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Chapter 1

General introduction and outline of this thesis



“The greatest possibility of evil in self-medication is the use of too-small doses, so that, instead of
clearing up the infection, the microbes are educated to resist penicillin”’

— Sir Alexander Fleming, New York Times, 1945

Antibiotics

In September 1928 Alexander Fleming discovered the first antibiotic; penicillin. His discovery is
assumed to be a serendipity; the Petri dish containing bacteria had been accidently infected by a
mold of the penicillin species and no bacteria grew near it. When Ernst Boris Chain and Howard
Florey were able to isolate penicillin a decade later, the widespread use of penicillin as treatment for
bacterial infections was rapidly evolving. Treatment with antibiotics was urged by the outbreak of
the Second World War, which was accompanied by many infectious diseases.

By now, antibiotics are indispensable in healthcare both to treat and prevent bacterial infections.
Many innovations in healthcare, such as organ transplantation, major surgeries and chemotherapy
would not be possible without the use of effective antibiotics.?

Appropriate antibiotic use

Nowadays antimicrobial resistance presents a new threat to public health.? The incidence of
antimicrobial resistance is rapidly increasing and infection-related mortality is expected to exceed
ten million cases per year by 2050. Antimicrobial resistance is set to exceed current annual cancer-
related deaths world-wide by 2050.% Misuse and overuse of antibiotics are the main drivers in the
development of antimicrobial resistance.* Therefore, efforts are focused nowadays on appropriate
use of antibiotics.

Appropriate antibiotic use is beneficial for patients’ clinical outcome, leads to a decrease in
antibiotic resistance rates and results in lowering of healthcare costs.> In general, quality indicators
can be developed to measure quality of care. Nine of these quality indicators were developed and
validated to define appropriate antibiotic use in the treatment of bacterial infections in hospitalized
adult patients on general wards (Table 1).2° One of these nine validated quality indicators is to adjust
dose and dosing interval of systemic antibiotics to renal function.



Table 1. Quality indicators to monitor antibiotic use for all bacterial infections in hospitalized adult patients in non—intensive care unit
departments?®

Quality indicator
Empirical systemic antibiotic therapy should be prescribed according to the local guideline.
Before starting systemic antibiotic therapy, at least 2 sets of blood cultures should be taken.

When starting systemic antibiotic therapy, specimens for culture from suspected sites of infection should be taken as soon as
possible, preferably before antibiotics are started.

Empirical antibiotics should be changed to pathogen-directed therapy if culture results become available.

Dose and dosing interval of systemic antibiotics should be adapted to renal function.

Systemic antibiotic therapy should be switched from intravenous to oral antibiotic therapy within 48-72 hours on the basis of the
clinical condition and when oral treatment is adequate.

An antibiotic plan should be documented in the case notes at the start of systemic antibiotic treatment.

Therapeutic drug monitoring should be performed when the treatment duration is >3 days for aminoglycosides and >5 days for
vancomycin.

Empirical antibiotic therapy for presumed bacterial infection should be discontinued based on the lack of clinical and/or
microbiological evidence of infection. The maximum duration of empirical systemic antibiotic treatment should be 7 days.

Antibiotic dosing in patients with impaired renal function

Adequate antibiotic dosing is an indispensable goal of appropriate antibiotic use in clinical
practice.!*3 Underdosing increases the risk of treatment failure, while overdosing may lead to
toxicity, both with negative effects on patients’ outcome. Additionally, underdosing promotes the
development of antimicrobial resistance due to subtherapeutic antibiotic concentrations.™

The kidney is the major route of elimination for many antibiotics, therefore, dosing of renally cleared
antibiotics is often based on renal function. The aim of renal dose adjustment is to achieve antibiotic
drug exposure equivalent to that in patients with adequate renal function receiving the regular dose,
i.e., achieving bioequivalence, thereby preventing accumulation of the drug with risk for toxicity and

maintaining efficacy.!>®

Antibiotic dose reduction for patients with impaired renal function is standard of care as
incorporated in all clinical guidelines.”® However, this dose reduction is often not applied in clinical
practice and the question arises why this recommendation is not followed.? First, inconsistency
exists between different guidelines in the cut-off value of renal function below which the dose per
antibiotic should be reduced. Second, the degree of the dose reduction is inconsistent between
clinical guidelines.?! Third, significantly increased therapeutic failure and death were observed in
patients with impaired renal function treated with recommended reduced doses of antibiotics and
multiple antibiotics carry precautionary statements in their labelling for reduced clinical response in
these patients.??? Therefore, prescribers may fear therapeutic failure when reducing the dose.

In the Netherlands, already 1.7 million people show some degree of impaired renal function, making
up about 10% of the total population. Due to aging of the population and an increase in the number
of people with diabetes and hypertension, this will increase further.?* Additionally, this number
consists only of patients with chronic renal impairment, and does not include the number of patients
with acute renal impairment. Approximately 20% of all hospital admissions are also associated with
acute renal impairment.?> However, as illustrated above uncertainty exists on adequate antibiotic
dosing in this important patient population.



Antibiotic dosing in patients with mucositis

High dose chemotherapy is frequently used in patients with haematological malignancies,
particularly prior to hematopoietic stem cell transplantation. Infections are a major cause of
complications in patients receiving high dose chemotherapy and the most principal cause of non-
malignancy-related deaths.?® Therefore, most patients with haematological malignancies are at
increased risk of infections, mostly because of the adverse effects of the treatment of the
malignancy, like neutropenia due to treatment with chemotherapy, but also because of natural
barrier disruption like mucositis and central venous catheter placement.?’ Therefore, anti-infective
agents are administered as infection prophylaxis as standard of care.? Results have shown that
infection prophylaxis is an effective and well-tolerated way to prevent febrile episodes and other
relevant infection-related outcomes like microbiologically documented infections, bacteraemia and
hospitalization.?>*° Additionally, a substantial reduction in mortality was shown in patients using
fluoroquinolone as antibiotic prophylaxis in comparison with patients using no prophylaxis, or using
prophylaxis with other types of antibiotics.3! Currently, anti-infective agents for the prophylaxis of
bacterial infections, viral infections and fungal infections, among which Pneumocystis jirovecii, are
prescribed as standard of care in these patients.

The efficacy of infection prophylaxis relies on adequate drug exposure, which is affected by dose,
bioavailability and clearance.?? In case of oral administration, the dose that reaches the systemic
circulation is dependent of the administered dose and the bioavailability. Bioavailability reflects the
combined process of absorption and first-pass effect.3* However, patients treated with
chemotherapy may face mucositis.>*3> Mucositis means the loss of intestinal integrity and may
affect the absorption of orally administered drugs.>® Mucositis leads to a leak intestine and may
affect absorption in two different ways:

1. The leak intestine leads to better absorption and therefore to higher exposure
2. The leak intestine leads to compromised absorption and therefore lower exposure

Depending on the dose and type of the chemotherapeutic agents, up to 40% of adult patients
experience oral and/or gastro-intestinal (Gl) mucositis.3® Different studies have investigated the
effect of mucositis on drug exposure and results are contradictory, besides only studies on anti-
fungal prophylaxis are performed, studies on antibacterial prophylaxis are lacking at all.3’-*° For
example, drug exposure and clinical outcome were not different between patients with and without
mucositis receiving the anti-fungal agent isavuconazole. However, only patients with mucositis who
were able to take oral isavuconazonium sulfate were included, indicating only mild mucositis was
present in those patients.?” Three other studies were performed on posaconazole.3° The first study
observed a reduced bioavailability of posaconazole in haematological patients with severe intestinal
mucositis. However, this reduced bioavailability was not observed in patients with mild or moderate
mucositis.>® The second study observed no difference in drug exposure between patients with and
without mucositis.>® The third study did not observe statistically significant differences in
posaconazole exposure in patients with and without mucositis or diarrhea.*

Regarding ciprofloxacin, only two small studies on its absorption in patients with haematological
malignancies were performed, however nothing was mentioned about the presence or assessment
of mucositis.*>*? Besides, both studies were performed over 20 years ago, when infection
prophylaxis in those patients was not even recommended as standard of care. Results were
contradictory: one study showed adequate absorption and one study showed compromised
absorption of ciprofloxacin.*"4



It is worrying that one study showed compromised absorption of ciprofloxacin in patients with
haematological malignancies, while ciprofloxacin is administered orally as infection prophylaxis for
decades to those patients. The administered dose for infection prophylaxis is the general dose that
is used for patients with regular bacterial infections, without mucositis. Therefore, this dose may be
inadequate for patients with mucositis, with concomitant risk of under- or overexposure.

To conclude, people with haematological malignancies are administered life-saving antibiotics with
hardly any understanding of how mucositis impacts their absorption, bioavailability, drug exposure
and thus efficacy of these antibiotics.

Pharmacokinetic/pharmacodynamic (PK/PD) target attainment

An innovative way to investigate adequate antibiotic dosing is through
pharmacokinetic/pharmacodynamic (PK/PD) target attainment.*>4

Pharmacokinetics (PK) describe how the body processes the administered drug, resulting in drug
exposure; both systemically and at the infection site. The stepwise process of drug entry in the body
and departure from the body is regulated by complex physiologic processes. The four distinguished
pharmacokinetic processes are:

e Absorption
e Distribution
o Metabolism
e Excretion

For systemic drug exposure this sum of processes visually ends up in the concentration-time curve,
with area under this curve (AUC) being the most important parameter for drug exposure.*

Pharmacodynamics (PD) describe how the administered drug affects the body, and in the case of
antibiotics, how the drug affects the infection causing microorganism. The primary
pharmacodynamic property of antibiotics is commonly expressed as the minimal inhibitory
concentration (MIC).* The MIC is the lowest concentration of an antibiotic that prevents visible
growth of bacteria in vitro.*

Pharmacokinetics and pharmacodynamics are often studied together through PK/PD target
attainment. PK/PD target attainment of an antibiotic determines the relationship between:

1. The administered antibiotic dose

2. Antibiotic drug exposure resulting from the administered antibiotic dose

3. A pre-specified target, involving the MIC, that needs to be attained (i.e., the antibiotic
effect)

To investigate adequate antibiotic dosing for a specific patient population with infections caused by
certain bacteria, more information about PK/PD target attainment is needed.

Investigating PK/PD target attainment has in some cases replaced the importance of the original
antibiotic dose-finding studies.*” The major advantage of PK/PD target attainment studies above
dose-finding studies is the quantitative prediction of clinical and microbiological efficacy in relation
to systemic drug exposure. Additionally, it allows extended mechanism-based models to improve
antibiotic dosing. Nowadays almost all newly approved antibiotics include information about PK/PD



target attainment, however many ‘old’ antibiotics that were approved a long time ago, lack
information about PK/PD target attainment.

Ciprofloxacin and ceftazidime
In this thesis we will investigate two antibiotics in clinical practice: ciprofloxacin and ceftazidime.

Ciprofloxacin is a fluoroquinolone antibiotic and is frequently prescribed both in inpatient and
outpatient settings. The activity of ciprofloxacin mainly includes Gram-negative bacteria, of which
Enterobacteriaceae and Pseudomonas aeruginosa are the most clinically relevant. Ciprofloxacin is
used to treat a broad spectrum of infections, such as urinary tract infections, pneumonia, abdominal
infections and skin and soft-tissue infections.*®

Ceftazidime is a third-generation cephalosporin and is frequently used in hospitalized patients, due
to the intravenous administration way. It covers a broad range of Gram-negative bacteria, including
Pseudomonas aeruginosa. Ceftazidime is used to treat patients with different serious infections,

such as patients with neutropenic fever, skin and soft-tissue infections or diabetic foot infections.*

In this thesis we investigate PK/PD target attainment of both ciprofloxacin and ceftazidime,
therefore, the following part provides an overview of the evidence for both PK/PD targets.

Evidence for used PK/PD targets
Ciprofloxacin

The PK/PD target of ciprofloxacin that correlates best with clinical outcome is defined as the
AUC/MIC 2125, which has been established in two previous clinical studies.>®>*

Forrest et al. observed significant higher clinical and microbiological cure for patients attaining an
AUC/MIC 2125, compared to patients attaining an AUC/MIC< 125 (80% and 82% versus 42% and
26% respectively).’® Additionally, time to eradication, defined as the presence of negative cultures
after the presence of positive cultures, was significantly shorter for patients with higher AUC/MIC
values. For an AUC/MIC <125 time to eradication was >32 days, while this was 6.6 days for an
AUC/MIC 2125 and even 1.9 days for an AUC/MIC 2250. Most patients were admitted to critical care
units with moderate to severe infections, chiefly of the lower respiratory tract caused by different
Gram-negative bacteria.>

Zelenitsky et al. showed that calculated cure rates of 290% were found when AUC/MIC were at least
86 based on unbound concentrations, or 123 based on total concentrations. All patients had a
bacteraemia with Pseudomonas aeruginosa.>*

Both studies were retrospective, single-centre studies and included 66, respectively 38 patients. The
found AUC/MIC 2123 by Zelenitsky et al., is almost identical to the significant AUC/MIC breakpoint
of 125 first proposed by Forrest et al. Later, Zelenitsky et al. showed even better clinical outcome at
PK/PD targets of AUC/MIC >250.%

To conclude, clinical evidence on the PK/PD target of AUC/MIC 2125 for ciprofloxacin is based on the
clinical outcomes of patients from two retrospective studies, with a relatively small sample size, who
often used concomitant other antibiotics and measured MIC values generally lower than MIC values
that need to be covered for treatment with ciprofloxacin. So, there is a substantial risk for



coincidental findings. However, comparable AUC/MIC values across both studies were found,
making the PK/PD target of AUC/MIC 2125 currently the best existing.>%*!

Ceftazidime

The PK/PD target of ceftazidime that correlates best with clinical outcome is defined as the
percentage of time of a dosing interval the ceftazidime concentration is above the MIC (%T >MIC),
conform other B-lactam antibiotics.

In vitro, bacteriostatic effect was observed at 30% to 40%T >MIC, whereas maximum killing was
approached when levels were 60% to 70%T >MIC.3 These results are comparable with PK/PD
targets of other B-lactam antibiotics.

Three clinical studies on PK/PD target attainment of ceftazidime showed percentages of time above
MIC ranging from approximately 50% to 100%.>%°¢

McKinnon et al. observed significantly greater clinical cure and bacteriological eradication in patients
with T >MIC of 100% compared to patient with T >MIC of <100% (82% and 97% versus 33% and 44%
respectively). Most patients were treated for complicated urinary tract infections and respiratory
tract infections caused by different microorganisms.>*

Muller et al. calculated a significant split value for 44.9%T >MIC, with an eradication rate of 90.2%
above that value, and only 50% below that value.>® Patients were treated for hospital acquired
pneumonia, including ventilator associated pneumonia caused by different microorganisms.>®

Finally, Mac Vane et al. observed that 53%T >MIC was significantly associated with microbiological
success.’® Patients were admitted to the ICU with ventilator associated pneumonia, again caused by
different microorganisms.>®

All studies were retrospective studies, McKinnon and Mac Vane performed both single-centre
studies and included 76, respectively 73 patients, while Muller performed a multi-centre study and
included 781 patients.>*>®

To conclude, the percentage of the time that the concentration has to be above the MIC differs
between the three clinical studies, yet the majority of the studies showed optimal clinical outcome
at 50%T >MIC.>>>® However, one might consider to use 100%T >MIC as a second target based on the
study of McKinnon et al. that observed optimal outcome at that target.>*



Aims and hypotheses of this thesis
This thesis contributes to answering the following questions:

1. Isthe recommended dose reduction of renally cleared antibiotics for patients with impaired
renal function adequate and validated in clinical practice?

2. Isthe absorption of ciprofloxacin adequate after oral administration in patients with
haematological malignancies and gastro-intestinal mucositis?

We hypothesize that the recommended dose reduction is mainly based on simulated and
retrospective data and is not prospectively validated in clinical practice, with concomitant risk of
under- or overexposure. Furthermore, we hypothesize that systemic drug exposure in patients with
haematological malignancies and gastro-intestinal mucositis is changed compared to patients
without mucositis. The rationale behind this hypothesis is that mucositis may mean the loss of
intestinal integrity and thus may affect the absorption of orally administered drugs and therefore
drug exposure.3® Whether this could end up in enhanced absorption and higher exposure or in
compromised absorption and therefore lower exposure of ciprofloxacin is currently unclear.

The ultimate goal is to strengthen the evidence underlying the quality indicator for appropriate
antibiotic use on ‘adjusting the dose to renal function’ and provide evidence that adherence to that
quality indicator actually leads to appropriate antibiotic use and therefore to improvement of
patients’ clinical outcome, decrease in antibiotic resistance rates and lowering of healthcare costs.>®
As such, this thesis tries to contribute to increasing physicians’ confidence in the guideline-
recommended dose reductions so that they will adhere better to these guidelines.



Outline of this thesis

In Chapter 2, we conduct a systematic review to summarize the available evidence on drug exposure
or on PK/PD target attainment after dose reduction of all renally cleared antibiotics in patients with
impaired renal function.

Subsequently, we investigate the adequacy of the currently recommended antibiotic dose reduction
in real life clinical practice. A pre-requisite to investigate exposure to antibiotics in clinical practice is
a validated method to measure concentrations of these antibiotics in body fluids. This is done by the
development and validation of a liquid chromatography-tandem mass spectrometry (LC-MS/MS)
assay for the determination of ciprofloxacin plasma concentrations in Chapter 3.

This method is used in Chapter 4 to investigate PK/PD target attainment of ciprofloxacin in patients
with adequate and impaired renal function receiving regular and guideline-recommended reduced
doses of ciprofloxacin. We investigate whether the guideline-recommended dose reduction of
ciprofloxacin for patients with impaired renal function results in PK/PD target attainment and
ciprofloxacin exposure similar to that in patients with adequate renal function receiving the regular
dose.

Also, we investigate in Chapter 5 whether the guideline-recommended dose reduction of
ceftazidime for patients with impaired renal function results in PK/PD target attainment of
ceftazidime and drug exposure similar to that in patients with adequate renal function receiving the
regular dose.

Furthermore, to be able to fully investigate the adequacy of the administered antibiotic dose, one
should investigate not only clearance (mainly determined by renal function in case of renally cleared
antibiotics), but also that other pharmacokinetic parameter determining drug exposure: the
bioavailability. In case of oral administration, bioavailability determines the amount of the drug that
is being absorbed and thereby a large part of drug exposure.

Therefore, we investigate in Chapter 6 ciprofloxacin pharmacokinetics after oral administration in
patients with haematological malignancies and explore the impact of gastrointestinal-mucositis on
oral bioavailability and clearance in order to assure adequate systemic exposure. To carefully
monitor the effect of mucositis on oral bioavailability, and therefore absorption of ciprofloxacin, we
assess the degree of gastrointestinal-mucositis by using the Daily Gut Score and measuring plasma
citrulline and albumin.

In Chapter 7 we discuss our findings and clinical implications regarding appropriate antibiotic use, in
particular for patients with impaired renal function and haematological patients with mucositis.
Methodological issues regarding the different executed studies are considered. Additionally, we
provide directions for future research.
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Abstract

Background
There is inconsistency between many guidelines in the recommended dose reduction of renally
cleared antibiotics in patients with impaired renal function.

