD target attainment, 32 MIC values of isolated P. aeruginosa
bacteria were available for 31 patients during 32 ICU stays. The distributions of the mea-
sured MICs are shown in Appendix A. All patients achieved the PK/PD target attainment
for 100% T > MIC within the first 24 h. Of these patients, 66% (21/32) also achieved the
higher target of 100% T > 4 x MIC.

Patients receiving loading doses before continuous infusion demonstrated higher
target attainment rates in the first 24 h of treatment compared to patients not receiving a
loading dose for the higher target (100%T >4 x MIC: 72% (n = 25) vs. 0% (n = 4); p = 0.006).

PK/PD target attainment was also calculated for all patients treated with ceftazidime
>1 day, using the worst case (breakpoint)MIC of 8 mg/L, which is a realistic scenario,
as ceftazidime is used as empirical therapy in the treatment of suspected P. aeruginosa
infections when no MIC is available yet. This could be estimated for 94 patients with
96 treatment periods longer than 24 h. PK/PD target was achieved in 77% of the patients
for the target of 100% T > MIC, and 14% achieved the target of 100% T > 4 x MIC.
Administration of a loading dose before continuous infusion resulted in higher PK/PD
target attainment for both PK/PD targets within the first 24 h of treatment [100%T > MIC:
95% (n = 65) vs. 13% (n = 15); p < 0.001 and 100%T >4 x MIC: 20% vs. 0%; p = 0.058].
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2.4. Monte Carlo Dosing Simulations

The association between ceftazidime clearance and CLCKD-EP1 is illustrated in the
simulated concentration—-time profiles for the dosing regimen 3 g continuous infusion and
2 g loading dose with 5 g continuous infusion. For this, the median CLCKD-EPI and both
the 10th and 90th percentile of the study population was used. Figure 3a,b show that
patients with higher CLCKD-EPI had lower ceftazidime concentrations. For P. aeruginosa
infections with an MIC of 8 mg/L and patients with a CLCKD-EPI of 122 mL /min, simula-
tions with a 3 g continuous infusion and a 2 g loading dose followed byy 5 g continuous
infusion regimen showed that 10.8% and 97.9%, respectively, achieved the 100%T > MIC
target. In Figure 3c,d, the concentration—-time profile with the same two dosing regimens is
shown for the different comorbidities. For P. aeruginosa infections with an MIC of 8 mg/L,
and patients with the comorbidity ‘trauma or head injury’, 100%T > MIC was achieved
in 9.1% and 97.9%, respectively, for the 3 g continuous infusion and the 2 g loading dose
followed by 5 g continuous infusion.
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Figure 3. Simulations of ceftazidime concentration—time profiles in the first 24 h. The median of n = 1000 virtual patients
is shown. The MIC and 4 x MIC lines are displayed for a worst-case MIC of 8 mg/L. (a) Simulation of 3 g continuous
infusion dosing regimen for patients with a CLCKD-EPI of 33 mL/min/m? (10th percentile), 73 mL/min/m? (median)
and 122 mL/min/m? (90th percentile). All patients were simulated with the comorbidity ‘other’. (b) Simulation of 2 g
loading dose followed by 5 g continuous infusion for patients with the a CLCKD-EPI of 33 mL/min/ m? (10th percentile),
73 mL/min/m? (median) and 122 mL/min/m? (90th percentile). All patients were simulated with the comorbidity “other’
(c) Simulation of 3 g continuous infusion dosing regimen for patients with different comorbidities: other, hematologic
malignancy and trauma or head injury. All patients were simulated with a median CLCKD-EPI. (d) Simulation of 2 g
loading dose with 5 g continuous infusion for patients with different comorbidities: other, hematologic malignancy and
trauma or head injury. All patients were simulated with a median CLCKD-EPL