Objectives

This systematic review summarizes the available evidence on the adequacy of the recommended
dose reduction in terms of achieving sufficient antibiotic drug exposure or pharmacokinetic/
pharmacodynamic target attainment after treatment with these reduced doses.

Data sources
We systematically searched Ovid Medline and Embase from inception (respectively 1946 and 1947)
through July 2019.

Study eligibility criteria
All studies reporting antibiotic drug exposure and/or pharmacokinetic/pharmacodynamic (PK/PD)
target attainment after dose reduction of antibiotics in patients with impaired renal function.

Participants
Adult patients with or without infections.

Interventions
Administration of reduced doses of antibiotics (orally, intravenously or intramuscularly).

Methods

The reduced dose was considered adequate when the most relevant parameters of drug exposure
or PK/PD target attainment in patients with impaired renal function were within a range of 80% to
125% of that in patients with adequate renal function receiving a regular dose (reference) or when
PK/PD target attainment was attained in at least 90% of the patients with impaired renal function,
regardless of the lack of a reference group.

Results

Twenty-seven of the 4202 identified studies were included. The quality of 15 of 27 studies was fair,
and most studies were of B-lactams (12/27). Best evidence was available for meropenem: four
studies were included, of which two studies were of good quality. Drug exposure for meropenem is
158% to 286% higher in patients with impaired renal function receiving reduced doses compared to
patients with adequate renal function receiving regular doses. For all other antibiotics, a maximum
of one good-quality study could be identified.

Conclusions

No good-quality evidence on the recommended dose reduction of renally cleared antibiotics in
patients with impaired renal function is present, with the exception of meropenem.
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Introduction

Adequate antibiotic drug exposure in patients treated for bacterial infections is of high importance
because underexposure is associated with therapeutic failure and the development of antibiotic
resistance, while overexposure may lead to toxicity.? Reducing the dose of renally cleared antibiotics
for patients with impaired renal function is standard of care as incorporated in all clinical guidelines,
aiming to prevent accumulation of the drug and to achieve antibiotic drug exposure equivalent to
that in patients with adequate renal function receiving the regular dose.>?

However, significantly increased therapeutic failure and death were observed in patients with
impaired renal function treated with recommended reduced doses of antibiotics.* Additionally,
multiple antibiotics recently approved by the US Food and Drug Administration (FDA) carry
precautionary statements in their labeling for reduced clinical response in patients with impaired
renal function.® In clinical practice, prescribers often do not apply recommended dose reductions for
patients with impaired renal function because they worry about underexposure.® Particularly
patients in the intensive care unit (ICU) are almost always treated with regular doses instead of
recommended reduced doses because underexposure is a big problem in these patients.”® Also,
inconsistency exists between different guidelines in the cutoff value of renal function below which
the dose per antibiotic should be reduced and in the degree of the dose reduction.®

The Summary of Product Characteristics (SmPC) is the cornerstone of most antibiotic prescribing
guidelines. Although it is obligatory to provide dosing information for patients with impaired renal
function in the SmPC, these dosing recommendations seem to be marginally studied because the
efficacy and safety of the antibiotic for the general population are the first concern. Recommended
dose reductions in the SmPC are mainly based on extrapolations from small studies, mostly ones
investigating change in pharmacokinetic parameters after a single full, unadjusted dose is
administered to patients with impaired renal function.

We wondered whether the recommended dose reduction of renally cleared antibiotics for patients
with impaired renal function was adequate and whether they have been validated in clinical
practice. Therefore, the aim of this systematic review was to summarize the available evidence on
drug exposure or on pharmacokinetic/pharmacodynamic (PK/PD) target attainment after dose
reduction of antibiotics in patients with impaired renal function.
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Methods

This systematic review was prospectively registered in the International Prospective Register of
Systematic Reviews (PROSPERO) (CRD42019120073) and reported according to the Preferred
Reporting ltems for Systematic Reviews and Meta-analysis (PRISMA) guidelines.!

Objectives

The primary objective was to investigate antibiotic drug exposure after dose reduction in patients
with impaired renal function, with drug exposure defined as either antibiotic drug concentration,
defined as a peak (Cmax) and/or trough concentration (Cmin); or antibiotic area under the
concentration-time curve (AUC). Additionally, we calculated AUC when the exact measures of drug
exposure were not reported (see the Supplementary Appendix for the formulas used).*?

The secondary objective was PK/PD target attainment after dose reduction in patients with impaired
renal function, which is defined further below and in the Supplementary Appendix.

Clinical outcome of patients with impaired renal function receiving a reduced dose of antibiotics was
investigated as an exploratory objective.

Adequacy of reduced dose

The reduced dose was considered adequate when the most relevant parameters of drug exposure
or PK/PD target attainment in patients with impaired renal function were within a range of 80% to
125% of that in patients with adequate renal function receiving a regular dose (the reference). This
percentage is based on the bioequivalence rules of the FDA and the European Medicines
Authority.'3'* Additionally, it was considered adequate when PK/PD target attainment was attained
in at least 90% of the patients with impaired renal function, regardless of the lack of a reference
group.®®

See the Supplementary Appendix for the process for defining adequacy of the reduced dose.

Search strategy and selection criteria

To identify relevant studies, we systematically searched Ovid Medline and Embase from inception
(respectively 1946 and 1947) through July 2019 with the help of an experienced clinical librarian. For
both databases, search terms for (a) all renally cleared antibiotics, (b) renal function and (c)
parameters of drug exposure or PK/ PD target attainment were combined (see the Supplementary
Appendix for the full search). Identified studies were imported into Rayyan, where duplicates were
removed and the studies screened.?® All titles and abstracts were screened for eligibility by one
author (SdV), and 10% were independently screened by two other authors (FvD and SZ). A margin of
difference of 2.5% between all screening authors was allowed to occur without the need to repeat
the screening. Within-margin differences of opinion were resolved by discussion and, if necessary,
discussed with a fourth and fifth author (SG and RvH). Full-text articles of potential eligible studies
were retrieved, and all were assessed independently for eligibility by three authors (SdV, FvD and
SZ). Additionally, reference lists of all included studies were screened manually to find additional
studies.
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Eligible studies reported antibiotic drug exposure (Cmax, Cmin or AUC) and/or PK/PD target
attainment (T > MIC, Cmax/MIC or AUC/MIC) measured in clinical practice for adult patients with
impaired renal function receiving a reduced dose. To be able to solely investigate the effect of
dosing of antibiotics on the basis of renal function, studies also adjusting the dose on the basis of
other factors than renal function, such as body weight or therapeutic drug monitoring, were
excluded. Patients receiving renal replacement therapy were excluded because of altered
pharmacokinetics.!” Case series and case reports were excluded. Supplementary Table S1 provides
the exact inclusion and exclusion criteria.

Data extraction and analysis

Data from included studies were extracted by one author (SdV) and fully checked for accuracy by
two other authors (FvD and SZ) using a standardized prepiloted form. We extracted, if reported,
data describing the basic characteristics of the study (Supplementary Table S2), data about drug
exposure and/or PK/ PD target attainment (Table 1) and data for quality assessment (Table 2).
Missing data of drug exposure and/or PK/PD target attainment were requested by contacting the
authors of the study. All discrepancies of data extraction between authors were rectified by review
of the full text by five authors (SdV, FvD, SZ, SG and RvH). If no summary measures but only
individual data about drug exposure were reported, mean and standard deviation were calculated
using IBM SPSS Statistics 25 software (IBM, White Plains, NY, USA). Data were analysed using
descriptive statistics; no formal statistical tests were performed on the basis of the expected
heterogeneity of the data. Data from figures were not extracted to prevent potential inaccuracy.

Quality assessment

Study quality was independently assessed by three authors (SdV, FvD and SZ) using an adjusted
version of the Newcastle-Ottawa Quality Assessment Scale for nonrandomized control trials.'® See
the Supplementary Appendix for the exact quality assessment.
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Results

Included studies

Our search yielded 4202 unique studies, and after screening of titles and abstracts, 409 studies were
left for full-text screening. The inclusion criteria were met for 25 studies; additionally, two studies
were identified by manually screening the reference lists. Ultimately 27 studies were included.'®*°
The main reason for exclusion of studies was that the administered dose of antibiotics was not
reduced in patients with impaired renal function (Fig. 1).

Investigated antibiotics were B-lactams (12/27), fluoroquinolones (9/27), glycopeptides (4/27) and
other antibiotics (2/27). Most studies were single-centre prospective cohort studies (15/27); 16
studies included patients with clinical infections, varying from patients with septic shock at the ICU
to patients on general wards. The other 11 studies included patients with impaired renal function
but without infections or did not explicitly specify the included patient population (Supplementary
Table S2). Most studies administered multiple intravenous doses of antibiotics (17/27)
(Supplementary Table S1, Table 1). The quality of most studies was fair (15/27) (Table 2).

Best evidence on dose reduction of antibiotics in patients with impaired renal function was available
for meropenem.'®?2 Other frequently investigated antibiotics were imipenem/cilastatin, cefepime,
ceftolozane/tazobactam, ciprofloxacin and teicoplanin; however, only one good-quality study per
antibiotic was identified.*>%’
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=
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Fig. 1 Flow diagram of study selection process
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Table 1 Drug exposure and PK/PD target attainment of individual studies

Study Renal

(year) function
(ml/min)

MEROPENEM

Del Bono Cler 240

(2017)*° Cler 10-39

*Calculated drug exposure.

MEROPENEM
Cheatham Cler >60
(2008)2°

Clcr 40-60
Clcr 10-39
MEROPENEM
Kitzes- Clcr >50
Cohen Cler <50
(2002)2

Antibiotic
dose
(specified
per renal
function
group)

2gqg8h
2gql2h

500 mg q6
h
500 mg q8
h

500 mg
ql2h

1gqg8h
1gqgl2h

+P value as reported by study.

Study Renal
(year) function
(ml/min)

Antibiotic
dose
(specified
per renal
function
group)

MEROPENEM, PK/PD target attainment

Taccone Cler >50
(2010)2
Cler <50
Study Renal
(year) function
(ml/min)

IMIPENEM/CILASTATIN

Gibson Clcr 2100
(1985)2
Clcr 30—
100
Cler 29-10
Cler <10

1gqg8h
(>80)
1gqgl2h
(50-80)
0.5gql2h
(10-50)
0.5gq24h
(<10)
Antibiotic
dose
(specified
per renal
function
group)

250
mg/250 mg
250
mg/250 mg
250
mg/250 mg
250
mg/250 mg

Peak
concentration
(Cmax) (ug/mL)

60.97 +27.92*
48.99 + 15.46*

29.2+9.8

33.2+85

33.5+4.7

56.3+19.1
71.1+5.1p
0.1t

PK/PD target
definition

%T>4xMIC

% T>4xMIC

Peak
concentration
(Cmax) (ng/mL)

Trough
concentration
(Cmin)
(ng/mL)

24+1.1

38+27

49+1.6

33%25
34+18p
0.9t

MIC (pg/mL)

Trough
concentration
(Cmin)
(ng/mL)

AUC (pg-h/mL)

164.55 +102.22*
339.27 £ 183.61*

49.1+11.7

86.2£28.5

140.2+25.0

119.4+32.6
230.2+43.3
p 0.0001%

PK/PD target
attainment (%)

70%

83%

AUC (pg-h/mL)

16.64*
29.34*
48.20*

73.97*

Within
range
80%-125%
compared
to
reference

Reference
>125%
AUC
80%-125%
Cmax

Reference

>125%
Cmin
>125%
AUC
80%—-125%
Cmax
>125%
Cmin
>125%
AUC
80%-125%
Cmax

Reference
80%-125%
Cmin
>125%
AUC
>125%
Cmax

Within
range
80%-125%
compared
to
reference

Reference

80%-125%
PK/PD

Within
range
80%-125%
compared
to
reference

No
reference

Reduced
dose seems
adequate
(A), too high
(1) or too
low (V)

D

/A

A/

Reduced
dose is
adequate
(A), too high
(1) or too
low (¥)

Reduced
dose is
adequate
(A), too high
(1) or too
low (V)

Not
applicable
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*Calculated drug exposure, based on mean body weight of 73.2 kg, 86.6 kg, 76.5 kg and 71.3 kg (Clcr 2 100, 30-100, 10-29 and < 10

respectively).
IMIPENEM/CILASTATIN
Rogers GFR: 31-99
(1985)%

GFR: 10-30

IMIPENEM/CILASTATIN

Verbist Cler <15
(1986)*
Study Renal
(year) function
(ml/min)
CEFEPIME
Lamoth Cler >70
(2010)%
Cler 40-70
Clcr <40
CEFEPIME
Tam Clcr 2100
(2003)7
Cler 60—
100
Cler 11-59

250/250
mg
250/250
mg

500/500
mgql2 h
Antibiotic
dose
(specified
per renal
function
group)

6g/d

4-6g/d

2g/d

2gql2h

2gql2h

2gq24h
(Cler 30—
59)

TP value as reported by study.

Study Renal
(year) function
(ml/min)

Antibiotic
dose
(specified
per renal
function
group)

CEFEPIME, PK/PD target attainment

Taccone Clcr >50
(2010)2
Cler <50
Study Renal
(year) function
(ml/min)

2gqg8h
(>80)
2gql2h
(50-80)
1gqgl2h
(10-50)
0.5gq24h
(<10)
Antibiotic
dose
(specified
per renal
function
group)

CEFTOLOZANE/TAZOBACTAM

Kakara Cler >50

(2019)%

22

1000

mg/500 mg

q8h

Peak
concentration
(Cmax) (ug/mL)

259 + 287

167 £+ 124

207 £ 295
No significant
differencest

PK/PD target
definition

% T>4xMIC

% T>4xMIC

Peak
concentration
(Cmax) (ug/mL)

69.7 (40.6%)
(geometric
mean, %
geometric CV)

Trough
concentration
(Cmin)
(ng/mL)

7(2.1-21)
(median,
range)

20 (2.4-38)
(median,
range)

11.4 (6.8-16)
(median,
range)

3336

19.5+21.5
p<0.05
compared to
Cler>1001

14.0 £11.5
p<0.05
compared to
Cler>1001

MIC (pg/mL)

32

32

Trough
concentration
(Cmin)
(ng/mL)

32.1+£14.0

55.0+17.8

158 £32

AUC (pg-h/mL)

734 £344

(median + range)
1138 + 540

(median + range)

p < 0.05 compared to
Cler>1001

845 + 296
(median + range)

PK/PD target
attainment (%)

14%

17%

AUC (pg-h/mL)

198 (43.7%)

(geometric mean, %
geometric CV)

No
reference

No
reference
Within
range
80%-125%
compared
to
reference

Reference

>125%
Cmin

>125%
Cmin

Reference

>125%
Cmin
>125%
AUC

<80%
Cmax
>125%
Cmin
80%-125%
AUC
80%—-125%
Cmax

Within
range
80%-125%
compared
to
reference

Reference

80%-125%
PK/PD

Within
range
80%-125%
compared
to
reference

Reference

Not
applicable

Not
applicable
Reduced
dose is
adequate
(A), too high
(1) or too
low (V)

Reference

VR

™A

Reduced
dose is
adequate
(A), too high
(1) or too
low (V)

Reduced
dose is
adequate
(A), too high
(1) or too
low (V)



Clcr 30-50

500
mg/250 mg
q8h

CEFTOLOZANE/TAZOBACTAM

Wooley Clcr 290
(2014)®
Clcr 60-89
Clcr 30-59
Cler 15-29

CEFTAROLINE FOSAMIL

Riccobene Clcr >80
(2014)3 Cler >80
Clcr 50-80
Clcr 30-50
Cler <30
Study Renal
(year) function
(ml/min)

1000/500
mg
1000/500
mg

1000/500
mg

500/250
mg

600 mg
400 mg
600 mg

600 mg

400 mg

Antibiotic
dose
(specified
per renal
function
group)

CEFTAZIDIME, PK/PD target attainment

Taccone Cler >50

(2010)22

Cler <50

2gqg8h
(>80)
2gql2h
(50-80)
1gql2h
(10-50)
0.5gq24 h
(<10)

49.9 (28.6%)
(geometric
mean, %
geometric CV)

72.8 (42-139)
(median, range)

93.4 (75.8-141)
(median, range)

84.5 (64-136)
(median, range)

47.0 (37.5-
76.3)
(median, range)

28.4+7.0
148+1.8
28.2+54

30.8+4.9

17.9+2.9

PK/PD target
definition

%T>4xMIC

%T>4xMIC

PIPERACILLIN/TAZOBACTAM, PK/PD target attainment

Cler >50
Cler <50

Taccone
(2010)2

4gq6h
4gq8h
(10-50)
4gql2h
(<10)

1P value as reported by study.

Study Renal
(year) function
(ml/min)

CIPROFLOXACIN
Boelaert Cler >60
(1985)3°

Cler <20

CIPROFLOXACIN

Antibiotic
dose
(specified
per renal
function
group)

250 mg

250 mg

%T>4xMIC
%T>4xMIC

Peak
concentration
(Cmax) (ug/mL)

1523 £213

(ng/l)
1703 + 405

(1g/l)

MIC (ug/mL)

32

32

64
64

Trough
concentration
(Cmin)
(ng/mL)

184 (27.7%)
(geometric mean, %
geometric CV)

231 (161-311)
(median, range)
315 (255-342)
(median, range)

589 (306-900)
(median, range)

509 (429-762)
(median, range)

75.6 £9.7
52.8+10.5
92.3+£253

1148+ 14.1

113.3+£20.5

PK/PD target
attainment (%)

22%

33%

15%

71% p < 0.05
compared to Clcr
>50t

AUC (ug-h/mL)

1703 + 405 (ug-h/l)

14,359 + 3475
(pg-h/1)

80%-125%
AUC

<80%
Cmax

Reference

>125%
AUC
>125%
Cmax
>125%
AUC
80%-125%
Cmax
>125%
AUC
<80%
Cmax

Reference
80%-125%
AUC
80%-125%
Cmax
>125%
AUC
80%-125%
Cmax
>125%
AUC

<80%
Cmax
Within
range
80%-125%
compared
to
reference

Reference

80%-125%
PK/PD

Reference
>125%
PK/PD

Within
range
80%-125%
compared
to
reference

No
reference

Reduced
dose is
adequate
(A), too high
(1) or too
low (V)

A

Better
PK/PD
target
attainment

Reduced
dose is
adequate
(A), too high
(1) or too
low (V)

Not
applicable

23



Drusano Cler >6.0
(1987)3 I/h

Cler 3.6—

6.01/h

Cler 0.6—

3.61/h

Cler <0.6

I/h
*Calculated drug exposure.
CIPROFLOXACIN

Macgowan = Serum

(1994)% creat< 120
umol/L
Serum
creat > 120
umol/L

CIPROFLOXACIN

Shah Cler >90

(1996)
Clcr 61-90
Clcr 31-60
Cler <31

200 mg
200 mg
200 mg

200 mg

200 mg
ql2 h

200 mg
ql2h
400 mg g8

h

400 mg g8
h

400 mg
ql2h

300 mg
ql2h

TP value as reported by study.

CIPROFLOXACIN

Stoica eGFR <60
(2015)*
<30CKD 4
<30CKD 5
Study Renal
(year) function
(ml/min)
SPARFLOXACIN
Dorr Cler 250
(1999)*
Clcr 30-49
Cler 10-29

500 mg
ql2 h
500 mg
q24 h
500 mg
q24 h
Antibiotic
dose
(specified
per renal
function
group)

400 mg
loading
dose day
1+ 200 mg
q24 h

400 mg
loading
dose day
1+ 200 mg
q24 h

400 mg
loading
dose day
1+200 mg
q48 h

TP value as reported by study.
PRULIFLOXACIN (ULIFLOXACIN ACTIVE COMPOUND)

24

6.30+1.77
4.14 £1.05
5.44 £0.82

5.39+1.59

1.5+0.6

25+13

4.33(14)
(geometric
mean, % CV)
5.86 (20)
(geometric
mean, % CV)
p <0.05
compared to
Cler>90t
6.66 (29)
(geometric
mean, % CV)
p<0.05
compared to
Cler>90t
6.03 (21)
(geometric
mean, % CV)
p<0.05
compared to
Cler>90t

Peak
concentration
(Cmax) (ug/mL)

0.750 (29.3)
(mean, % CV)

1.46 (17.2)
(mean, % CV)
p<0.05
compared to
Cler 250t
0.800 (27.8)
(mean, % CV)

0.105 +0.026
0.128 £ 0.064
0.268 £ 0.110

0.367 +0.060

0.3+0.3

0.6+0.4

1.35+£0.38
1.36 £0.91
1.76 £1.80
Trough
concentration

(Cmin)
(ng/mt)

7.46
(ug-h-1.73m2/mL)*
9.51
(ug-h-1.73m2/mL)*
16.67
(ug-h-1.73m2/mL)*
16.24
(ug-h-1.73m2/mL)*

32.5(18)
(geometric mean, %
cv)

50.4 (22)
(geometric mean, %
CV) p < 0.05
compared to
Cler>90t

48.3 (24)
(geometric mean, %
CV) p<0.05
compared to
Cler>901

66.3 (29)
(geometric mean, %
CV) p<0.05
compared to
Cler>90t

AUC (pg-h/mL)

11.502 (32.2) (AUCO-
t)
(mean, % CV)

25.397 (19.5) (AUCO-
t)

(mean, % CV) p < 0.05
compared to Clcr
250t

19.2 (35.2) (AUCO-t)
(mean, % CV) p < 0.05
compared to Clcr
250t

No
reference

No
reference

Reference

>125%
AUC
>125%
Cmax

>125%
AUC
>125%
Cmax

>125%
AUC
>125%
Cmax

Reference

80%-125%
Cmin
80%-125%
Cmin
Within
range
80%-125%
compared
to
reference

Reference

>125%
AUC
>125%
Cmax

>125%
AUC
80%-125%
Cmax

Not
applicable

Not
applicable

V2

VR

AR

Not
applicable

Reduced
dose is
adequate
(A), too high
(1) or too
low (V)

/1

/A



Tellone
(2018)*

eGFR >80

eGFR 50—
80

eGFR 30—
49

eGFR <30

GATIFLOXACIN

Fish
(2007)%

Clcr 240

Cler <40

600 mg
q24 h
600 mg
q24 h

600 mg
q24 h

300 mg
q24 h

400 mg
q24 h
200 mg
q24 h

1P value as reported by study.

Study
(year)

GATIFLOXACIN, PK/PD target attainment

Fish
(2007)%

LEVOFLOXACINE, PK/PD target attainment

Kiem
(2016)*

Renal
function
(ml/min)

Clcr 240

Clcr <40

Clcr >50

Clcr 20-50

Antibiotic
dose
(specified
per renal
function
group)

400 mg
q24 h

200 mg
q24 h

500 mg
q24 h

250 mg
q24 h

1.960 +0.992

2.456 +1.242

1.801+0.858

1.554 +0.786

4.77 £0.76
2.85+0.76
p < 0.0001
compared to
Cler 240t

PK/PD target
definition

Cmax/MIC

AUC0-24/MIC

Cmax/MIC

AUC0-24/MIC

AUC/MIC
>25/50/100

AUC/MIC
>25/50/100

1.08 +0.28

1.20+0.47

MIC (pg/mL)

0.25
0.5
1

2
0.25
0.5
1

2
0.25

0.5
1

2
0.25

0.5

0.25
0.5

0.25

0.5

9.829+4.418

14.879 £ 6.282

12.007 +5.702

12.532 £5.921

44.4+£9.2

36.6+3.4p<0.05
compared to Cler
2401

PK/PD target
attainment (%)

11 + 3 (ratios)

6 + 2 (ratios)

3 + 1 (ratios)
1+ 0 (ratios)
147 + 13 (ratios)
73 + 7 (ratios)
37 + 3 (ratios)
18 + 2 (ratios)
19 + 3 (ratios)

10 + 2 (ratios)
5+ 1 (ratios)

2 + 0 (ratios)
178 + 37 (ratios)

89 + 18 (ratios)

44 + 9 (ratios)

22 + 5 (ratios)
100%/100%/100%
100%/100%/81.25%
100/%81.25%/15.6%
62.5%/15.6%/0%
6.25%/0%/0%
100%/100%/100%

100%/100%/83.3%
100%/83.3%/33.3%
83.3%/33.3%/0%

33.3%/33.3%/0%

Reference

>125%
AUC
>125%
Cmax
80%—-125%
AUC
80%-125%
Cmax
>125%
AUC

<80%
Cmax

Reference

80%-125%
AUC
80%-125%
Cmax

Within
range
80%-125%
compared
to
reference

Reference

>125%
PK/PD

80%-125%
PK/PD

Reference

80%-125%
PK/PD

80%-125%
PK/PD
>125%
PK/PD
>125%
PK/PD
>125%
PK/PD

vz

A/A

MY

A/A

Reduced
dose is
adequate
(A), too high
(1) or too
low (V)

A/A

Better
PK/PD
target
attainment

A/A

Better
PK/PD
target
attainment
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Study Renal
(year) function
(ml/min)
TEICOPLANIN
Prester| Clcr 80—
(1993)* 120
Cler <75

*Calculated drug exposure.

TEICOPLANIN
Ueda Cler 250
(2012)%
Cler <50
TEICOPLANIN
Zhou Cler 260
(2018)¥”
Clcr 40-60
Cler <40
Study Renal
(year) function
(ml/min)

Antibiotic
dose
(specified
per renal
function
group)

600 mg/d

400 mg/d

Loading
dose 400
mgql2h
for 2 days,
followed
by 400 mg
q24 h
Loading
dose 400
mgql2h
for 1 day,
followed
by 400 mg
q24 h

Loading
dose: 400
mgql2h
for3-6
times,
after 400
mg/d
Loading
dose: 400
mgql2 h
for 3 times,
after 400
mg/d
Loading
dose: 400
mgql2h
for 2 times,
after 200
mg/d
Antibiotic
dose
(specified
per renal
function
group)

TEICOPLANIN, PK/PD target attainment

Zhou Cler 260
(2018)*”
Clcr 40-60
Cler <40
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Loading
dose: 400
mgql2h
for 3-6
times,
after 400
mg/d
Loading
dose: 400
mgql2h
for 3 times,
after 400
mg/d
Loading
dose: 400
mgql2 h

Peak
concentration
(Cmax) (ug/mL)

PK/PD target
definition

% > Cmin

% > Cmin

% > Cmin

Trough

concentration

(Cmin)
(ng/mt)

5.0+2.1*

5.0 £2.5%

11.2+25

11.4+3.0

18.11+6.37

15.91+4.94

17.06 £ 5.66

MIC (pg/mL)

10-30
15-30

10-30
15-30

10-30
15-30

AUC (pg-h/mL)

PK/PD target
attainment (%)

88.89%
69.44%

86.67%
66.67%

88.23%
70.59%

Within
range
80%-125%
compared
to
reference

Reference

80%-125%
Cmin

Reference

80%—-125%
Cmin

Reference

80%-125%
Cmin

80%-125%
Cmin

Within
range
80%-125%
compared
to
reference

Reference
Reference

80%-125%
PK/PD
80%-125%
PK/PD

80%-125%
PK/PD

Reduced
dose is
adequate
(A), too high
(1) or too
low (¥)

Reduced
dose is
adequate
(A), too high
(1) or too
low (V)

A/A

A/A



for 2 times,
after 200
mg/d
Study Renal Antibiotic
(year) function dose
(ml/min) (specified
per renal
function
group)
VANCOMYCIN
Chung Clcr >60 1gqgl2h
(2011)* Cler 30-60 1gq24-48
h

Cler <30 1gq72-96
h

TOBRAMYCIN
Brogard Cler 270 50mgqg8h
(1982)* 75mgq8h
100 mg g8
h
Cler <50 50 mg
q24 h

*Calculated drug exposure.
TELITHROMYCIN
Shi Cler >80 800 mg
(2004)* 1g24 h
Cler 50-80 800 mg
1g24 h

600 mg
124 h

400 mg
1924 h
Clcr 30-49 800 mg

124 h

600 mg
124 h

400 mg
124 h
Cler <30 800 mg

1q24 h

600 mg
1924 h

400 mg
1924 h

Peak
concentration
(Cmax) (ug/mL)

43+0.5
43+0.3
4.4+0.7

6.0 £2.9%

2.07 (39)
(mean, %CV)
2.56 (13)
(mean, %CV)

1.69 (37)
(mean, %CV)

1.00 (47)
(mean, %CV)
2.20 (48)

(mean, %CV)

1.46 (40)
(mean, %CV)

1.01 (69)
(mean, %CV)
2.99 (40)

(mean, %CV)

1.79 (32)
(mean, %CV)

1.17 (49)
(mean, %CV)

Trough
concentration
(Cmin)
(ng/mL)

125+7
16.7 £ 10

17.5+19

0.6+0.1
1003
1.2+0.1

2.7+£1.7*

AUC (pg-h/mL)

519
608

563

18.2
23.4
29.0

34.32 £51.45%

12.44 (48)
(mean, %CV)
16.00 (22)
(mean, %CV)

10.60 (52)
(mean, %CV)

4.96 (43)
(mean, %CV)
14.76 (41)

(mean, %CV)

10.01 (43)
(mean, %CV)

5.48 (73)
(mean, %CV)
23.6(29)

(mean, %CV)

14.84 (60)
(mean, %CV)

6.89 (57)
(mean, %CV)

80%-125%
PK/PD

Within
range
80%-125%
compared
to
reference

Reference
>125%
Cmin
80%-125%
AUC
>125%
Cmin
80%—-125%
AUC

Reference

>125%
Cmin
80%-125%
AUC
80%—-125%
Cmax

Reference

80%—-125%
Cmax
>125%
AUC
80%-125%
Cmax
80%-125%
AUC

<80%
Cmax
<80% AUC
80%—-125%
Cmax
80%-125%
AUC

<80%
Cmax
80%—-125%
AUC

<80%
Cmax
<80% AUC
>125%
Cmax
>125%
AUC
80%-125%
Cmax
80%—-125%
AUC

<80%
Cmax
<80% AUC

Reduced
dose is
adequate

(A), too high

(1) or too
low (4)

/A

/A

A

A/

A/A

N2\

A/A

/A

N2

IR

A/A

N2\

Data are presented as mean * SD unless otherwise stated. AUC, area under the concentration—time curve; Clc, creatinine clearance; MIC,

minimum inhibitory concentration; PK/PD, pharmacokinetic/pharmacodynamic; CV, coefficient of variation.
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Table 2 Quality assessment summary of individual studies

Study Selection Comparability Outcome Total score
(year) Representativeness Acertainment Ascertainment Sample = Comparability Assessment (maximum
of exposed cohort of exposure of exposure (2) = size of cohorts on of outcome 9)
(1) basis of design
or analysis
MEROPENEM
Del Bono * * *% — — *k 6: fair
(2017)%°
Cheatham *% * *k — * *k 8: good
(2008)*
Kitzes- *x * *x% - * *% 8: good
Cohen
(2002)2
Taccone ** * * — * *x 7: fair
(2010)2
IMIPENEM/CILASTATIN
Gibson - * *k — — * 4: poor
(1985)2
Rogers *x — *x% - - *% 6: fair
(1985)2
Verbist — — *k — — * 3: poor
(1986)*
CEPHALOSPORINS
Lamoth * * *% — * *% 7: fair
(2010)%
Tam sk * sk * * * 8: good
(2003)
Kakara * * *x — * *k 7: fair
(2019)%
Wooley - * *x - * *% 6: fair
(2014)
Riccobene — * *x — * *x 6: fair
(2014)
CIPROFLOXACIN
Boelaert — — *x — — * 3: poor
(1985)%°
Drusano = = *k = = * 3: poor
(1987)*
MacGowan | *x — * — — — 3: poor
(1994)%
Shah = * * = * *x 6: fair
(1996)%
Stoica *x * * — * *x 7: fair
(2015)%
OTHER FLUOROQUINOLONES
Dorr — * * — * *x 5: fair
(1999)*
Fish * * *k * * *k 8: good
(2007)%
Kiem * * *x — * * 6: fair
(2016)*
Tellone = * * = * *x 5: fair
(2018)2
GLYCOPEPTIDES
Prester| * — *k — — * 4: poor
(1993)*
Ueda * * *x% - - - 4: poor
(2012)%
Zhou * * * = * * 5: fair
(2018)*”
Chung * * * - * * 5: fair
(2011)®
OTHER ANTIBIOTICS
Brogard — — *k — — — 2: poor
(1982)*
Shi (2004)* — * *¥ — * *k 6: fair

Exact definitions used for selection, comparability and outcome are provided in the Supplementary Appendix.
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B-lactams
Meropenem

The best evidence on dose reduction of antibiotics in patients with impaired renal function was
available for meropenem. Four studies were performed, all in patients with infections, of which two
studied patients in the ICU. The quality of two studies was good and of the other two studies was
fair (Supplementary Table S1, Table 2).

Three studies investigated drug exposure.'®>?! Two of these studies investigating trough
concentrations showed 158% to 204% higher mean trough concentrations in patients with impaired
renal function.'®?° Mean AUCs were 170% to 286% higher in patients with impaired renal function in
all three studies investigating AUC (Table 1).292

One study investigating PK/PD target attainment showed comparable target attainment (within 80-
125%) between patients with impaired renal function and patients with adequate renal function
(Table 1).2

Imipenem/cilastatin

Three studies investigated imipenem/cilastatin; however, none of the studies included an (external)
reference group, so comparing drug exposure was not possible.?>%

Cefepime

Three studies investigated cefepime, all in patients with infections, of which one studied patients
with febrile neutropenia and one patients in the ICU.2%?%?” The quality of one study was good and of
two studies was fair (Supplementary Table S1, Table 2). Mean and median trough concentrations
were 163% to 591% higher in patients with impaired renal function in both studies that investigated
drug exposure.??’ The one study investigating AUC showed higher median AUC in patients with
creatinine clearance (Clcr) 60-100 mL/min at 155%, but comparable median AUC in patients with
moderate to severe renal impairment (Clcr 11-59 mL/ min, 115%) (Table 1).%’

One study investigating PK/PD target attainment showed comparable target attainment (within 80-
125%) between patients with impaired renal function and patients with adequate renal function
(Table 1).2

Ceftolozane/tazobactam

Two studies investigated ceftolozane/tazobactam, one multiple-dose study in patients with
infections (administration of ceftolozane/tazobactam every 8 hours for 4-14 days) and one single-
dose study in volunteers without infections.?®?° The quality of both studies was fair (Supplementary
Table S1, Table 2).

The multiple-dose study showed that the geometric mean AUC was comparable (within 80-125%)
between patients with impaired and adequate renal function.? The single-dose study showed that
the median AUC was 136% to 255% higher in patients with impaired renal function (ranges apply to
patients belonging to different impaired renal function groups) (Table 1).2° However, the cutoff
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value of renal function below which a reduced dose was administered differed greatly; the multiple-
dose study, which showed comparable AUC, administered reduced doses to patients with Clcr 30-50
mL/min, while the single-dose study only administered a reduced dose to patients with Clcr <30
mL/min, while patients with Clcr 30-50 mL/min received a regular dose (Table 1).

Fluoroquinolones
Ciprofloxacin

The most frequently investigated antibiotic was ciprofloxacin; however, only one of the five studies
included an (external) reference group, so comparing drug exposure was only possible in one
study.3 The quality of this study was fair. Results showed that the geometric mean AUC and peak
concentration were both higher in patients with impaired renal function, ranging from 149% to
204% (AUC) and from 135% to 154% (Cmax) among different impaired renal function groups (Table
1).

Glycopeptides
Teicoplanin

Three studies investigated teicoplanin, all in patients with infections.?>*’ The quality of one study
was fair and of two studies was poor (Supplementary Table S1, Table 2). All three studies showed
that the mean trough concentration was comparable (within 80-125%) between patients with
impaired and adequate renal function. Additionally, PK/PD target attainment between both patient
groups was comparable (within 80-125%) (Table 1).3”

Other antibiotics

See the Supplementary Appendix for other antibiotics investigated by one sole study.3®4

Clinical outcome

One study showed significant longer time to resolution of symptoms in patients with impaired renal
function receiving reduced doses of antibiotics.?®

30



Discussion

No good-quality evidence on the recommended dose reduction of renally cleared antibiotics in
patients with impaired renal function is available, with the exception of meropenem. Strikingly,
these dosing recommendations are the standard of care as incorporated in all clinical guidelines and
are applied globally on a daily basis. Because significantly increased failure of therapy and death
were observed in patients with impaired renal function treated with these recommended reduced
doses and because most prescribers do not even apply these dose reductions because they worry
about underexposure, we question the adequacy of these dosing recommendations.*®

The lack of evidence is caused by the absence of prospective validation of the recommended dose
reduction of almost all renally cleared antibiotics. Current dosing recommendations are only based
on extrapolations from studies reporting reduced renal clearance of a full antibiotic dose
administered to patients with impaired renal function. Besides, the technical hurdles of drug
monitoring (e.g. requirement of liquid chromatography-mass spectrometry) may have contributed
substantially to this lack of evidence.

Remarkably, none of the studies used the same definition of renal impairment below which the dose
was reduced, and most studies did not apply the same dose reduction for the same antibiotic.
Although some heterogeneity is expected because the degree of renal clearance varies between
antibiotics and consequently the influence of renal impairment, heterogeneity between studies
investigating the same antibiotic is undesirable.

The adequacy of the recommended dose reduction has been questioned before because most
recommendations would be based on studies performed in patients with chronic renal impairment.®
This is in accordance with our results; when mentioned, most studies included only patients with
chronic renal impairment. Because the measured renal function in patients with acute renal
impairment may be worse than the actual renal function, the dose reduction for patients with acute
renal impairment may be overestimated.

This review had some limitations. Firstly, only heterogeneous studies could be included, and only
two studies performed a sample size calculation. Consequently, it was difficult to draw consistent
conclusions about the adequacy of the recommended dose reduction of most antibiotics. Secondly,
measures of clinical outcome were lacking in nearly all included studies. Although all studies
reported drug exposure, only four studies related this to PK/PD target attainment, and only one sole
study actually reported measures of clinical outcome. Although PK/PD target attainment is assumed
to have an association with clinical outcome, this is also the subject of ongoing discussion because
often no uniform PK/PD target ratios based on clinical evidence are available.* Thirdly, to provide
unbiased evidence on renally based dosing of antibiotics, our inclusion criteria were rather strict, so
we may consequently have missed some potentially relevant studies. Studies also adjusting doses
for factors other than renal function (e.g. body weight or therapeutic drug monitoring) were
excluded. This may have caused the striking lack of studies about glycopeptides and
aminoglycosides: dosing of these antibiotics is often based on body weight and on therapeutic drug
monitoring as well.