Furthermore, PTA was calculated for frequently applied dosing regimens and different
MICs (Figure 4). For P. aeruginosa infections with an MIC of 8 mg/L, simulations showed
that the PTA of 2 g loading dose and 5 g continuous infusion regimen was 98.4% for
100%T > MIC and 65.6% for 100%T >4 x MIC. For a continuous dosing regimen without
a loading dose, PTA did not exceed 40% of the simulated patients with a P. aeruginosa
infection with an MIC of 8 mg/L for both 100%T > MIC and 100%T > 4 x MIC.
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Figure 4. PK/PD target attainment in the first 24 h with four different ceftazidime dosing regimens. Percentages of
1000 patients simulated with a median CLcxp.gpr of 73 mL/min/ m? and ‘other’ comorbidity. (a) For achievement of
100%T > MIC and (b) 100%T >4 x MIC for a range of MIC values. The clinical susceptibility breakpoint for P. aeruginosa,
according to the European Committee on Antimicrobial Susceptibility Testing, is 8 mg/L.

2.5. Clinical Outcome Measures: Microbiological and Clinical Cure

For 17 patients, the endpoint microbiological cure could be assessed. Of these, 9 (53%)
patients had isolates which became resistant (category C in Table 3) during therapy. In this
study, only one negative follow-up isolate (category A in Table 3) was identified.

Table 3. Definitions of the secondary endpoints.

Secondary Endpoints Definition

100% T > MIC Ceftazidime concentration maintained above MIC of the
pathogen throughout >95% of the first 24 h of treatment.
Ceftazidime concentration maintained above a concentration
100% T > 4 x MIC 4-fold higher than the MIC of the pathogen throughout >95% of
the first 24 h of treatment.

Microbiological response: assessed between 48 h after start of therapy until 48 h after stop of therapy

P. aeruginosa cultures become negative during or after
ceftazidime treatment.

P. aeruginosa cultures (from the same or relevant location)
remain positive during ceftazidime treatment, MIC
remains equal.

P. aeruginosa cultures (from the same or relevant location)
remain positive during ceftazidime treatment, MIC increases
with at least factor 4.

Patients with microbiological cure.

Patients with microbiological failure without decreased
susceptibility for ceftazidime.

Patients with microbiological failure with decreased
susceptibility (resistance) for ceftazidime.

Clinical response

Completion of full treatment course without change or addition

Clinical cure of antibiotic therapy, and no additional antibiotics commenced
within 48 h of cessation.
Clinical failure Any clinical outcome other than clinical cure.

For 21 patients, the endpoint clinical cure could be assessed. Ten (48%) patients
achieved clinical cure during treatment with ceftazidime. Eleven patients failed on treat-
ment with ceftazidime, meaning they were escalated to other anti-P. aeruginosa therapy.
Among the patients with clinical failure and of whom a microbiological outcome was
known (n = 10), 80% developed decreased susceptibility (category C).

No association could be found between PK/PD target attainment and the clinical
outcome measures.
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3. Discussion

In the present study, a population PK model of ceftazidime in adult ICU patients with
a suspected or proven P. aeruginosa infection was developed. The study population was
generally severely ill, as illustrated by the median SOFA score of 10. A one-compartment
model best described the ceftazidime PK. The CLnonCVVH was comparable to the values
found in previous studies [16,18]. However, V was nearly two-fold higher than found in
previous studies [10,12]. A possible explanation could be that patients in the current study
where more severely ill, as indicated by the SOFA score. Additionally, in the previous
studies, V was estimated for patients receiving intermittent dosing, whereas in our study;
continuous dosing was mostly used.

The interpatient variability of ceftazidime PK was high, for example, it was 103.4% in
CLnonCVVH in the structural model. This variability could largely be explained when cre-
atinine clearance (CLCKD-EPI) was taken into account. Since ceftazidime is a hydrophilic
drug with low protein binding and with predominant renal clearance, this is an expected
finding. Furthermore, the comorbidities hematologic malignancy, trauma or head injury
explained variability on CLnonCVVH. These comorbidities have been shown to cause
augmented clearance of other hydrophilic antibiotics in previous studies [22-24].