Further research should focus on prospective validation of current dosing recommendations of
renally cleared antibiotics for patients with impaired renal function. It has to be assessed whether
drug exposure (i.e. the unbound fraction, which represents the biologically active fraction) is
comparable between patients with adequate renal function receiving regular doses and patients
with impaired renal function receiving currently recommended reduced doses. Additionally, PK/PD
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target attainment and ideally clinical efficacy should be comparable between both patient groups.
We suggest that this be investigated separately for patients with acute and chronic renal
impairment because renal clearance and drug exposure may not be interchangeable between both
patient groups. We are currently performing studies to prospectively validate the recommended
dose reduction of ciprofloxacin and ceftazidime in patients with impaired renal function (2019-
005021-79 and NTR NL7864 respectively).*’
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Conclusions

No good-quality evidence from multiple studies is present showing that the recommended dose
reductions of renally cleared antibiotics in patients with impaired renal function are adequate in
terms of achieving comparable drug exposure as the regular dose in patients with adequate renal
function. There is a need to prospectively validate the currently recommended dose reduction of
renally cleared antibiotics.
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Supplementary Appendix

Methods

Objectives

Additionally, when the exact measures of drug exposure were not reported (i.e. Cmax, Cmin or
AUC), but it was possible to calculate AUC based on other reported pharmacokinetic parameters, we
used the following formulas to calculate AUC (dependent on the route of administration):

1) Intravenous administration: AUC = administered intravenous dose / total clearance®

2) Other routes of administration (i.e. oral or intramuscular administration): AUC = (administered
dose * bioavailability) / total clearance

Adequacy of the reduced dose
Dosing of antibiotics is generally considered adequate when the relevant PK/PD target is attained:

1) For antibiotics with time-dependent killing (e.g. carbapenems, cephalosporins and penicillins), T
>MIC is the relevant PK/PD target.? The most relevant parameter of drug exposure then is Cmin;
when Cmin is still above MIC, it can be assumed that 100%T > MIC is attained. We also assessed AUC
as relevant parameter, since Cmin also correlates with AUC.

2) For antibiotics with concentration-dependent killing (e.g. aminoglycosides and fluoroquinolones),
Cmax/MIC and AUC/MIC are the relevant PK/PD targets and as such the most relevant parameters
of drug exposure are Cmax for aminoglycosides and AUC and Cmax for fluoroquinolones.?

3) For antibiotics with time- and concentration-dependent killing (e.g. glycopeptides), AUC/MIC is
the relevant PK/PD target and consequently the most relevant parameter of drug exposure is AUC.?

The reduced dose was considered adequate, when the most relevant parameter(s) of drug exposure
in patients with impaired renal function were comparable to that in patients with adequate renal
function receiving a regular dose (the reference). Comparable drug exposure was defined according
to the general bioequivalence rules of the U.S. Food and Drug Administration (FDA) and the
European Medicines Agency (EMA), being a drug exposure in patients with impaired renal function
receiving a reduced dose within a range of 80%-125% of the reference.** Drug exposure refers to
the free unbound drug concentration, which represents the biologically active fraction. The
comparability of drug exposure was independent of the measurement of free or total drug
concentration. If patients with adequate renal function received different regular doses of the same
antibiotic within one study, the drug exposure obtained with the highest regular dose was selected
as the reference.

If studies did not include patients with adequate renal function receiving a regular dose, drug
exposure in patients with impaired renal function was compared to drug exposure in an external
reference group of patients with adequate renal function, referred to by the author(s) of the study.
If also an external reference group was lacking, the adequacy of the reduced dose could not be
defined in this study.
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Additionally, when parameters of drug exposure were not reported, but PK/PD target attainment
was, the reduced dose was considered adequate when PK/PD target attainment in patients with
impaired renal function was comparable (within a range of 80%-125%) to PK/PD target attainment in
patients with adequate renal function receiving regular doses, regardless of the actual (potentially
low) percentages of target attainment; or when PK/PD target attainment was attained in at least
90% of the patients with impaired renal function, regardless of the lack of an (external) reference
group.®

Search strategy and selection criteria

Eligible studies reported antibiotic drug exposure (Cmax, Cmin or AUC) and/or PK/PD target
attainment (T > MIC, Cmax/MIC or AUC/MIC) for patients with impaired renal function receiving a
reduced dose. Additionally, if it was not specifically mentioned that the dose was reduced, but the
administered dose was already a reduced dose according to relevant clinical guidelines, the study
was also eligible, since this provides insight in the adequacy of doses that are administered as
reduced doses in real-life clinical practice.® To be able to solely investigate the effect of dosing of
antibiotics based on renal function, studies also adjusting the dose based on other factors than renal
function, such as bodyweight or therapeutic drug monitoring (TDM), were excluded. Patients on
renal replacement therapy were excluded, because of altered pharmacokinetics.” Impaired renal
function was based on the definition used by the authors of the original study and so could differ
among studies. See for all inclusion and exclusion criteria Appendix Table S1.

Quality assessment

Study quality was independently assessed by three authors (SdV, FvD and SZ) using an adjusted
version of the Newcastle-Ottawa Quality Assessment Scale for non-randomized control trials.® Six
relevant items were scored of which three items could be scored with a maximum of two stars and
three items with a maximum of one star. In total a maximum of 9 stars could be obtained. Study
quality was assessed as good with 28 stars, fair with 5-7 stars and poor <4 stars.
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Results
Other antibiotics

Other investigated antibiotics were one cephalosporins (ceftaroline fosamil), one penicillin
(piperacillin/tazobactam), four fluoroquinolones (sparfloxacin, prulifloxacin, gatifloxacin and
levofloxacin), one glycopeptide (vancomycin), one aminoglycoside (tobramycin) and one ketolide
(telithromycin). The quality of most studies investigating these other antibiotics was fair (7/9) (Table
2) and all studies included a reference group. However, all these other antibiotics were only
investigated by one sole study.
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Full electronic search strategy from Ovid MEDLINE® 1946 to July 12, 2019*

1. exp Antibacterial agents/ or antibiotic*.ti,ab,kf. or (Aminoglycosides or amikacin or gentamicin or
kanamycin or streptomycin or tobramycin or Carbapenems or ertapenem or imipenem or
meropenem or Cephalosporins or cefaclor or cefalexin or cephalexin or cefalotin or cephalotinor
cephalothin or cefamandole or cephamandole or cefazolin or cefazoline or cephazolin or cefixim*
or cefotaxim* or cephotaxim* or ceftaroline or ceftazidim* or ceftibuten or ceftozolane or
ceftriaxone or cefuroxime* or Quinolones or ciprofloxacin or levofloxacin or norfloxacin or
ofloxacin or Glycopeptides or dalbavancin or teicoplanin or vancomycin or Macrolides or
clarithromycin Penicillins or amoxicillin or penicillin or benzylpenicillinor flucloxacillin or
piperacillin or colistin or Rifamycins or rifabutin or cotrimoxazole or trimethoprim or
sulfamethoxazole or sulfadiazine or sulfametrol or Tetracyclines or minocycline or tetracycline or
daptomycin or fosfomycin or doripenem or ethambutol or pyrazinamide).ti,ab,kf,rn.

2. (((renal or kidney) adj3 (disease* or impairment or function or dysfunction or insufficiency)) and
(dose or dosage or mg)).ti,ab.

3. pharmacokinetics.fs. or exp pharmacokinetics/ or exp area under curve/ or exp absorption/ or
half-life/ or
(Pharmacodynamic* or pharmacodynamic* or PK or PD or "pk/PD" or PPK or tmax or cmax or AUC

or "area under the curve" or clearance or elimination or "volume of distribution" or "drug level" or
absorption or half-life or "Therapeutic range" or "Drug exposure" or ((serum or plasma or blood)

adj3 (concentration or level* or sample*))).ti,ab,kf. 4. 1 and 2 and 3

5. (exp animals/ not humans/) or (mice or mouse or rat or rats or guinea-pig* or dog).ti. or case
reports.pt.

6.4 not5

* Performed together with an experienced clinical librarian
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Full electronic search strategy from Embase 1947 to July 12, 2019*

1. exp antibiotic agent/ or antibiotic*.ti,ab,kw. or (Aminoglycosides or amikacin or gentamicin or
kanamycin or streptomycin or tobramycin or Carbapenems or ertapenem or imipenem or
meropenem or Cephalosporins or cefaclor or cefalexin or cephalexin or cefalotin or cephalotinor
cephalothin or cefamandole or cephamandole or cefazolin or cefazoline or cephazolin or
cefixim* or cefotaxim* or cephotaxim* or ceftaroline or ceftazidim* or ceftibuten or ceftozolane
or ceftriaxone or cefuroxime* or Quinolones or ciprofloxacin or levofloxacin or norfloxacin or
ofloxacin or Glycopeptides or dalbavancin or teicoplanin or vancomycin or Macrolides or
clarithromycin Penicillins or amoxicillin or penicillin or benzylpenicillinor flucloxacillin or
piperacillin or colistin or Rifamycins or rifabutin or cotrimoxazole or trimethoprim or
sulfamethoxazole or sulfadiazine or sulfametrol or Tetracyclines or minocycline or tetracycline or
daptomycin or fosfomycin or doripenem or ethambutol or pyrazinamide).ti,ab,kw,tn.

2. (((renal or kidney) adj3 (disease* or impairment or function or dysfunction or insufficiency)) and
(dose or dosage or mg)).ti,ab.

3. exp pharmacokinetics/ or exp pharmacokinetic parameters/ or (Pharmacodynamic* or
pharmacodynamic* or

PK or PD or "pk/PD" or PPK or tmax or cmax or AUC or "area under the curve" or clearance or

elimination or "volume of distribution" or "drug level" or absorption or half-life or "Therapeutic

range" or "Drug exposure" or ((serum or plasma or blood) adj3 (concentration or level* or

sample*))).ti,ab,kw.

4. land2and3
5. case report/

6. (exp experimental organism/ or animal tissue/ or animal cell/ or exp animal disease/ or exp
carnivore disease/ or exp bird/ or exp experimental animal welfare/ or exp animal husbandry/ or
animal behavior/ or exp animal cell culture/ or exp mammalian disease/ or exp mammal/ or exp
marine species/ or nonhuman/ or animal.hw.) not human/

7. 50rb6

8. 4not7

9. limit 8 to (conference abstract or conference paper or "conference review")
10. 8 not 9

11. (canadian or elsevier or embase).cr.

12.10and 11

* Performed together with an experienced clinical librarian
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Newcastle-Ottawa Quality Assessment Form for Cohort studies, adjusted
version®

1)

2)

3)

4)

SELECTION

Representativeness of the Exposed Cohort
Is the exposed cohort representative for patients with infections in clinical practice?

** Exposed cohort consists of patients with different kind of infections

* Exposed cohort consists of patients with one specific or a couple of specific infections

- Exposed cohort consists of patients without infections, (healthy) volunteers or the patient population is not described

Ascertainment of Exposure, impaired renal function (1)
How was impaired renal function ascertained?

* | Ascertainment of impaired renal function using a validated formula to calculate renal function

- | Ascertainment of impaired renal function using a non-validated formula to calculate renal function or no description of how
renal function was calculated

Ascertainment of Exposure, dose reduction of antibiotics (2)
How was treatment with a reduced dose of antibiotics ascertained?

** | Ascertainment of treatment with a reduced dose of antibiotics in methods and confirmed in results section

* Ascertainment of treatment with a reduced dose of antibiotics in methods, but not confirmed in results section

- Ascertainment of treatment with a reduced dose of antibiotics in methods, but results showed that not all patients received
the reduced dose, although it was stated in the method section

Sample size
Was the sample size justified and satisfactory?

* | The sample size was justified and satisfactory.

- | The sample size was not justified or not satisfactory.

COMPARABILITY

5) Comparability of Cohorts on the Basis of the Design or Analysis

Did the study compare drug exposure in patients with impaired renal function receiving reduced doses of antibiotics with patients
with adequate renal function receiving regular doses?
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* | Drug exposure in patients with impaired renal function receiving reduced doses of antibiotics was compared with patients
with adequate renal function receiving regular doses

- | Only patients with impaired renal function receiving reduced doses were included or both patients with impaired and
adequate renal function were included, but they were all treated with the same (reduced) dose of antibiotics

OUTCOME

6) Assessment of Outcome

How was drug exposure and/or PK/PD target attainment assessed, with regard to the method of 1) blood sample collection; 2) drug
concentration measurement; and 3) calculation of drug exposure or pharmacokinetic parameters?

** | All three things are described and the methods used are validated

* All three things are described, but it was not mentioned whether the methods that were used are validated

- Not all three things are described
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Abstract

Background

Although unbound ciprofloxacin is responsible for antibacterial effects, assays measuring the
unbound drug plasma concentrations are scarce. This study aimed to develop and validate a rapid,
reproducible, and sensitive liquid chromatography—tandem mass spectrometry assay for the
determination of total and unbound ciprofloxacin plasma concentrations.

Methods

The determination of total ciprofloxacin concentrations required a 10 pL sample, while for unbound
ciprofloxacin concentrations, it was 100 pL. Unbound ciprofloxacin was separated from protein-
bound ciprofloxacin through ultrafiltration. A deuterated internal standard was used, and the sample
preparation involved protein precipitation. The method was fully validated over a concentration
range of 0.02-5.0 mg/L, according to the US Food and Drug Administration guidelines. In addition, its
clinical application was demonstrated.

Results

The total run time was 1.5 minutes. For total ciprofloxacin plasma concentrations, the mean accuracy
ranged from 94.5% to 105.0% across the validated range, the intraday imprecision was <7.6%, and
the interday imprecision was <9.8%. For unbound ciprofloxacin plasma concentrations, the mean
accuracy ranged from 92.8% to 102.1% across the validated range, the intraday imprecision was
<7.0%, and the interday imprecision was <9.6%.

Ciprofloxacin in plasma and ultrafiltrate remained stable for at least 96 hours at room temperature,
at least 4 years at -80°C, and at least 3 freeze/thaw cycles (-80°C), with a minimum interval of 24
hours.

Conclusions

The presented method is precise and accurate. It has been implemented in clinical care and research
projects at a university hospital, permitting rapid determination of total and unbound ciprofloxacin.
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Introduction

Fluoroquinolones are among the most commonly prescribed antibiotics worldwide that are used to
treat a broad range of infections caused by Gram-negative bacteria.®™ Among fluoroquinolones,
ciprofloxacin is the most widely used, and several studies on the pharmacokinetics (PK) and/or
pharmacodynamics (PD) of this drug have been performed.>™ Attaining a PK/PD target of the area
under the total concentration—time curve (AUC) over the minimum inhibitory concentration (MIC) >
125 is associated with clinical and microbiological cure of relevant Gram-negative infections.'%*!
However, large interindividual variability in ciprofloxacin exposure has been described, with drug
exposure often insufficient to attain efficacy targets.”™

Therapeutic drug monitoring (TDM), where dosing is individualized based on measured drug
concentrations, might prove beneficial for attaining efficacy targets and optimizing clinical outcomes.
The Royal Dutch Pharmacists Association (KNMP) recommends TDM for patients with impaired renal
function, and the routine use of TDM for all patients treated with ciprofloxacin is advocated in

several reports.5%12

The unbound antibiotic concentration is solely responsible for the antibacterial effect of ciprofloxacin
and thus relevant for predicting therapeutic efficacy.’>*° A protein binding of approximately 70% has
been reported for this drug.?? Several assays determining total ciprofloxacin plasma concentrations
through liquid chromatography—tandem mass spectrometry (LC-MS/MS) have been developed and
validated.'*° To the best of our knowledge, only 1 report describing the measurement of unbound
ciprofloxacin plasma concentrations has been previously published in the literature. However, the
bioanalytical validation of this method is very limited.?

This study describes the development and validation of an LC-MS/MS assay for the determination of
total and unbound ciprofloxacin plasma concentrations, which is feasible for clinical practice.
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Materials and Methods
Chemicals and Reagents

Ciprofloxacin HCl and ammonium formate were purchased from Sigma-Aldrich (Steinheim, Germany)
and the internal standard (IS) ciprofloxacin-d8 (purity 298%) from Toronto Research Chemicals (North
York, ON, Canada). Acetonitrile (ACN) and methanol (MeOH), both hypergrade for LC-MS, and formic
acid were purchased from Merck (Darmstadt, Germany). Water was purified and deionized by using
ELGA PURELAB DV-25 (Veolia Water Technologies, Saint-Maurice, France).

Omniplasma (pooled human plasma) was obtained from Sanquin (Amsterdam, the Netherlands).

Instrumentation

A Shimadzu Nexera LC-30AD system (Kyoto, Japan) consisting of 2 binary HPLC pumps (LC-30AD) was
used. The HPLC column was a Thermo Scientific Hypersil GOLD 50 x 2.1-mm column; particle size 1.9
um. The mobile phase consisted of 0.1% vol/vol formic acid and 0.05% vol/vol ammonium formate
(1.28g/mlL) in ultrapure water [mobile phase A (A)] along with 0.1% vol/vol formic acid and 0.05%
vol/vol ammonium formate (1.26g/mL) in acetonitrile [mobile phase B (B)]. The mobile phases were
pumped through the HPLC column at 40°C at a flow rate of 800 uL/min using the following gradient:
initial condition 94/6 (vol/vol) A/B, 47/53 at 1 minute, 6/94 at 1.05 minutes, and 94/6 at 1.20-1.50
minutes.

An AB Sciex QTRAP 5500 System (AB Sciex, Framingham, MA) mass spectrometer was used,
operating in the positive ionization mode. For quantification, multiple reaction monitoring
chromatograms were acquired and processed by using the Analyst software (version 1.6, AB Sciex).

Ciprofloxacin and ciprofloxacin-d8 were analyzed as [M+H]*, monitoring m/z =332.1 - 231.1 and
340.1 - 235.1, respectively.

Preparation of Calibration Standards, QCs, and IS Solutions

Two independently prepared stock solutions containing 1.0 mg/mL ciprofloxacin in 0.1% vol/vol
formic acid in ultrapure water were used for the calibration standards and QC samples, respectively.

Six calibration standards were freshly prepared before every run at concentrations of 0.020, 0.150,
0.500, 1.00, 2.50, and 5.00 mg/L. The calibration standards at 2.500 mg/L and 5.00 mg/L were
prepared by diluting 25 and 50 pL of the stock solution, respectively, with 10 mL Omniplasma. For the
remaining calibration standards, a working solution of 500 pL stock solution diluted to 10 mL with
MeOH/ultrapure water (1:1, vol/vol) was prepared. The other calibration standards were prepared
by further diluting the working solution with Omniplasma.

Four QC samples were prepared at concentrations of 0.020 mg/L [lower limit of quantification
(LLOQ)], 0.150 mg/L (concentration of 3 x LLOQ, low), 2.00 mg/L (mid), and 5.00 mg/L (upper limit of
quantification, high). QC high was prepared by diluting 50 uL of the stock solution with 10 mL
Omniplasma. In addition, 500 pL of the stock solution was further diluted with ultrapure water to
obtain 10 mL of working solution. Subsequently, the QC LLOQs and low-QC and mid-QC samples were
prepared by further diluting 10 uL, 30 puL, and 400 pL of the working solution, respectively, with 10
mL Omniplasma.
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For determination of unbound ciprofloxacin plasma concentrations, the QC LLOQ, low, mid, and high
concentrations were prepared by using ultrafiltrate instead of Omniplasma (see further Sample
Preparation). The procedure was identical to that described above.

For the IS solution, a stock solution of 0.250 mg/mL ciprofloxacin-d8 in 0.1% formic acid in ultrapure
water was prepared. Subsequently, 200 uL of this solution was added to 500 mL ACN:MeOH:formic
acid (419:79:2) to obtain an IS solution with a concentration of 100 mcg/L.

The stock solutions were stored at —80°C, while the IS solution was stored at —20°C.

Sample Preparation

For protein precipitation, 750 uL of IS solution was added to 10 uL of each calibration standard, QC,
and patient sample.

Subsequently, the samples were vortexed and centrifuged at 2750g for 5 minutes at room
temperature. An aliquot of the supernatant (0.5 uL) was injected for analysis.

Ultrafiltration was used to separate unbound ciprofloxacin from protein-bound ciprofloxacin in the
plasma. At least 100 pL of sample was pipetted into a Nanosep 30 K Omega filtration cup (PALL
Corporation, WA). After equilibration at 37°C for 30 minutes, the samples were centrifuged at 2750g
and 37°C for 20 minutes. Further sample preparation was performed as described above.

Quantification

Drug concentrations of each sample were determined by relating the chromatographic peak areas of
the analyte mass spectrometry response (unknown variable) to those derived from the IS mass
spectrometry response (known variable), using multiple reaction monitoring for each sample
separately. Patient samples were back-calculated using the calibration line according to their
corresponding ratio of analyte/IS MS response.

63



Validation

The assay was validated according to the U.S. Food and Drug Administration (FDA) guidelines.?

Calibration Curve and Sensitivity

Six calibration standards ranging from 0.020 mg/L to 5.00 mg/L were freshly prepared in plasma (as
described in Preparation of Calibration Standards, QCs, and IS Solutions) and analyzed in 6 different
runs. Linear least-squares regression was applied (area ratio with the IS versus the nominal
concentration), and the reciprocal of the squared concentration (1/x?) was used as a weighting
factor. Thereafter, the calibration curve parameters [slope, intercept fixed at zero, and correlation
coefficient (R?)] were calculated. The linearity of the calibration lines was deemed acceptable when
R%>0.990.

Deviations from the calculated concentrations should be within 85%-115% of the nominal
concentrations. For the LLOQ, a deviation of 20% was permitted, but the response of the analyte had
to be at least 5 times higher than that of the blank sample. Furthermore, at least 75% and a minimum
of 6 nonzero calibrator levels should meet the above criteria in each validation run. The coefficient of
variation (CV) was calculated as the ratio of the SD to the mean and should not exceed 15%. For the
LLOQ, a CV of a maximum of 20% was permitted.

The QC samples in the ultrafiltrate (for the unbound ciprofloxacin plasma concentration) were
quantified using the calibration curve in plasma.

Accuracy and Imprecision

The accuracy and precision of the method were assessed for the QC samples LLOQ, low, mid, and
high, for both the total and unbound ciprofloxacin plasma concentrations. Intraday accuracy and
imprecision were assessed in a single run in 6-fold. Similarly, interday accuracy and imprecision were
assessed in 6 runs (including the aforementioned single run) analyzed on at least 2 different days.

The ratio of the determined value to the true value x 100% was used to calculate the accuracy. The
accuracy should be within 85%—115%, except for the LLOQ, which should have an accuracy within
80%—120%. Coefficient of variation (CV) was used to calculate precision. The imprecision should not
exceed 15% of the CV, except for the LLOQ, where the CV should not exceed 20%.

In addition, the feasibility of diluting plasma samples with concentrations above the upper limit of
quantification (ULOQ) was tested using QC samples containing 10 times the concentration of the
ULOQ sample. These samples were prepared 6-fold and analyzed after 10-fold dilution in
Omniplasma.

Matrix Effects

To determine the matrix effects for total ciprofloxacin concentrations, the following samples were
prepared in 6-fold: samples at low, mid, and high concentration levels in blank human plasma (1x), in
patient samples (5x), and in ultrapure water (6x). These samples were processed to obtain the final
extract according to the procedure described in Sample preparation.
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The absolute matrix effect was determined by calculating the ratio of the peak area of the spiked
sample response in the matrix (plasma) to the spiked sample response in ultrapure water.

The relative matrix effect was determined by calculating the ratio of the peak area of the spiked
sample response to the IS response ratios in the matrix and in ultrapure water.

The matrix effects for unbound ciprofloxacin were investigated using ultrafiltrate instead of plasma.
The procedure was identical to that described above for the total ciprofloxacin.

Carryover

Carryover was assessed by injecting a blank sample [ACN:MeOH, 82:16 (vol/vol)] (n = 6) after the QC
high sample. The mean signal in the blank sample should be less than 20% of the peak area of the
LLOQ and less than 5% of the IS of the LLOQ.

Selectivity and Specificity

Blank plasma samples from 5 different patients at the Amsterdam UMC not treated with
ciprofloxacin—along with 1 blank Omniplasma sample—were used to assess the selectivity and
specificity of the method. The samples were prepared according to the procedure described above
(Sample preparation). The mean peak area of endogenous components in the 6 blank matrix samples
should be less than 20% of the LLOQ for ciprofloxacin and less than 5% of the mean IS response.

Stability

The stability of ciprofloxacin and ciprofloxacin-d8 in the stock solutions was evaluated for 3 years at
-80°C by comparing it with a freshly prepared stock solution.

The stability of ciprofloxacin in Omniplasma and ultrafiltrate was evaluated at room temperature,
following storage at -80°C, and 3 freeze—thaw cycles. Two QC samples (low and high) were analyzed
after 24 hours and 96 hours at room temperature (+20°C), after 3 months of storage at -80°C, and
after 3 freeze (-80°C) and thaw cycles (+20°C) with minimum intervals of at least 24 hours. The
autosampler stability was evaluated after 48 hours at 15°C. In addition, the stability of ciprofloxacin
in Omniplasma was assessed after 4 years of storage at -80°C by comparing QC low and high with
freshly prepared QC samples. All stability experiments were performed in triplicate. The QC stability
samples were quantified based on a freshly prepared calibration curve.

Ciprofloxacin and ciprofloxacin-d8 are considered stable in stock and working solutions when 95%—
105%, respectively, of the initial concentration is recovered and 85%— 115% for ciprofloxacin in the
matrix.

65



Additional Validation Procedures to Improve Feasibility of the Method in Research and Clinical
Practice

To ensure the applicability of the assay in clinical practice, accuracy and precision were tested using
different collection tubes: (1) EDTA, (2) heparin, (3) heparin with gel, (4) citrate, and (5) serum, all
purchased from Becton Dickinson (Plymouth, United Kingdom).

For each type of collection tube, low and high QCs were prepared in plasma or serum in duplicate
from 3 different healthy volunteers.

An aliquot of 1.0 mL plasma or serum was pipetted out of each blood collection tube into Eppendorf
Safe-Lock tubes, and stock or working solutions were added to prepare samples at QC high and low,
respectively (Preparation of Calibration Standards, QCs, and IS Solutions). Subsequently, the
Eppendorf tubes were vortexed at maximum speed for 1 minute and centrifuged at 2750g for 10
minutes.

This process was repeated for all 60 blood samples. For the heparin tubes with gel, 1.0 mL plasma
was pipetted out of the serum tube into another empty heparin tube with gel, after which the
aforementioned steps were repeated.

Total ciprofloxacin concentrations were quantified in all samples using a freshly prepared calibration
curve in Omniplasma.

The accuracy and precision of the measurements in the different blood collection tubes were
calculated. Acceptable levels of accuracy were 85%—115% and £15% for imprecision.
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Results
HPLC-MS/MS

The overall run time was 1.5 minutes while the retention time of ciprofloxacin and ciprofloxacin-d8
was 0.82 minutes. The chromatogram exhibited a small symmetrical peak with a baseline of 0.04
seconds.

Validation Results
Regression Models

Linear calibration curves were fitted to the observed area ratios (ciprofloxacin/ciprofloxacin-d8). The
intercept was fixed at 0, with a mean slope of 0.9996 (n = 6, range 0.9992-0.9999). The mean
coefficient of determination (R%) was 0.9992 (range 0.9984—0.9999), which was above the acceptable
limit of >0.990. All calculated concentrations of the calibration standards (n = 36) fell within £15% of
their nominal concentrations. The CV was <15% for all samples.

Accuracy and Imprecision

For total and unbound ciprofloxacin plasma concentrations, the mean accuracy ranged from 94.5%—
105.0% and 92.8%—-102.1%, respectively. The intraday imprecision was <7.6% and <7.0%,
respectively, while the interday imprecision was <9.8% and <9.6%, respectively. The accuracy and
imprecision of total ciprofloxacin concentrations above the upper limit of quantification were 97.4%
and 2.4%, respectively, after a 10-fold dilution (Table 1).

Table 1. Assay Performance Data for Total and Unbound Ciprofloxacin (n = 6 per Run, n = 36 Total)

QC Level (Nominal Concentration) Accuracy (%) Intraday Imprecision Interday Imprecision
(%) (%)

Total ciprofloxacin plasma concentrations

LLOQ 105.0 2.0 3.0

Low 94.5 4.9 6.4

Mid 100.2 4.1 3.6

High 99.5 7.6 9.8

>ULOQ (n =5) 97.4 2.4 Not available
Unbound ciprofloxacin plasma concentrations

LLoQ 101.7 5.3 7.4

Low 92.8 4.0 4.8

Mid 102.1 4.6 5.4

High 101.9 7.0 9.6

Matrix Effects

The absolute matrix effect was 4.0 for ciprofloxacin. The relative matrix effect was 1.0, and the
coefficients of variation were below 3%.

Carryover

The peak area in the blank samples (n = 6) was less than 20% of the peak area of the LLOQ and less
than 5% of the IS of the LLOQ and thus deemed acceptable.
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Selectivity and Specificity

No interfering components were observed; the mean peak area of endogenous components was less
than 20% of the peak area of the LLOQ and less than 5% of the mean peak area of the IS response.

Stability
Ciprofloxacin and ciprofloxacin-d8 in the stock solution remained stable for at least 3 years at -80°C.

Ciprofloxacin in plasma and in ultrafiltrate was stable for at least 96 hours at room temperature
(£20°C) and for at least 3 months at -80°C. Autosampler stability was established for at least 48
hours. Ciprofloxacin in plasma and ultrafiltrate was stable for at least 3 freeze/thaw cycles (-80°C),
with a minimum interval of 24 h. In addition, ciprofloxacin in Omniplasma remained stable for at least
4 years at -80°C.

Additional Validation Procedures for Application in Research and Clinical Practice

For total ciprofloxacin plasma concentrations, the accuracy ranged from 93% to 106% and the
imprecision was <6.1% for all 5 types of blood collection tubes (Table 2). Thus, assay performance
was adequate when samples were obtained in the following blood collection tubes and processed
directly after sample collection: EDTA tubes, heparin tubes with and without gel, citrate tubes, and
serum tubes.

Table 2. Accuracy and Imprecision of Blood Collection Tubes Containing Different Anticoagulants or Serum

Blood Collection Tube Accuracy (%) Imprecision (%)
Low QC (n =3), High QC (n=3), LowQC(n=3), HighQC(n=3),
(0.150 mg/L) (4.00 mg/L) (0.150 mg/L) (4.00 mg/L)

EDTA tube 102.2 100.2 3.9 6.2

Heparin tube 98.6 95.0 4.1 5.7

Heparin gel tube 101.5 97.3 2.6 3.6

Citrate tube 100.1 97.9 3.2 4.0

Serum tube 103.4 102.0 2.8 25

Acceptable accuracy 85%—115% and acceptable imprecision +15%.
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Discussion

An LC-MS/MS assay was successfully developed and validated for the quantification of total and
unbound ciprofloxacin concentrations in human plasma. This assay exhibited 4 major improvements
over previously published assays:'%! (1) the validation of unbound ciprofloxacin quantification; (2)
the LLOQ of 0.020 mg/L was substantially lower than the lowest LLOQ previously reported (0.050
mg/L);%° (3) using only 10 uL of plasma volume, which was substantially lower than that previously
reported (50 uL),*® making this assay also suitable for concentration measurement in neonates and
infants; and (4) demonstrating the usability of different types of blood collection tubes. This enables
the use of residual material from blood samples collected for other purposes, which enables research
on (unbound) ciprofloxacin PK/PD targets and postdetermination measurement in clinical practice.

This assay reliably facilitates the measurement of total and unbound ciprofloxacin concentrations in
patient samples. Although currently the PK/PD target is determined for total concentrations,
unbound ciprofloxacin is also pharmacologically active. This assay can be used to further explore the
relationship between unbound ciprofloxacin concentrations and clinical outcomes.

This study had certain limitations. First, the measurement of unbound ciprofloxacin plasma
concentrations was not validated for all blood collection tubes. Moreover, a matrix effect was
observed; however, because the IS ciprofloxacin-d8 was able to effectively compensate for these
effects, no negative consequence of this effect on assay performance is expected. Finally, the IS
solution was stored at -20°C, whereas stability was assessed at -80°C.
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Conclusions

The presented method is precise and accurate and has been implemented in clinical care and
research projects at a university hospital, permitting fast determination of total and unbound
ciprofloxacin. In addition, it can be used to improve antibiotic dosing in clinical practice by facilitating
research on PK/PD targets using unbound ciprofloxacin plasma concentrations.
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Abstract

Limited prospective data on pharmacokinetic/pharmacodynamic (PK/PD) target attainment of
ciprofloxacin in patients with adequate and impaired renal function (eGFR <30 mL/min/1.73m?) are
available in the literature. We aimed to investigate whether the PK/PD target (AUC/MIC 2125) is
attained in patients with adequate and impaired renal function receiving regular and reduced
ciprofloxacin doses.

This prospective observational cohort study included adult patients on general wards treated with
ciprofloxacin. Three blood samples per patient were obtained for ciprofloxacin concentration
measurement. Individual AUCs were calculated using a population PK model developed by non-linear
mixed-effects modelling.

Forty patients were included, of whom eight had impaired renal function and were treated with a
guideline-recommended reduced dose. Using the clinical breakpoint MIC of the most isolated
bacteria (Escherichia coli, 0.25 mg/L), AUCo_,4/MIC 2125 was attained in 13/32 (41%) patients with
adequate renal function receiving regular doses and in 1/8 (13%) patients with impaired renal
function receiving reduced doses. Median drug exposure (AUCo-24) for patients with impaired renal
function was 19.0 [interquartile range (IQR) 14.2-23.3] mg/Leh, which was statistically significantly
lower than that for patients with adequate renal function [29.3 (IQR 25.0-36.0) mg/Leh] (P < 0.01).

AUCo-,4/MIC 2125 is not attained in the majority of adult patients on general wards for clinically
relevant bacteria with MICs at or just below the clinical breakpoint. The risk of not attaining the
target appears to be highest in patients with impaired renal function receiving guideline-
recommended reduced doses, as drug exposure is significantly lower in these patients.
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Introduction

Early and adequate antibiotic treatment is associated with decreased mortality in hospitalised
patients.! Underdosing can result in treatment failure and can promote the emergence of
antimicrobial resistance, whilst overdosing may lead to potentially harmful side effects.?

The fluoroquinolone antibiotic ciprofloxacin is frequently prescribed both in inpatient and outpatient
settings and its activity mainly includes Gram-negative bacteria, of which Enterobacterales and
Pseudomonas aeruginosa are the most clinically relevant.?

Antibiotic dosing is generally considered to be optimal when the pharmacokinetic/pharmacodynamic
(PK/PD) target is attained. For ciprofloxacin, this target is defined as the ratio of the area under the
concentration—time curve (AUC) over the minimum inhibitory concentration (MIC), with the MIC
being the lowest concentration of an antibiotic that prevents visible growth of bacteria in vitro.*
Attaining the PK/PD target of AUC/MIC 2125 for total ciprofloxacin exposure is associated with
clinical and microbiological cure of lower respiratory tract infections, bacteraemia, wound and soft
tissue infections, and complicated urinary tract infections, mainly caused by P. aeruginosa or other
Gram-negative bacteria.>® However, it has been shown that AUC/MIC 2125 is often not attained in
critically ill patients or in patients on general wards treated with recommended doses of ciprofloxacin
(200-1500 mg/day).”°

Ciprofloxacin is primarily eliminated renally. Therefore, dose reductions are recommended for
patients with an estimated glomerular filtration rate (eGFR) of <30 mL/min/1.73m?2.'*'® These dose
reductions are based on extrapolations from small studies mostly investigating the PKs of
ciprofloxacin after a single, full, unadjusted dose in volunteers with impaired renal function, but
without an infection.'’-?* However, ciprofloxacin is also metabolised and partly excreted through the
biliary system. This alternative elimination pathway may compensate for reduced elimination
through the kidneys in patients with impaired renal function. Therefore, the correlation between
eGFR and total clearance of ciprofloxacin might not be directly proportional.2>

To the best of our knowledge, it has not been previously prospectively investigated whether the
PK/PD target of AUC/MIC 2125 is attained in patients on general wards with impaired renal function
treated with the recommended reduced dose of ciprofloxacin. Therefore, the aim of this study was to
investigate (i) whether the PK/PD target of ciprofloxacin (AUC/MIC 2125) is attained in the first 24 h
of treatment in adult patients on general wards with adequate and impaired renal function receiving
regular and reduced doses of ciprofloxacin, respectively, and (ii) whether the guideline-
recommended dose reduction of ciprofloxacin for patients with impaired renal function results in a
drug exposure similar to the guideline-recommended regular dose in patients with adequate renal
function.
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Methods

Study design

All patients in this prospective observational cohort study (January—August 2018) were hospitalised
on general surgical or non-surgical wards of the Amsterdam University Medical Centre (Amsterdam
UMC), location Academic Medical Centre (AMC), the Netherlands.

Patients and data collection

Eligible patients were adults (age >18 years) treated with ciprofloxacin orally or intravenously based
on a (suspected) bacterial infection (i.e. no prophylaxis) at the discretion of the treating physician
while being hospitalised on a general ward. Eligibility was irrespective of renal function or
administered dose. We excluded patients on renal replacement therapy and severely burned patients
because of altered PKs such as increased volume of distribution and severely impaired clearance or,
controversially, glomerular hyperfiltration.?>%

Regular doses of ciprofloxacin according to Dutch national guidelines were 500 mg orally (p.o.) or the
intravenous (i.v.) equivalent of 400 mg every 12 h (q12h), based on an oral bioavailability rate of
ciprofloxacin of 70-80%, irrespective of the kind of infection being treated.***?” Higher doses of
ciprofloxacin (750 mg p.o. q12h or the i.v. equivalent of 400 mg every 8 h) were recommended for
infections where penetration to the infection site may be difficult (e.g. osteomyelitis). Daily doses
were halved in patients with impaired renal function (eGFR <30 mL/min/1.73m?), either by reducing
the dose per administration (250 mg p.o. or 200 mg i.v. q12h) or by doubling the dosing interval [500
mg p.o. or 400 mg i.v. every 24 h (q24h)]** . The infusion time of ciprofloxacin was 400 mg/h.