Although there was a large drop in IIV CL in the final model relative to the structural
model upon inclusion of the covariates (from 103.6% to 36.0%), there was a simultaneous
increase in IIV V (from 84.7% to 102.8%). An explanation might be that the vast majority
of patients received continuous infusion, making it more difficult to separate the IIV
that belongs to CL from the IIV that belongs to V than in situations where greater data
availability from intermittent infusion. Importantly, overall variability decreased with the
addition of the covariates.

This study showed that critically ill patients with P. aeruginosa infections are at con-
siderable risk for underexposure to empirical therapy with ceftazidime in the first 24 h of
treatment, when a worst-case MIC for P. aeruginosa of 8 mg/L needs to be covered (77%
and 14% achieved the targets of 100% T > MIC and 100% T > 4 x MIC, respectively). This is
reason for concern. The risk of not attaining the target was especially high when a loading
dose was omitted. In addition, there is a high risk of not attaining the target when the
higher target of 100%T > 4 x MIC was aimed for (66% of included patients in whom a
baseline MIC was available (n = 32) achieved this target). On the other hand, these patients
all achieved the target 100% T > MIC.

Monte Carlo simulations gave further insight into the influence of different dosing
regimens and the identified covariates on PTA. The probability of PK/PD target attainment
was lower with higher CLCKD-EPI and in the presence of the defined comorbidities when
a 3 g continuous infusion dosing regimen was applied and when 100%T > 4 x MIC was
aimed for with worst-case MIC (Figure 2a,c). When 5 g per 24 h continuous infusion with
a 2 g loading dose was simulated, the PTA was barely affected by changes in CLCKD-
EPI or the presence of comorbidities (Figure 2b,d). Furthermore, simulations of different
dosing regimens showed that less than 50% of patients treated with a continuous dosing
regimen without loading doses achieve the PK/PD targets when treating P. aeruginosa
infections with MICs of 4 mg/L and above. Since our PK model is based for the most part
on concentration—time data from patients receiving continuous infusion, the model was
used to simulate continuous dosing regimens only.

In this study, the relationship between ceftazidime concentrations and toxicity was
not investigated. In general, ceftazidime is a drug with relatively low toxicity. However,
neurotoxicity has been reported in patients with renal failure, elderly, and patients with
neurological disorders [25]. Although a concentration cut-off for toxicity is not known,
therapeutic drug monitoring could be used in patients with high risk for developing
this adverse event. The dose should be adjusted when the ceftazidime concentration
is far above the target needed for effect against P. aeruginosa. The adaptive target of
C <10 x MIC (<80 mg/L in empiric therapy) could be used as proposed by Gatti et al. [25].
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To our knowledge, this is the first study to investigate the association between cef-
tazidime target attainment and microbiological and clinical cure. In 53% of the patients in
which follow-up isolates were available, P. aeruginosa developed resistance for ceftazidime
during therapy. Only one of these patients was classified as achieving microbiological
cure. This observation is prone to selection bias, as follow-up isolates are more likely to
be collected in patients who are not recovering. However, even in comparison with the
total population studied (n = 96, i.e., best case scenario), the incidence of development
of resistance is high (almost 10%), confirming the findings of earlier studies [26,27]. No
statistically significant difference was observed in ceftazidime target attainment between
patients with and without development of microbiological resistance, yet the numbers
per group were small (n = 9 and 8, respectively). There was also no observed statistically
significant association between ceftazidime target attainment and clinical cure, and again
likely due to small patient numbers (1 = 10 and 11, respectively).

This study has several limitations. Firstly, our results could be influenced by selection
bias. Cultures were only taken on clinical indication and the follow-up of patients varied
as a result of the observational design of our study. Consequently, the patients with
more cultures available could be more severely ill. Therefore, the percentage of patients
with microbiological failure was probably overestimated since patients with no follow-up
isolates were excluded from that part of the analysis.

Secondly, although our study included a high number of patients and ceftazidime
samples for the primary aim of the study, being the assessment of the population PK of
ceftazidime in ICU patients, the sample size for the secondary aims, being exploration of
associations with clinical outcomes, was limited.

Thirdly, we used the CKD-EPI formula for the estimation of renal clearance, which
has limited predictive value in critically ill patients [28]. However, use of the CKD-EPI
resulted in a better fit of the model compared to the use of the AKIN score.