Patient characteristics, concomitant use of other antibiotics, and data regarding dose and time of
administration of ciprofloxacin were retrieved from the patient’s electronic health record and in-
dependently checked by a second investigator. Additionally, information about the dosing regimen
and time of administration of ciprofloxacin was checked with the responsible nurse and the patient.
Laboratory measurements including eGFR, creatinine, aspartate aminotransferase (ASAT), alanine
aminotransferase (ALAT), and administration of co-medication influencing the oral absorption of
ciprofloxacin were recorded during the whole course of treatment with ciprofloxacin. GFR was
estimated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) creatinine
equation.?®%

Ethical considerations

This study was conducted in accordance with the Good Clinical Practice guidelines and the provisions
of the Declaration of Helsinki.3*3! The research protocol was approved by the certified Medical Ethics
Committee of the AMC, also known as an institutional review board, and registered at the Dutch Trial
Register. All patients provided written informed consent; legally incompetent adults were excluded.

Procedures

We aimed to prospectively collect three venous heparin anticoagulated blood samples per patient by
venipuncture, consisting of one trough concentration and two concentrations in the first 4 h of the
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dosing interval. Therefore, the preferred sampling scheme was: (i) just before p.o. or i.v.
administration, reflecting a trough concentration; (ii) 0-30 min after i.v. or 30-60 min after p.o.
administration; and (iii) 1-4 h after p.o. and i.v. administration, the latter two aiming to capture the
absorption and distribution phase of ciprofloxacin.

Additionally, waste material was collected to enrich the data set with more concentration—-time data
points. The date and time of all those samples were registered in the patient’s electronic health
record.

Ciprofloxacin concentration measurement

Collected blood samples were centrifuged immediately and plasma was stored at —80 °C at the
clinical laboratory of the pharmacy department of the Amsterdam UMC, location AMC. Total and
unbound ciprofloxacin plasma concentrations were analysed using a validated liquid
chromatography—tandem mass spectrometry (LC-MS/MS) assay within 3 months after sample
collection. Detailed information on ciprofloxacin concentration measurement is available in the
Appendix.

Minimum inhibitory concentration determination

Cultures were obtained for all patients. Bacteria were identified by Gram stain, colony morphology
and matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDITOF/MS).
MICs of clinically relevant bacteria were measured using a validated Etest (bioMérieux, Marcy-
I’Etoile, France) if bacteria could be preserved. Detailed information on MIC measurement is available
in the Appendix.

Outcomes

The primary outcome was the percentage of patients achieving an AUC/MIC ratio 2125 in the first 24
h of ciprofloxacin treatment (AUCo.24/MIC 2125), first using the clinical breakpoint MIC of
ciprofloxacin for the most frequently isolated bacteria, second using the epidemiological cut-off
(ECOFF) value that distinguishes between bacteria with and without phenotypically expressed
resistance mechanisms, both values according to the European Committee on Antimicrobial
Susceptibility Testing (EUCAST), and third using the actually measured MIC values.3%33

Secondary outcomes were the percentage of patients achieving AUC/MIC 2125 after 24—48 h of
treatment (AUCzs.45/MIC 2125), drug exposure in the first 24 h (defined as AUCo—24) and drug
exposure after 24-48 h of treatment (AUC;4-4s).

Clinical outcome was determined as an exploratory outcome and was defined according to the
following individual parameters (not as a composite endpoint): 30-day and 3-month mortality after
start of treatment with ciprofloxacin, admission to the intensive care unit, hospital length of stay,
days of fever (238.5 °C) after start of treatment with ciprofloxacin, or switch to an antibiotic with
more broad-spectrum activity within 48 h of treatment.
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Sample size

Because no data were available in the literature on the percentage of patients with impaired renal
function attaining AUCo_,4/MIC 2125 to base the sample size calculation on, we based our sample size
calculation on the second-best available data, namely detecting an association between renal
function and total clearance of ciprofloxacin.

We used a stochastic simulation and estimation (SSE) procedure as implemented in Perl-speaks-
NONMEM (PsN) v.3.5.3 software (Uppsala University, Uppsala, Sweden) for sample size calculation.
With an SSE procedure, one can calculate how many patients need to be included, given a chosen
blood sample collection scheme and an available population PK model, to detect an association
between renal function and ciprofloxacin clearance. For this procedure, the population PK model
reported by Cios et al. was used.?*

The result was that with the inclusion of 20 patients, of whom 4 had an eGFR <30 mL/min/1.73m?, it
is possible to detect an association between renal function and total clearance of ciprofloxacin with a
power of 295% at a significance level of 5%. This calculation is based on the collection of three
samples per patient, including at least one trough sample, and that eGFR values in the patient
population ranged between 15-115 mL/min/1.73m?2 Since this study was conducted in real-life
clinical practice in patients with infections, in which collection and timing of blood samples can be
challenging, we anticipated that we would not be able to obtain exactly three samples for every
single patient (including at least one trough sample) and therefore decided to take a safety margin
around the calculated sample size and aimed to include 40 patients including 8 with an eGFR <30
mL/min/1.73m?.

Population pharmacokinetic data analysis for AUC calculation

To calculate the AUC for each individual patient, a PK model using the obtained ciprofloxacin
concentration—time data was developed by means of non-linear mixed effects modelling (NONMEM)
using the software package NONMEM v.7.3 (Icon Development Solutions, Ellicott City, MD, USA).

In short, first an integral structural compartmental population PK model for both intravenously and
orally administered ciprofloxacin was developed. Second, a covariate analysis was performed in
which patient demographics and pathophysiological factors (e.g. renal function) were tested for their
association with the estimated clearance and volume of distribution parameters by univariate and
subsequent multivariate analysis. This yielded the final model. Third and last, the robustness and
validity of the final model was tested with respectively a bootstrap analysis and a visual predictive
check using PsN v.3.5.3 software. Detailed information on methodological model building is available
in the Appendix.

The AUC for individual patients was calculated by Bayesian estimation (‘Posthoc’ in the SESTIMATION
step of NONMEM software) using all available time points.37

Statistical analysis

Percentages of patients attaining and not attaining AUC/MIC 2125 were calculated both for the group
of patients with adequate renal function and the group of patients with impaired renal function
(eGFR < 30 mL/min/1.73m?). The Mann-Whitney U-test was used to compare drug exposure (AUC)
between patients with adequate and impaired renal function. Differences were considered
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statistically significant at a P-value of < 0.05. Parameters of clinical outcome were individually
explored using descriptive statistics. Statistical analysis was performed using IBM SPSS Statistics v.25
(IBM Corp., Armonk, NY, USA).

Monte Carlo dosing simulations

Using the final population PK model, drug exposure in the first 24-h of treatment (AUCo-,4) following
three different dosing regimens was predicted for patients with impaired renal function based on
Monte Carlo simulations: (i) the guideline-recommended dose reduction (50% dose reduction, i.e.
500 mg p.o. or 400 mg i.v. g24h, or 250 mg p.o. or 200 mg i.v. q12h in the same ratio as in the
observed data); (ii) a 25% dose reduction (i.e. 750 mg p.o. or 600 mg i.v. g24h); or (iii) a 12.5% dose
reduction (i.e. 875 mg p.o. or 700 mg i.v. q24h). Additionally, AUCo-,4 was predicted for patients with
adequate renal function based on Monte Carlo simulations, following the regular dosing regimen (i.e.
1000 mg p.o. or 800 mg i.v. g24h, or 500 mg p.o. or 400 mg i.v. g12h in the same ratio as in the
observed data). Simulations generated drug exposures for 8000 virtual patients with impaired renal
function and 32 000 virtual patients with adequate renal function (in the same ratio as in the
observed data, for all three dosing regimens). The distribution of eGFR values within the simulated
groups of patients (patients with impaired and adequate renal function) was the same as for the
observed distribution of eGFR values in both groups. Drug exposure was compared between patients
with impaired renal function receiving one of the three different dose reduction regimens and
patients with adequate renal function receiving the regular dosing regimen.

Additionally, the probability of PK/PD target attainment (AUCo-,4/MIC 2125) at different MICs was
predicted based on these simulated data.
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Results
Patients and ciprofloxacin concentrations

A total of 40 patients were included, of which 28 patients were initially treated orally and 12
intravenously. Eight patients had an impaired renal function (eGFR < 30 mL/min/1.73m?), all of which
were treated with a recommended reduced dose of ciprofloxacin: in six patients the dose was halved
(250 mg p.o. or 200 mg i.v. q12h) and in two patients the dose interval was doubled (500 mg p.o. or
400 mg i.v. q24h). Patients with adequate and impaired renal function were well balanced with
respect to all patient characteristics, except for creatinine, eGFR and administered dose of
ciprofloxacin (Table 1).

For the population PK model, 186 samples were available, of which 45 samples (24%) were collected
within the first 48 h after the start of treatment with ciprofloxacin and 22 within the first 24 h. Most
samples were collected after oral administration (n = 169; 91%). We collected 36 samples (19%)
according to the predefined sampling scheme and the other 150 (81%) originated from waste
material and as such contributed to random timing of sample collection. Sampling time as registered
in the patient’s electronic health record was used for the population PK model.

Of the 40 patients, 9 (23%) had less than three samples available owing to the patient declining
additional venipunctures or failure to collect blood by venipuncture due to difficult venous access. Of
the 186 samples, 2 resulted in a ciprofloxacin plasma concentration below the lower limit of
quantitation (LLOQ); both were collected > 48 h after the end of treatment with ciprofloxacin. These
samples were handled by using a value of 0.5 x LLOQ. Total and unbound plasma concentrations
were determined in 186 and 127 samples, respectively. The mean fraction of unbound ciprofloxacin
was 0.71 (95% confidence interval 0.69-0.73) and was independent of the total ciprofloxacin plasma
concentration, indicating linear plasma protein binding (Fig. 1).
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Table 1. Patient characteristics (n = 40) stratified by renal function

Characteristic Adequate renal function (eGFR 230 Impaired renal function (eGFR <30
mL/min/1.73m?) (n = 32) mL/min/1.73m?) (n = 8)
Female sex 10 (31%) 4 (50%)
Age (years) 67 (23-90) 69 (38-91)
Body mass index (kg/m?) 25 (18-53) 26 (20-38)
Creatinine (umol/L) 93 (32-229) 257 (187-633)
eGFR (mL/min/1.73m?) 2 70 (33-120) 20 (6-26)
Initial standard dose 32 (100%) -
500 mg p.o. q12h 18 (56%)
400 mgi.v. q12h 8 (25%)
750 mg p.o. q12h 4 (13%)
400 mgi.v. q8h 2 (6%)
Initial reduced dose - 8 (100%)
250 mg p.o. q12h 4 (50%)
200 mgi.v. q12h 2 (25%)
500 mg p.o. q24 2 (25%)
Infection site
Urinary tract infection 12 (38%) 4 (50%)
Pneumonia 10 (31%) —
Abdominal infection 5(16%) 2 (25%)
Skin and soft-tissue infection 5 (16%) 2 (25%)
Co-morbidities 29 (91%) 7 (88%)
Cardiovascular 21 (66%) 4 (50%)
Diabetes mellitus 16 (50%) 5 (63%)
Immunosuppressive 8 (25%) 3 (38%)
Other 13 (41%) 5 (63%)
Concomitant use of other antibiotics
B-Lactam 17 (53%) 2 (25%)
Clindamycin 2 (6%) 2 (25%)
Monotherapy 12 (38%) 3 (38%)
Other 1(3%) 2 (25%)
Concomitant use of drugs possibly interfering with 12 (38%) 4 (50%)

absorption of ciprofloxacin ®
NOTE: Data are expressed as median (range) or n (%).
eGFR, estimated glomerular filtration rate; p.o., orally; q12h, every 12 h; i.v., intravenous; q8h, every 8 h; q24h, every 24 h.
All characteristics were determined at the start of treatment with ciprofloxacin.

2 Estimated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula.282°

b Drugs possibly interfering with the absorption of ciprofloxacin administered within 2 h before until 4 h after oral administration of
ciprofloxacin: aluminium and magnesium antacids, sucralfate, calcium, bismuth, zinc and iron salts, and polymeric phosphate binders (all
possibly leading to reduced absorption) and metoclopramide (possibly leading to faster absorption).

Unbound ciprofloxacin concentration
(mg/L)

0 T T T 1
0 2 4 6 8
Total ciprofloxacin concentration
(mg/L)

Fig. 1. Total and unbound ciprofloxacin plasma concentrations. The solid line represents the mean fraction of unbound ciprofloxacin; y =
0.71x; Pearson correlation coefficient, 0.98.
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Minimum inhibitory concentration determination

Cultures were obtained from all patients; 22 (55%) of the 40 patients showed positive cultures, from
which 24 clinically relevant bacteria were isolated. Of the 24 isolated bacteria, MICs could be
measured by Etest for 7 bacteria; all bacteria showed MICs of <0.023 mg/L (Table 2).

Table 2. MICs of ciprofloxacin (clinical breakpoint and ECOFF according to EUCAST and measured MIC values) stratified by bacterial
species3233

Species No. of times isolated (n) Clinical breakpoint (mg/L)3? ECOFF (mg/L) 3 MIC measured by Etest (mg/L)
Escherichia coli 7 0.25 0.064 0.012
0.008
0.023
0.012
Pseudomonas aeruginosa 6 0.5 0.5 o
Enterobacter cloacae 3 0.25 0.125 0.023
0.004
Klebsiella aerogenes 1 0.25 0.125 *
Klebsiella pneumoniae 1 0.25 0.125 i
Klebsiella oxytoca 1 0.25 0.125 *
Proteus mirabilis 1 0.25 0.064 *
Citrobacter freundii 1 0.25 -2 0.008
Morganella morganii 1 0.25 0.125 S
Serratia marcescens 1 0.25 -2 *
Acinetobacter baumannii 1 0.06 1.0 *

MIC, minimum inhibitory concentration; ECOFF, epidemiological cut-off value; EUCAST, European Committee on Antimicrobial
Susceptibility Testing.

* |solate(s) could not be preserved.

a — Data not provided.

Population pharmacokinetic analysis

Detailed information on the results of model development is available in the Appendix. In brief, a
one-compartmental model provided the best fit. Between-patient variability could be estimated for
volume of distribution and clearance. Residual variability was modelled with a proportional error
model and was estimated to be 39%. Univariate analysis revealed that there was a statistically
significant association between eGFR and clearance of ciprofloxacin (CL):

CL(L/h) = 21.1 x (eGFR/70)%%"7 (A1)

As observed in the visual predictive check, the final model was capable of predicting the individual
observed concentration—time data without bias and was thus valid to be used for the AUC
calculations (Appendix, Figs A.2—A.6).

Pharmacokinetic/pharmacodynamic target attainment

Using the clinical breakpoint MIC for the most frequently isolated bacteria, i.e. Escherichia coli (MIC =
0.25 mg/L), which is also the clinical breakpoint MIC of most other isolated bacteria in our study
(Table 2), target attainment (AUCo-24/MIC 2125) was 41% (13/32) in patients with adequate renal
function receiving a regular dose and 13% (1/8) in patients with impaired renal function receiving a
reduced dose (Fig. 2). After 24—48 h of treatment with ciprofloxacin, target attainment (AUCas4-48/MIC
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>125) using this clinical breakpoint MIC (0.25 mg/L) improved from 41% to 72% for patients with
adequate renal function. However, for patients with impaired renal function receiving a reduced
dose, target attainment remained at 13%.

The PK/PD target of AUCo-,4/MIC 2125 using the ECOFF value for the most frequently isolated
bacteria, i.e. E. coli (ECOFF = 0.064 mg/L), was attained in 31 (97%) of the 32 patients with adequate
renal function receiving a regular dose and in all 8 patients (100%) with impaired renal function
receiving a reduced dose. However, AUCo-,4/MIC 2125 using the ECOFF value for the second most
frequently isolated bacteria, i.e. P. aeruginosa (ECOFF = 0.5 mg/L) was attained in none (0%) of the 32
patients with adequate renal function receiving a regular dose and in none (0%) of the 8 patients
with impaired renal function receiving a reduced dose. Most other isolated bacteria had an ECOFF
value of 0.125 mg/L (Table 2), which would result in target attainment of 94% in patients with
adequate renal function receiving a regular dose and of 63% in patients with impaired renal function
receiving a reduced dose (Fig. 2).

Using the actually measured MICs of the isolated bacteria (£0.023 mg/L), AUCo-,4/MIC 2125 was
attained in all patients (Fig. 2).

100=
80+
- eGFR >30ml/min/1.73m?
60— . 2
& ¢GFR <30ml/min/1.73
AUC, 4/MIC 2125 (%) R
40
20+
0 T ] 1
0.0625 0.125 0.25 0.5
MIC (mg/L)

Fig. 2. Calculated percentage of patients attaining the pharmacokinetic/pharmacodynamic (PK/PD) target of AUCo2/MIC 2125 at different
MIC values (0.0625, 0.125, 0.25 and 0.5 mg/L) for patients with adequate renal function (eGFR 230 mL/min/1.73m?, with most frequently
prescribed ciprofloxacin dose of 500 mg p.o. q12h) and for patients with impaired renal function (eGFR <30 mL/min/1.73m?2, with most
frequently presribed ciprofloxacin dose of 250 mg p.o. q12h). AUCo-2/MIC, 24-h area under the concentration-time curve over the
minimum inhibitory concentration; MIC, minimum inhibitory concentration; eGFR, estimated glomerular filtration rate; p.o., orally; q12h,
every 12 h.

Drug exposure and clinical outcome

Median drug exposure in the first 24-h of treatment (AUCo-,4) for patients with impaired renal
function receiving a reduced dose was 19.0 [interquartile range (IQR) 14.2-23.3] mg/Leh, which was
statistically significantly lower than the median AUCo-,4 for patients with adequate renal function
receiving a regular dose [29.3 (IQR 25.0-36.0) mg/Leh] (P < 0.01) (Fig. 3). Median drug exposure
remained significantly lower for patients with impaired renal function after 24—48 h of treatment
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[AUCa4-43 impaired renal function, 23.7 (IQR 17.7-28.2) mg/Leh, vs. AUCs-45 adequate renal function,
37.9 (IQR 28.8-43.0) mg/Leh; P < 0.01].

When patients receiving higher doses of ciprofloxacin (1500 mg/day p.o. or 1200 mg/day i.v., n = 6)
were excluded from this analysis, median drug exposure remained statistically significantly lower for
patients with impaired renal function [AUCo—4 impaired renal function, 19.0 (IQR 14.2-23.3) mg/Leh
vs. AUCo-»4 adequate renal function, 29.1 (IQR 24.9-35.1) mg/Leh; P < 0.01]. No differences were
observed for the individual parameters of clinical outcome between patients of the different renal
function groups (Table 3).
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Fig. 3. Median ciprofloxacin exposure in the first 24-h (AUCo-24) and 24—48 h (AUCz4.4s) after treatment with ciprofloxacin for patients with
adequate renal function (eGFR 230 mL/min/1.73m?, with most frequently prescribed ciprofloxacin dose of 500 mg p.o. q12h) and for
patients with impaired renal function (eGFR <30 mL/min/1.73m?, with most frequently prescribed ciprofloxacin dose of 250 mg p.o. q12h).
eGFR, estimated glomerular filtration rate; p.o., orally; q12h, every 12 h.