Fourthly, since molecular analysis of resistant P. aeruginosa strains was not performed,
there was no further insight into the underlying mechanisms of the resistance pattern.

Fifthly, only 15% of the collected blood samples were obtained within the first 24 h of
treatment. Therefore, one could argue that the developed model might not be suitable to
calculate the target attainment within the first 24 h. However, during the development of
the model, interoccasion variability for both V and CL was tested and found not to improve
the fit of the model. Therefore, no significant difference in PK between different days, other
than that accounted for by CLCKD-EPI and CVVH, could be identified.

Finally, this study was carried out in a single center. Therefore, the results that were
found might not be representative for other hospitals.

4. Materials and Methods
4.1. Study Design and Setting

The current study was an observational population pharmacokinetic study of cef-
tazidime at the ICU of Amsterdam University Medical Center, location AMC, a tertiary
referral center in Amsterdam, The Netherlands. The institutional review board of the Ams-
terdam University Medical Center considered the study as not requiring WMO approval.
Patients and relatives were given the opportunity for an opt-out consent method.

4.2. Study Population

ICU Patients aged >18 years treated with IV ceftazidime for a proven or suspected
clinically relevant P. aeruginosa infection, and with at least one detectable ceftazidime serum
concentration available during the course of therapy, were included. Cystic fibrosis patients
were excluded. If patients received ceftazidime therapy after discontinuation for more than
28 days, this was assessed as a new treatment period.

For the secondary objective, PTA, the inclusion criterion was one positive Pseudomonas
aeruginosa culture with a successful MIC measurement for calculation of PK/PD target
attainment and treatment for at least 24 h.
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Microbiological and clinical cure were evaluated for patients in whom PK/PD target
attainment could be calculated. For the assessment of microbiological cure, the availability
of at least one follow-up culture from a relevant location was needed with successful MIC
measurement >48 h while the patient was receiving ceftazidime treatment. Additionally,
the treatment period with ceftazidime had to be longer than 48 h for inclusion. For both
microbiological and clinical cure, patients receiving anti-pseudomonal agents for treatment
of a different suspected or proven infection than for which the ceftazidime course was
prescribed were excluded.

4.3. Outcome Measures

In this study, several outcome measures were evaluated. The primary objective of
this study was to develop a ceftazidime population pharmacokinetic (POP/PK) model in
critically ill patients using nonlinear mixed effect modelling (NONMEM) and to quantify
and explain the interpatient variability in ceftazidime exposure. As such, primary outcome
measures are the population PK parameters and the variability in these parameters.

Secondary outcome measures were (i) PK/PD target attainment, (ii) microbiological
cure, and (iii) clinical cure. The definitions of these endpoints are displayed in Table 3.

4.4. Sample and Data Collection

Ceftazidime samples were obtained prospectively, as part of routine clinical care, from
both waste materials of arterial blood gas samples, assuring random sampling and from
routine therapeutic drug monitoring (TDM), for which samples were collected at standard
rounds in the early morning on every Monday, Wednesday and Friday. PK data were
collected from ICU patients admitted between November 2013 and March 2018.

Baseline patient characteristics and ceftazidime treatment data were retrieved retro-
spectively from the Patient Data Monitoring System (PDMS) Metavison (iMDsoft, Tel Aviv,
Israel) and EPIC (EPIC Systems Corporation, Verona, WI, USA). Over the years of the study,
different ceftazidime dosing regimens have been applied on the ICU for the treatment of
proven or suspected infections with P. aeruginosa. These dosing regimens ranged from
intermittent dosing of 1 g tid or 2 g tid, to 3 g or 6 g over 24 h via continuous infusion, with
and without loading doses. A loading dose was defined as a bolus administered in several
minutes immediately before initiation of continuous infusion.

The following data were collected: admission type, time, dose and administration
mode (intermittent or continuous) of ceftazidime administration, time of sample collection,
sex, age, bodyweight, BMI, height, Sepsis-related Organ Failure Assessment (SOFA) score
at the start of ceftazidime treatment, Acute Kidney Injury Network (AKIN) score, and
comorbidities including hematologic malignancy, oncologic malignancy, acute trauma, and
head injury. During treatment, the serum creatinine, estimated glomerular filtration rate
(eGFR, calculated with the Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) Equation 2009), serum albumin, serum sodium and use of continuous veno-venous
hemofiltration (CVVH) and mechanical ventilation, were obtained.

Furthermore, information on norepinephrine use and furosemide use during cef-
tazidime therapy was collected. Missing data in these patients were replaced with the
closest value in time, or when absent, the median population value.

Measured MIC values from the positive Pseudomonas aeruginosa cultures were used
for the assessment of attaining the PK/PD target. In addition, PK/PD target attainment
was calculated by using a surrogate worst case MIC of 8 mg/L for Pseudomonas aeruginosa,
being both the highest MIC within the wildtype distribution and the breakpoint, since
measured MIC data were not available for all patients. This MIC was extracted from the
European Committee on Antimicrobial Susceptibility Testing (EUCAST) database [29].

4.5. Drug Assay and Isolates

Serum blood samples were centrifuged and stored at —80 °C, in the pharmacy’s
research laboratory. Since protein binding for ceftazidime is low (approximately 10%),
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total serum concentrations were measured. These concentrations were measured using
a validated high-performance liquid chromatography tandem mass spectrometry (LC-
MS/MS) method (LC:LC30 Shimadzu, Kyoto, Japan; MS QTRAP 5500 system, Sciex,
Framington, MA, USA). The lower limit of quantification (LLQ) was 0.5 mg/L and the
higher limit of quantification (HLQ) was 40 mg/L. Concentrations higher than the HLQ
were reanalyzed after dilution. Accuracy at concentrations of 0.5, 10 and 40 mg/L was
106.2%, 102.2% and 102.2%, respectively. Precision at concentrations of 0.5, 10 and 40 mg/L
was 109.8%, 92.4% and 102.4%, respectively.

In this study, all Pseudomonas aeruginosa isolates from samples taken for clinical pur-
pose were collected. Identification was performed by MALDI-TOF MS (Bruker Daltonics,
Billerica, MA, USA). The MICs of ceftazidime for the P. aeruginosa isolates were determined
semi-automatically using the VITEK 2 system (BioMerieux, Marcy-1'Etoile, France) or
manually by E-test (BioMerieux), carried out by the department of Medical Microbiology
at the AMC.

4.6. Population Pharmacokinetic Analysis

POP/PK analysis was performed using nonlinear mixed-effects modeling software
(NONMEM 7.1.2; Icon Development Solutions, Ellicott City, MD, USA). Detailed method-
ologic information on model development and validation is available in Appendix D.

4.7. Monte Carlo Simulations

The final POP/PK model was used to simulate ceftazidime concentration—time curves
for the dosing regimens 3 g continuous infusion and 2 g loading dose with 5 g continuous
infusion, to generate insight in the magnitude of the effect of the identified covariates on
ceftazidime exposure. The concentration—time curves following these dosing regimens
were simulated for the first 24 h of treatment for 1000 virtual patients with all median
characteristics of the population but with the 10th, 50th and 90th percentile values of the
statistically significantly associated covariates from the final model.

To generate insight into PTA, the percentage of patients expected to attain 100% T
> MIC and 100% T > 4 x MIC in the first 24 h of treatment was calculated for different
dosing regimens: 3 g via continuous infusion with or without a loading dose and 5 g via
continuous infusion with or without a loading dose, which are the most frequently applied
dosing regimens at our ICU. Simulations of these dosing regimens were performed for
patients with all median characteristics of the population. One thousand virtual patients
were simulated for each dosing regimen, and target attainment was calculated for different
MICs, ranging from 1 to 8.

4.8. Statistical Analysis

Data are presented as percentages for categorical values and median values and
ranges for continuous variables. Differences in PTA between patients with different dosing
regimens were compared using the Pearson chi square test. A two-sided p-value of <0.05
was considered statistically significant. Statistical analysis was performed using IBM SPSS
Statistics v25 (IBM corporation, Armonk, NY, USA).