Table 3. Clinical outcome of patients (n = 40) stratified by function.

Outcome Adequate renal function Impaired renal function
(eGFR 230 mL/min/1.73m?) (eGFR <30 mL/min/1.73m?)
(n=32) (n=8)

30-day mortality after start of ciprofloxacin 0 0

treatment (n)

3-month mortality after start of ciprofloxacin 1 0

treatment (n)

Admission to ICU [n (%] 6 (19%) 2 (25%)

Hospital LOS after start of ciprofloxacin 8.5 (2-46) 4.5 (1-58)

treatment (days) [median (range)]

Switch to antibiotic with more broad- 0 1

spectrum activity (n)
NOTE: Data are expressed as median (range) or n (%). GFR, estimated glomerular filtration rate; ICU, intensive care
unit; LOS, length of stay.
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Monte Carlo dosing simulations

Of the three dosing regimens for patients with impaired renal function, a 25% dose reduction of the
regular daily dose (i.e. 750 mg p.o. or 600 mg i.v. q24h, dosing regimen C) showed most equivalent
drug exposure in the first 24-h of treatment [median AUCqo-24, 26.3 (IQR 19.2—-34.5)] compared with
patients with adequate renal function receiving a regular dose [median AUCo-24, 25.3 (IQR 18.6—33.5)]
(Fig. 4).

Additionally, with this 25% dose reduction (dosing regimen C), the probability of PK/PD target
attainment (AUCo-,4/MIC 2125) for patients with impaired renal function was almost equivalent to
that in patients with adequate renal function receiving a regular dose, at all MIC values. For instance,
using an MIC of 0.125 mg/L, the probability of PK/PD target attainment was 86% for patients with
impaired renal function compared with 94% for patients with adequate renal function, and using an
MIC of 0.25 mg/L the percentages were 34% and 41%, respectively (Fig. 5).
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Fig. 4. Median ciprofloxacin exposure in the first 24-h of treatment (AUCo.24) from 1000-subject Monte Carlo simulations for different
dosing regimens: (A) patients with adequate renal function receiving a regular daily dose [1000 mg p.o. or 800 mg i.v. (median 25.3 (IQR
18.6-33.5) mg/L*h]; (B) patients with impaired renal function receiving the guideline-recommended dose reduction (50% dose reduction)
[500 mg p.o. or 400 mg i.v. g24h (median 15.5 (IQR 11.0-20.5) mg/L*h]; (C) patients with impaired renal function receiving a 25% dose
reduction [750 mg p.o. or 600 mg i.v. q24h (median 26.3 (IQR 19.2-34.5) mg/L*h]; and (D) patients with impaired renal function receiving a

12.5% dose reduction [875 mg p.o. or 700 mg i.v. q24h (median 30.9 (IQR 22.5-41.1) mg/L*h]. p.o., orally; i.v., intravenous; q24h, every 24
h; IQR, interquartile range.
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Fig. 5. Probability of pharmacokinetic/pharmacodynamic (PK/PD) target attainment of AUCo.2a/MIC 2125 (%) for patients with impaired
renal function (eGFR <30 mL/min/1.73m2) from 1000-subject Monte Carlo simulations at different MIC values (0.0625, 0.125, 0.25 and 0.5
mg/L) for different dosing regimens: (A) reference [patients with adequate renal function receiving a regular dose (1000 mg p.o. or 800 mg
i.v. g24h)]; (B) 50% dose reduction (500 mg p.o. or 400 mg i.v. g24h); and (C) 25% dose reduction (750 mg p.o. or 600 mg i.v. q24h). AUCO.
24/MIC, 24-h area under the concentration—time curve over the minimum inhibitory concentration; eGFR, estimated glomerular filtration
rate; MIC, minimum inhibitory concentration; p.o., orally; i.v., intravenous; q24h, every 24 h.
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Discussion

This study shows that the PK/PD efficacy target of AUCo—4/MIC 2125 is not attained in the majority of
adult patients on general wards treated with current dosing regimens of ciprofloxacin (500-1500
mg/day p.o. or 400-1200 mg/day i.v.) for clinically relevant bacteria with MICs at or just below the
clinical breakpoint (0.25 mg/L). For bacteria where the MIC was actually measured, all patients
attained the PK/PD efficacy target because all measured MICs were far below the ECOFF value of
relevant bacteria. The risk of not attaining the PK/PD target for clinically relevant bacteria with MICs
at or just below the clinical breakpoint appears to be highest in patients with impaired renal function
receiving a guideline-recommended reduced dose of ciprofloxacin.

After 24-48 h of treatment with ciprofloxacin, the percentage of patients with adequate renal
function receiving a regular dose that attained the PK/PD target increased from 41% to 72%,
indicating that steady-state was not reached within the first 24 h of treatment. Yet target attainment
remained at only 13% for patients with impaired renal function receiving a reduced dose after 24—48
h of treatment, which further illustrates the low ciprofloxacin exposure in this subset of our
population. In addition, our results show that ciprofloxacin exposure is not equivalent but is
statistically significantly lower in patients with impaired renal function receiving a reduced dose
compared with patients with adequate renal function receiving a regular dose. This is of importance
since the rationale behind the guideline-recommended dose reduction of ciprofloxacin in patients
with impaired renal function is to achieve drug exposure equivalent to exposure in patients with
adequate renal function receiving a regular dose. To achieve equivalent drug exposure, we therefore
postulate that the daily dose of ciprofloxacin should be reduced to 75% of the regular dose, instead
of the currently recommended 50% dose reduction, as shown by the results of our Monte Carlo
dosing simulations (Fig. 4). This is also supported by results of other studies which showed that non-
renal clearance of ciprofloxacin increases in patients with impaired renal function to compensate for
the reduced renal clearance.?* Additionally, the results of our study showed that there was a non-
linear association between renal function and ciprofloxacin clearance, indicating that the decrease in
renal function is not directly proportional to the decrease in ciprofloxacin clearance (Appendix, Fig.
A.1). Another reason why the current dose reduction in patients with impaired renal function may be
too large might be that recommended dose reductions of antibiotics, including ciprofloxacin, are
based on studies enrolling patients with chronic renal impairment in whom the decrease in
ciprofloxacin clearance may not be representative for patients with acute renal impairment, who are
often part of the patient population on general wards as also mentioned by Crass et al.*® However, in
our study only two (25%) of the eight patients with impaired renal function showed acute renal
impairment at the start of treatment with ciprofloxacin, which resolved within 48 h in one patient.

Subsequently, one could argue that a loading dose of ciprofloxacin can improve the effect of
ciprofloxacin treatment. Results show an improvement in PK/PD target attainment after 24— 48 h of
treatment, indicating that steady-state is not reached in the first 24 h of treatment. By adding a
loading dose, steady-state is likely to be reached within the first 24 h of treatment and PK/PD target
attainment in this time period may improve accordingly. The need to increase the dose of
ciprofloxacin was also concluded from three other European studies.”?° An important difference
between these studies and our study is that these studies did not make a distinction between
patients with adequate and impaired renal function receiving regular and reduced doses,
respectively. Consequently, these studies could not show that patients with impaired renal function
have an even greater risk of not attaining the PK/PD target compared with patients with adequate
renal function. Of note, increasing the dose of ciprofloxacin for all patients might be controversial
since the European Medicines Agency (EMA) has recently restricted the indications for ciprofloxacin
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use following a review reporting disabling and potentially permanent side effects with
fluoroquinolone use, such as tendonitis and tendon rupture, although those side effects were not
reported to be dose-dependent.* We therefore suggest to only consider an increased daily dose
when suboptimal treatment is suspected despite timely antibiotic treatment according to current
guideline recommendations or in local settings with a relatively high level of antimicrobial drug
resistance.*” The latter was not the case in our study as we identified bacteria with much lower MICs
than the ECOFF, in line with the fact that the majority of patients in clinical practice in the
Netherlands are infected with susceptible strains of bacteria and thus attain AUCo_,4/MIC 2125 with
currently recommended dosing regimens.

Our final population PK model, specifically developed to fit our patient population, was valid for
individual AUC calculations, and the PK parameter estimates were in line with other population PK

models found in the literature.344%42

The biggest strength of this study is that it is innovative in both the methods used as well as the
clinically relevant research questions that are answered. First, this is the first study in which a
population PK model of orally and intravenously administered ciprofloxacin in patients admitted to
general wards is developed and used for calculating target attainment and dosing simulations.
Second, this is the first prospective study comparing PK/PD target attainment in patients with
impaired renal function who receive an adjusted ciprofloxacin dose with a control group of patients
with adequate renal function receiving regular doses. Nevertheless, limitations of this study should
also be considered.

First, only 19% of all collected samples were obtained according to the predefined sampling scheme
as a result of most patients declining additional venipunctures. Therefore, the majority of the
samples originated from waste material. This is suboptimal since the time registration of the
collection of waste material samples may be less accurate and may therefore contribute to the
relatively high residual variability of the final population PK model of 39%. Additionally, only 24% of
the samples was obtained within the first 48 h of treatment with ciprofloxacin, although our
endpoints were AUCo-,4 and AUC,s-13. However, additional analysis showed that the AUC in our
patient population was stable during the whole course of therapy with ciprofloxacin, which was
confirmed by previously published data showing that ciprofloxacin PKs in mild-to-moderately ill
patients were relatively stable and predictable.*

Second, MICs could only be measured with Etest for a small number of the isolated bacteria.
Investigating AUC/MIC =125 based on measured MIC values rather than on clinical breakpoint MICs
or ECOFF values, would generate a better prediction of target attainment for the local setting, but
may on the other hand not be representative for settings with other susceptibility patterns.
Additionally, measuring MICs in the same way as the original PD studies, where the efficacy target of
AUC/MIC 2125 was established using broth microdilution and macrodilution, would be more
accurate.>® However, other studies have shown that Etest results are as reliable as the results
obtained by the standard antimicrobial susceptibility testing methods such as broth microdilution.**

Third, the efficacy target of AUCo-24/MIC 2125 is based on small studies performed in patients with
moderate-to-severe infections, mainly lower respiratory tract or bloodstream infections.>® This
patient population may not be completely generalisable to our patient population consisting of
patients on general wards with mostly urinary tract infections. Although attainment of lower PK/PD
targets than AUC/MIC =125 may not necessarily translate into clinical failure in patients with less
severe infections, we believe that one should not be aiming for less than optimal PK/PD targets. The
targets we are aiming for were derived from seriously ill patients with more severe infections,
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however they identify the optimal killing activity for infections caused by bacteria similar as in our
patient population. Additionally, pursuing this PK/PD target is in line with another study investigating
PK/PD target attainment of ciprofloxacin in patients on general wards.'°

Fourth, different dosing regimens of ciprofloxacin were used for different kinds of infection. Although
this leads to substantial heterogeneity of our patient population, it is representative of real-life
clinical practice and promotes external validation of our study results. Moreover, when patients who
received a higher dose of ciprofloxacin (1500 mg/day p.o. or 1200 mg/day i.v.) were excluded, the
median AUCo-24 remained statistically significantly lower for patients with impaired renal function
receiving a reduced dose.

Fifth, ideally an association between PK/PD target attainment and clinical outcome would be
investigated because the latter remains the most relevant outcome. However, this study was not
powered to link PK/PD target attainment to clinical outcome and therefore we explored clinical
outcome only in a descriptive way (Table 3).

Further research should focus on prospective validation of new dosing recommendations of
ciprofloxacin for patients with impaired renal function to achieve drug exposure equivalent to
patients with adequate renal function. Additionally, since target attainment of AUC/MIC 2125 is
associated with clinical and microbiological cure of Gram-negative infections, attainment of this
target should be prospectively explored with the new recommended dosing regimen.>®

To conclude, the PK/PD target of ciprofloxacin is not attained in the first 24 h of treatment in the
majority of adult patients on general wards for clinically relevant bacteria with MICs at or just below
the clinical breakpoint. The risk of not attaining the target appears to be the highest in patients with
impaired renal function receiving a guideline-recommended reduced dose as drug exposure is
significantly lower in this subgroup of patients compared with patients with adequate renal function
receiving a regular dose. A dose reduction of 25% for patients with impaired renal function seems
adequate to obtain a ciprofloxacin exposure equivalent to patients with adequate renal function. We
are planning to conduct a study to prospectively validate a dose reduction of 25% for patients with
impaired renal function.
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Appendix

Methods

Ciprofloxacin concentration measurement

Total and unbound ciprofloxacin plasma concentrations were analyzed using liquid chromatography—
mass spectrometry (LC-MS/MS), in the positive ionization mode, using a Shimadzu LC-30 Nexera
(Nishinokyo-Kuwabaracho, Japan) coupled to a 5500 QTrap mass spectrometer (ABSciex,
Framingham, Massachusetts, United States of America) within 3 months after sample collection. This
method was fully validated according to the Guidance for Industry, Bioanalytical Method Validation
of the Food and Drug Administration.®

To 10 pl of plasma, 750 pl of a mixture of acetonitrile / methanol / formic acid (419:79:2 v/v/v)
containing the internal standard ciprofloxacin-d8 was added. Subsequently, the samples were

vortexed, centrifuged (2750 g for 5 minutes) and 0.5 pl of the supernatant was injected onto a
Thermo Scientific Hypersil Gold (50 x 2.1 mm, 1.9 pm) chromatographic column.

Acetonitrile containing 5% buffer (1% ammonium formate / 2% formic acid) and ultra-pure water
containing 5% buffer (1% ammonium formate / 2% formic acid), were used as mobile phases. The
flow was 800 pl/min and the column-oven temperature was 40°C. Ciprofloxacin and ciprofloxacin-d8
were analyzed as [M+H]", using the respective mass transitions of 332.1/231.1 and 340.1/235.1. This
method was validated over a concentration range of 0.02 — 5.00 mg/L.

Additionally, for the measurement of the unbound ciprofloxacin plasma concentration, the samples
were thawed, putted into a water bath of 37°C for 30 minutes and mixed after 15 minutes. At least
100 pl of the sample was pipetted into a Nanosep 30K centrifuge cup (PALL corporation, Washington,
United States of America). The ultrafiltration method consisted of centrifuging these cups at 37°C for
20 minutes. The clean-up procedure was identical to the procedure used for the plasma samples (see
above).

For the total ciprofloxacin plasma concentration, the accuracy ranged from 94.5% to 105.0% across
the validated range, the intra-day precision was below 7.6% and the inter-day precision was below
9.8%. For the unbound ciprofloxacin plasma concentration, the accuracy ranged from 92.8% to 102%
across the validated range, the intra-day precision was below 7.0% and the inter-day precisions was
below 9.6%.

MIC determination

MIC measurement using E-test was fully validated according to The European Committee on
Antimicrobial Susceptibility Testing (EUCAST) guidelines.

Inocula were prepared in Phosphate-Buffered Saline from 24-hour growth on aerobic blood agar.
Turbidity was adjusted to 0.5 MacFarland standard (Densichek, bioMérieux, Marcy-I'Etoile, France).
Mueller-Hinton agar (bioMérieux, Marcy-I'Etoile, France) was used and results were interpreted after
18 hours aerobic incubation according to EUCAST guidelines.
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Population Pharmacokinetic Analysis

We analyzed concentration-time data of total ciprofloxacin by means of the software package non-
linear mixed effects modelling (NONMEM) (version 7.3; Icon Development Solutions, Ellicott City,
Maryland). Pirana 2.9.4 was used as an interface for NONMEM, Xpose and R. The first order
conditional estimation (FOCE) method with interaction was used throughout the data analysis. We
developed an integrated model for orally and intravenously administered ciprofloxacin using the
ADVANG subroutine in NONMEM. A stepwise approach was used for model building.

Structural Model

One- and two-compartment models were tested for both untransformed and logarithmically
transformed data. PK parameters consisted of bioavailability (F), first order absorption rate constant
(Ka), absorption lag time (Ti.g), clearance (CL), central volume of distribution (V1) and, in case of a two-
compartment model, peripheral volume of distribution (V,) and intercompartmental clearance (Q).
BPV of V; and CL were modelled on an exponential scale.? The residual variability (i.e. the difference
between analyzed ciprofloxacin concentrations and the corresponding ciprofloxacin concentrations
predicted by the model) was modelled with additive or proportional models or a combination of
both. Whether addition of a parameter to the model provided a better fit over the reduced model
was evaluated by (1) the objective function value (OFV), obtained with the likelihood ratio test,
where a drop of >3.84 units corresponds to a significance level of a p-value <0.05 in a Chi-squared
distribution (with 1 degree of freedom), (2) the precision (relative standard error) of the estimated
parameters (3) the magnitude of residual variability; (4) shrinkage of random parameters and (5)
goodness of fit plots. Only 2 out of 186 analyzed concentrations were below the lower limit of
quantification (LLOQ), therefore the concentrations <LLOQ were handled by imputing a value of
0.5*LLOQ.

Covariate model

Tested continuous covariate data were age, weight, creatinine, eGFR (calculated by CKD-EPI) and
categorical covariate data were sex and the use of comedication influencing absorption of
ciprofloxacin: aluminum and magnesium antacids, sucralfate, calcium-, bismuth-, zinc- and iron salts
and polymeric phosphate binders. All covariates were screened for the significance of the association
between the covariate and the PK parameter by univariate analysis, where continuous variables were
modeled using a power function and the effect of a categorical variable was estimated by
quantification of the fractional difference, relative to the reference category. A p-value of 0.05
obtained from the likelihood test, i.e. a decrease in OFV of >3.84 points, was used as a cut-off value
for statistical significance. Furthermore, a reduction in BPV and residual variability, improvement of
the goodness of fit plots, as well as biological plausibility of a covariate—PK parameter association was
used as a criterion for covariate selection. All covariates selected during the univariate analysis
subsequently entered an intermediate model for a backward elimination procedure (multivariate
analysis). When exclusion of a covariate-PK parameter association resulted in an increase of the OFV
of >6.63, (p<0.01, one degree of freedom) the association remained in the model. The resulting
model was regarded as the final model.
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Model Robustness and Predictive Performance

The robustness of the final popPK model was tested using a bootstrap analysis, in which the dataset
was resampled and fitted to the model 1000 times. In addition, the model’s capacity to predict the
range of observed ciprofloxacin concentrations was tested by means of a visual predictive check
(VPC). The bootstrap as well as the VPC analyses were performed using Perl-speaks-NONMEM
version 3.5.3 software (PsN, Uppsala, Sweden).
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Results
Population Pharmacokinetic Analysis
Structural Model

186 samples were obtained and included in the population pharmacokinetic analysis, of which 169
samples were obtained after oral administration and 17 samples after intravenous administration.