5. Conclusions

In conclusion, the population PK of ceftazidime in critically ill patients with a sus-
pected or proven P. aeruginosa infection demonstrated a high interindividual variability,
which could to a large extent be explained by CLCKD-EPI, CVVH and the comorbidities
hematologic malignancy and trauma or head injury.

Critically ill patients are at risk of underexposure to ceftazidime, in particular, in the
case of infections with an increased MIC. A loading dose prior to continuous infusion
dosing regimens improved PTA. These results are in line with the performed simulations,
suggesting that a dosing regimen of a 2 g loading dose followed by 5 g via continuous
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infusion can be recommended for optimal target attainment. Development of resistance of
P. aeruginosa against ceftazidime seems common during therapy with ceftazidime.

Author Contributions: Conceptualization, A.W.B., C.J.H. and RM.v.H.; methodology, A.W.B., C.].H.
and RM.v.H,; software, A.W.B, RM.v.H.; validation, A W.B., C.J.H. and R M.v.H.; formal analysis,
AWB, CJ.H,N.M.L, M.S. and RM.v.H,; investigation, A.W.B., C.J.H.; resources, C.J.H., N.PJ. and
RM.vH,; data curation, A.W.B.,, C.J.H. and RM.v.H.; writing—original draft preparation, A.W.B.,
C.J.H.; writing—review and editing, A.W.B., CJ.H, NM.L., M.S.,, PW.G.E,, N.P].,, RA.AM., M.D.d.].
and RM.H.; visualization, A.W.B., C.J.H. and RM.H.; supervision, R A.AM., RM.v.H.; project
administration, RM.v.H.; funding acquisition, R M.v.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The institutional review board of the Amsterdam University
Medical Center considered the study as not requiring WMO (Medical Research Involving Human
Subjects Act) approval.

Informed Consent Statement: Patients and relatives were given the opportunity for an opt-out
consent method.

Data Availability Statement: Data available on request due to restrictions: privacy.

Conflicts of Interest: R.M. van Hest has served as advisor for Nordic Pharma. R.A.A. Matho6t has
received grants from governmental and societal research institutes such as NWO, ZonMW and
Innovation fund and unrestricted investigator research grants from Baxter/Baxalta/Shire/Takeda,
Bayer, CSL Behring and Sobi. He has served as advisor for Bayer, CSL Behring, Merck Sharp &
Dohme, Baxter/Baxalta/Shire/Takeda. All grants and fees paid to the institution.

Appendix A. Results: MIC Distribution
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Figure A1. The measured mean inhibitory concentrations (MIC) of P. aeruginosa at baseline.
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Appendix B. Results: Goodness-of-Fit Plots
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Figure A2. Basic goodness-of-fit plots of the final model.

Population predicted concentrations are logarithmically transformed.
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Appendix C. Results: NONMEM Control Stream

$PROBLEM PK model

$INPUT AORTA ID DROP DROP TIME TAD AMT RATE DROP DV MDV EVID OCC DROP
DROP DROP DROP DROP DROP CVVH DROP DROP DROP DROP COMO DROP DROP
DROP DROP CKD

$DATA 28.csv IGNORE = #;

$SUBROUTINES ADVAN1 TRANS2

$PK

FLAT1=0

FLAT2 =0

IF(COMO.EQ.1) FLAT1 =1

IF(COMO.EQ.3) FLAT2 =1

IF(COMO.EQ.4) FLAT2 =1

IF(CVVH.EQ.0) THEN

CL = THETA(2)*(CKD/73)*THETA(5)*THETA(6)**(FLAT1)*THETA(7)**(FLAT2)*EXP(ETA(1))
ELSE

CL =THETA(®4)

ENDIF

V = THETA(3) * EXP(ETA(2))

S1=V

$THETA

0.281 ;1 proportional error

3.42 ;2 CL non CVVH

46.8,3V

29 ;4 CL CVVH

0.772 ;5 CKD on CL nonCVVH

1.57 ;6 factor COMO CAT1 (hematologic malignancy) on Cl

1.99 ;7 factor COMO CATS3 (trauma) + CAT4 (brain injury) on Cl

$OMEGA

0.122 ;1 1IV CL NON CVVH

0.721 21IVV

$SIGMA

1 FIX ;residual variability

$ERROR

ERR1 = SQRT(THETA(1)**2)

IPRED = -3

IF(EGT.0) IPRED = LOG(F)

Y = IPRED + ERR1*EPS(1)

IRES = DV-IPRED

IWRES = IRES/ERR1

$EST METHOD = 1 INTERACTION MAXEVAL = 9999 SIG = 3 PRINT = 5 NOABORT POSTHOC
$COV PRINT = E UNCONDITIONAL

$TABLE ID TIME DV MDYV EVID IPRED IWRES TAD AMT CWRES CL V ETA1 ETA2 OCC
CVVH CKD COMO NOPRINT ONEHEADER FILE = sdtab83a

Appendix D. Methods: Population Pharmacokinetic Analysis

Firstly, a structural POP/PK model was developed based on logarithmically trans-
formed concentration-time data that described the PK of ceftazidime, including quantifica-
tion of the Volume of distribution (V) and clearance (CL). One- and two-compartmental
models were tested, and interpatient variability (IIV) and inter-occasion variability (IOV)
was tested for the PK parameters in an exponential way, e.g., for ceftazidime CL according
to Equation (Al):

CL; = CLy,p X eflcLtov (A1)

where CL; denotes the ceftazidime CL of individual i, CL,,y, is the median CL of ceftazidime
in the population, 7c|, represents the random-effect parameter for IIV in ceftazidime CL
and 7n7joy represents the random-effect parameter for IOV in ceftazidime CL Estimation of
residual variability occurred through testing additive, proportional and combined error
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models. Goodness of fit was assessed with goodness-of-fit plots, magnitude of residual
variability, precision of parameter estimates and a decrease of the objective function value,
where a decrease of 3.8 units relative to the reference model was considered statistically
significant (p < 0.05) as determined with the Likelihood Ratio Test (LRT) with one degree
of freedom.

Secondly, patient demographics and physiological factors (covariates) were tested
for associations with the PK parameters through a univariate analysis. The following
covariates were tested initially for their association with CL and V: age, sex, weight, BMI,
serum sodium, norepinephrine use (yes/no), furosemide use (yes/no), CVVH (yes/no),
CLckp-gp1, RIFLE score, serum albumin, mechanical ventilation (yes/no), CLcockeroft and gaults
serum creatinine, site of infection and the comorbidity categories ‘hematologic malignancy’,
‘oncologic malignancy’, ‘trauma’ and ‘head injury’. Categorical covariates were tested by
calculation of a separate parameter for each covariate category. Continuous covariates
were examined with a power function:

CLi= CLygp X (COV;/COVyegian)® (A2)

COV; represents the covariate value of the concerning individual, COV egian repre-
sents the median value of the covariate of the population, and X is an exponent representing
the magnitude of the association of the covariate and the PK parameter. Univariate associa-
tions were considered statistically significant at p < 0.05 following LRT.

Subsequently, a multivariate analysis was done with all statistically significant covari-
ates from the univariate analysis, through a forward addition procedure, yielding the final
model. For this multivariate analysis, the cut-off value was p < 0.001, following the LRT.

LLQ data were analyzed as follows. In case > 10% of samples contained concentrations
below LLQ, the M3 method for handling LLQ data was used. Otherwise, the M5 method
was used [30].

Internal validation of the final model was performed using a visual predictive check
(VPC), n = 1000 simulations. In addition, robustness of the model was tested using a
bootstrap analysis (n = 1000). Both bootstrap and VPC analyses were executed using
Perl-speaks-NONMEM version 3.5.3 software (PsN, Uppsala, Sweden). To evaluate the
stability of the model, a condition number was calculated. A condition number above 1000
is an indication of the instability of the model.

Finally, T > MIC and T > 4 x MIC were calculated for every patient using the empirical
Bayesian estimates from the final model.
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