A one-compartmental model with first order elimination and first order absorption (in case of data
from oral ciprofloxacin administration) and an absorption lag time, without logarithmic
transformation of the data provided the best fit. F was fixed to 0.75, based on bioavailability data
from Sweetman, as estimation of this parameter yielded highly unlikely values (F<0.5).2 Since the vast
majority of samples were collected more than 30 minutes after oral ciprofloxacin administration, Tisg
could not be estimated precisely. Therefore, Ti.g was fixed to a value 0.35 hour, based on data from
Rajagopalan et al.* BPV could be estimated for V and CL. Residual variability was modeled with a
proportional error model and was estimated to be 40%.

Covariate model

Hundred percent of covariate data was available. The univariate analysis revealed that there was a
statistically significant association between eGFR and clearance (equation 1), with a decrease in OFV
of 8.8 points.

CL (L/h) =21.1 * (eGFR/70)**"" Equation 1 (Figure A.1)

With this association in the model, the BPV of CL decreased from 37.6% to 35.1% and the residual
error decreased from 39.7% to 39.2%

Model robustness and predictive performance

As observed in the goodness of fit plots and VPC (Figure A.2.-A.6.) the final model was capable of
predicting the observed concentration-time data without bias as the simulated data correspond well
with the measured concentrations, as such showing the internal validity of the model. Also, the
bootstrap estimations were similar (within £15%) to the estimates from the final model (Table A.1).
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Table A.1. Parameter Estimates of the Different Model Building Steps

Parameter Structural model
Estimate

F (%) Fixed 0.75

Ka (hour?) 1.01

Tiag (hour?) Fixed 0.35

Cl(L/h) 20.3

V(L) 251

Between patient variability
Cl (%CV) 37.6
V (%CV) 104.1
Residual variability
Proportional error 0.397
Covariates

eGFR (CKD-EPI) -
(ml/min/1.73m?)

Estimates are expressed as median, with relative standard error (RSE) or 95% confidence interval (95% Cl).

RSE (%)

55.8

9.0

9.0

Final model

Estimate

Fixed 0.75

1.00

Fixed 0.35

211

255

35.1

101.5

0.392

0.277

RSE (%)

49.9

8.5

25.1

17.3

9.2

27.3

Bootstrap (n=1000) of model with

covariates

Estimate

Fixed 0.75

0.974

Fixed 0.35

20.8

243

335

95.8

0.392

0.275

95% Cl

0.163-2.30

17.4-24.8

77.9-392

16.6-47.1

26.8-160.9

0.318-0.467

0.104 -0.464

Abbreviations: F, bioavailability; Ka, absorption rate constant; Tix lag time; CL, clearance; V, volume of distribution; CV, coefficient of
variation; eGFR (CKD-EPI), glomerular filtration rate estimated using the CKD-EPI formula.
Shrinkage for between patient variability in V and CL was 19.3% and 14.6% for the final model, respectively. Shrinkage in residual variability

was 11.5%.
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Fig. A.1. Ciprofloxacin clearance (CL) (L/h) plotted against eGFR (ml/min/1.73/m?), using CL=21.1*(eGFR/70)%%"7
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Fig. A.2. Observed ciprofloxacin concentration time-data and VPC of the final model. The dots are the observed concentrations. The solid
line is the observed median concentration and the dashed lines are the 5™ and 95t percentiles of the observed data. The red shaded area is
the 95% confidence interval of the model-predicted median and the blue shaded areas are the 95% confidence intervals of the model-

predicted 5% and 95 percentiles. The solid and dashed lines run within their respective shaded areas, thereby demonstrating adequate fit
of the model.
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Fig. A.3. Observed concentrations versus population predicted concentrations. Each dot is a data point and the solid black line is the line of
true identity.
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Fig. A.4. Observed concentrations versus individual predicted concentrations. Each dot is a data point and the solid black line is the line of
true identity.
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Fig. A.5. Conditional weighted residuals (CWRES) versus population predicted concentrations. Data are evenly distributed about zero,
indicating no major bias in the residual error model.

T T T T
24 48 72 96

Time after dose (hour)

Fig. A.6. Conditional weighted residuals (CWRES) vs. time after dose. Data are evenly distributed about zero, indicating no major bias in the
model.
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Abstract

No prospective evidence exists on the pharmacokinetic/pharmacodynamic (PK/PD) target attainment
of ceftazidime in adult patients on general wards. We aimed to investigate whether the PK/PD target
of ceftazidime (50% T > MIC) is attained in adult patients on general wards with adequate and

impaired renal function receiving regular and guideline-recommended reduced doses of ceftazidime.

In this observational, prospective, bicenter cohort study, adult patients admitted to a general ward
receiving ceftazidime as part of standard care were included. Three blood samples per patient within
72 h after start of treatment were collected. Data were analyzed with nonlinear mixed effects
modeling. The primary endpoint was target attainment of 50% T > MIC during the first 24 h of
treatment (50% To-24> MIC).

Forty patients were included from whom 121 blood samples were obtained. All 25/25 patients with
adequate renal function, 9/10 patients with moderately impaired renal function (eGFR 30-50
ml/min/1.73m?) and 5/5 patients with severe impaired renal function (eGFR < 30 ml/min/1.73m?)
attained 50% To-24 > MIC when applying the clinical breakpoint MIC for Pseudomonas Aeruginosa of 8
mg/L.

Our results suggest 290% probability of the PK/PD target attainment of ceftazidime in patients on
general wards with adequate and impaired renal function receiving regular and guideline-
recommended reduced doses of ceftazidime for treatment of infections with Pseudomonas
aeruginosa and all bacteria with lower MIC-values.
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Introduction

Appropriate and early antibiotic treatment are primary determinants of mortality in patients with
bacterial infections. Antibiotic treatment is considered to be appropriate when the relevant
pharmacokinetic/pharmacodynamic (PK/PD) target is attained. Optimal antibiotic dosing regimens
aiming to attain those PK/PD targets are, therefore, of high importance to prevent treatment
failure.*®

The third-generation cephalosporin antibiotic ceftazidime is frequently administered to hospitalized
patients with various infections caused by Gram-negative bacteria, particularly Pseudomonas
aeruginosa (P. aeruginosa).® Ceftazidime exhibits, like other beta-lactams, time-dependent killing.”*°
Therefore, successful treatment outcomes in terms of bacterial eradication and clinical cure is
associated with the percentage of time of the dosing interval that the serum concentration remains
above the minimum inhibitory concentration (T > MIC).”° The MIC is defined as the lowest
concentration of an antibiotic that prevents visible growth of bacteria in vitro.!! For ceftazidime, the
T > MIC value needed for bactericidal activity is reported to be between 30% and 100%. A target of
50% T > MIC is the most commonly used target and best associated with clinical efficacy in patients
admitted to general wards.”*°

Ceftazidime shows low protein binding of 10% and is almost exclusively eliminated through the
kidneys.>!* Consequently, a dose reduction is recommended for patients with impaired renal
function.>** However, physicians do not apply this dose reduction in half of all patients with
impaired renal function, although a dose reduction is recommended by the applicable guideline.> A
cause of this might be that currently advised dose reductions are merely based on extrapolations of
small studies investigating a full, unadjusted, dose of ceftazidime.®?° Only one study investigated
steady-state pharmacokinetics in patients with renal impairment receiving a reduced dose; however,
only critically ill patients were included with concomitant use of furosemide.?

Although a variety of studies have been conducted to assess the PK/PD target attainment of
ceftazidime in critically ill patients, we have not identified such studies in adult patients on general
wards as these patients are likely to exhibit other pharmacokinetics compared to critically ill
patients.’®?! As such, no prospective evidence exists that currently guideline-recommended
ceftazidime dosing regimens result in at least 50% T >MIC in adult patients on general wards,
especially not in patients with renal impairment receiving a reduced dose of ceftazidime. Therefore,
the aim of this study is to determine the probability of attaining the PK/PD target (PTA) of
ceftazidime (50% T >MIC) in the first 24 h of treatment in adult patients on general wards with
adequate and impaired renal function receiving regular and guideline-recommended reduced doses
of ceftazidime.
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Materials and Methods
Study design

This prospective, bicentre, observational cohort study was conducted between October 2019 and
December 2021 on general wards at the Amsterdam UMC — location AMC (AMC); or Noordwest
Ziekenhuisgroep — location Alkmaar (NWZ).

This study was performed according to the principles of the Declaration of Helsinki (October 2013)
and in accordance with the Medical Research Involving Human Subjects Act (WMO).2%3° The study
was approved by the ethics committee of Amsterdam UMC — location AMC. Patients participating in
this study all signed written informed consent before inclusion.

In- and exclusion criteria

Patients were eligible when meeting the following inclusion criteria: (1) adult patients (age > 18
years); (2) admitted to a general ward of AMC or NWZ; and (3) receiving therapeutic dosages of
ceftazidime as part of standard care prescribed by their attending physician and according to the
current local guideline, which is adapted from the national antimicrobial guideline.'?* Patients were
excluded if: (1) written informed consent was not obtained; (2) a patient was mentally incapacitated;
or (3) patients with known altered pharmacokinetics compared to patients on general wards, i.e.,
patients in the ICU, patients undergoing renal replacement therapy, patients with cystic fibrosis and
patients with severe burns.3*3

Sample size calculation

Since no data were available in the literature on the percentage of patients with impaired renal
function attaining 50% To.,4 > MIC to base the sample size calculation on, we based our sample size
calculation on the second-best available data, namely detecting an association between renal
function and clearance of ceftazidime. Detection of such an association is a prerequisite for analysing
differences in target attainment of ceftazidime between populations with adequate and impaired
renal function. A Stochastic Simulation and Estimation (SSE) procedure as implemented in the Pearl
Speaks NONMEM software (version 3.5.3, Uppsala, Sweden) was applied for this purpose. In this
Monte Carlo simulation procedure, the two-compartment population pharmacokinetic model as
described by Delattre et al. was used.3* A blood sample collection scheme of 3 samples per patient (1
trough and 2 random samples) within a total sample size of 40 patients was shown to have a power
of 295% with an alpha level of 0.05 to detect an association between renal function and ceftazidime
clearance. A total of 15 of the 40 patients needed to be included with an estimated glomerular
filtration rate (eGFR) < 50 ml/min/1.73m?, of whom at least 5 had an eGFR < 30 ml/min/1.73m?>.

Study procedure

Dose and duration of ceftazidime treatment were determined by the discretion of the attending
physician. The recommended dosing regimen for patients with adequate renal function varies
between guidelines, but in general the dose is 500 mg every 12 h (q12h) to 2000 mg every 8 h (q8h) is
recommended. In this study a dosing regimen of 2000 mg q8h was investigated in accordance with
the local antimicrobial guidelines of the participating hospitals.'?>** Based on (inter)national and local
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guidelines, the dose of ceftazidime is adjusted when eGFR is 30-50 ml/min/1.73m? to 1000 mg q12h
and when eGFR is below 30 ml/min/1.73m? to 1000 mg every 24 h (q24h).12%*

Demographic data, clinical data, laboratory data (e.g., serum creatinine and renal function expressed
as eGFR (CKD-EPI)) of included patients, as well as the administration data of ceftazidime were
derived from the electronic patient record and were stored anonymized in an online database
subsumed into Castor EDC.

Preferably within 24 h but at least within 72 h after the start of ceftazidime treatment, three blood
samples, one trough level and two random samples were prospectively collected in a vacutainer tube
without anticoagulant for ceftazidime concentration measurement. Blood samples were immediately
centrifuged at 3000x g after sample collection and the plasma was stored frozen at -80 °C until
analysis. As part of the study protocol, waste material of samples obtained for standard care during
ceftazidime treatment were, if available, collected from the Laboratory of Clinical Chemistry of the
AMC and NWZ. Determination of total ceftazidime plasma concentration in the obtained blood
samples was performed at the laboratory of the Department of Hospital Pharmacy & Clinical
Pharmacology of the AMC, using a validated high-performance liquid chromatography tandem mass
spectrometry (LC-MS/MS) method (LC30 Shimadzu, Kyoto, Japan; MS QTRAP 5500 system, SCIEX,
Framington, Massachusets, United States of America). The method had a lower limit of quantification
(LLOQ) of 0.1 mg/L and an upper limit of quantification (ULOQ) of 40 mg/L. In case concentrations
above the ULOQ were measured, the sample was diluted and reanalyzed. In case concentrations
below the LLOQ were measured, the ceftazidime concentration in the sample was set to a 0.5-fold
lower concentration than the LLOQ for data analysis. The accuracy of the method at the LLOQ (0.1
mg/L) and ULOQ (40 mg/L) was 117% and 106%, respectively. The precision of the method at the
LLOQ (0.1 mg/L) and ULOQ (40mg/L) were below 3.86% and 1.62%, respectively.

Study outcomes

The primary outcome of this study was target attainment defined as a ceftazidime concentration that
exceeded the MIC during more than 50% (i.e., >12 h) of the first 24 h of IV treatment (50% To.24 >
MIC). This parameter was subsequently used to calculate the probability of target attainment during
the first 24 h of treatment, which was defined as the percentage of patients that attained 50% To.24 >
MIC. The PTA was calculated for patients with adequate, moderately impaired and severely impaired
renal function receiving regular and guideline-recommended reduced doses of ceftazidime. An MIC
of 8 mg/L was considered most important, being the clinical breakpoint MIC of P. aeruginosa for
ceftazidime and, therefore, the highest breakpoint of all ceftazidime-susceptible microorganisms and
the microorganism that usually needs to be covered when treating with ceftazidime.® A PTA of >90%
was considered adequate.

Secondary outcomes were target attainment of 50% T > MIC between 24 and 48 h of treatment (50%
Ta4.48 > MIC) and target attainment of 100% T > MIC during the first 24 h of treatment (100% To-24 >
MIC), both for calculation of PTA for these targets. In this case, 100% To.24 > MIC was defined as 23.5
h of the first 24 h above the MIC given the infusion time of the first dose was 0.5 h; therefore, the
ceftazidime concentration will be below the MIC for at least a part of this infusion time. A further
secondary outcome was area under the concentration-time curve (AUC) at 24 h and 24-48 h after
start of treatment (AUCo-24 and AUCz4.48) to compare ceftazidime exposure. All primary and secondary
outcomes were calculated for the three different renal function groups:
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. Group I: adequate renal function; eGFR > 50ml/min/1.73m? treated with regular doses of
ceftazidime (2000 mg g8h).

. Group Il: moderately impaired renal function: eGFR 30-49 ml/min/1.73m? treated with
reduced doses of ceftazidime (1000 mg q12h).

. Group llI: severely impaired renal function: eGFR 10-29 ml/min/1.73m? treated with reduced
doses of ceftazidime (1000 mg q24h).

If a large proportion, defined as a percentage of 25% or a minimum of 10 patients, does not attain
the primary outcome of 50% To.24 > MIC), we will explore whether or not attaining this target is
associated with patients’ clinical outcome.

Statistical Analysis & Pharmacokinetic model

The data in this study are presented as frequencies (categorical data) and median values (continuous
data) with the interquartile range (IQR). Differences between groups were calculated for continuous
values using the Kruskal-Wallis test and for categorical data using the Pearson Chi—square test with
IBM-SPSS v28 (IBM corporation, Armonk, New York, USA). Differences were considered statistically
significant at a p-value of <0.05.

A compartmental population pharmacokinetic model for ceftazidime was developed using non-linear
mixed effects modelling (NONMEM) (v7.5 Icon Development Solutions, Ellicot City, Maryland, USA) to
be able to calculate T > MIC and assess target attainment. The model was parameterized using the
primary pharmacokinetic parameters volume of distribution (V) and clearance (CL). First a structural
model was developed by testing one and two compartmental models as well as interpatient
variability (11V) and interoccasion variability (IOV) in the pharmacokinetic parameters. Afterwards, a
covariate analysis was performed in which demographic and pathophysiological data of the included
patients were tested for their association with CL and V with first a univariate analysis and
subsequently a multivariate analysis with all statistically significantly associated covariates from the
univariate analysis. This resulted in the final model. The following covariates were tested: serum
creatinine, eGFR calculated with CKD-EPI formula, eGFR calculated with the Modification of Diet in
Renal Disease (MDRD) formula, eGFR calculated with the Cockroft and Gault formula, BMI, age,
ethnicity, admission to the orthopedic ward, admission to the hematology ward, fever yes/no (‘yes’
defined as body temperature > 38°C) and concomitant use of other antibiotics. The fit of the model
was evaluated using goodness-of-fit plots, the objective function and precision of the parameter
estimates. The robustness and internal validity of the model was tested with a bootstrap analysis (n =
1000) and a prediction corrected visual predictive check (VPC). The T > MIC for each individual
patient was estimated using the empirical Bayesian estimates of the pharmacokinetic parameters
from the final and internally validated model with which subsequently target attainment per patient
could be assessed. Also, AUCo.24 and AUCa4.45 for each individual patient was estimated using the
empirical Bayesian estimates of the pharmacokinetic parameters from the final model.
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Results
Patients and ceftazidime concentrations

Forty patients were included of which there were twenty-five patients with adequate renal function
(eGFR 2 50 ml/min/1.73m?), ten patients with moderate renal impairment (eGFR 30-49
ml/min/1.73m?) and five patients with severe renal impairment (eGFR 10-29 ml/min/1.73m?). All
patients were treated with the guideline-recommended dose of ceftazidime based on their renal
function (Table 1), except for one patient with severe renal impairment that was treated with 2000
mg g24h instead of the recommended 1000 mg g24h. We decided to keep this patient in the dataset
for analysis of the primary outcome as this patients’ ceftazidime level at 12 h after start of therapy
was well above the worst-case MIC of 8 mg/L (namely 24.3 mg/L), making it highly likely that 50% T >
MIC within the first 24 h of treatment would have been attained if 1000 mg would have been
administered. Age, serum creatinine, eGFR and the department of admission differed significantly
between the three renal function groups (Table 2).

Table 1. Guideline-recommended dose of ceftazidime

Renal function group Guideline-recommended dose of ceftazidime

Adequate renal function (eGFR 2 50ml/min/1.73m?, 2000 mg q8h

(n=25))

Moderate renal impairment (eGFR 2 30-50 ml/min/1.73m?, 1000 mg q12h

(n=10))

fevse)r)e renal impairment (eGFR < 30 ml/min/1.73m?, 1000 mg g24h
n=

q8h, every 8 h; q12h, every 12 h; q24h, every 24 h

A total of 121 samples were collected of which 52 samples (43%) were obtained within the first 24 h
of treatment. Two samples were excluded. The first excluded sample was collected at the same time
point in the same patient as another sample and, therefore, did not add additional information for
population PK analysis. The second excluded sample was a sample with a ceftazidime concentration <
lower limit of quantification (LLOQ) that followed a sample from the same patient that also already
was <LLOQ. This left a total of 119 samples, of which 1 was <LLOQ and none > upper limit of
quantification (ULOQ) for nonlinear mixed effects modeling (NONMEM). Five of these samples were
obtained from waste material. From five patients (12.5%) only two samples per patient could be
drawn.
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Table 2. Baseline characteristics (n = 40) of the included patient population. Patients were classified according to their renal function
expressed as eGFR (CKD-EPI) on the day of inclusion.

Variable® Overall eGFR? 250 eGFR?® 230-50 eGFR? <30
mi/min/1.73m?2 mi/min/1.73m?2 ml/min/1.73m?2
n=40 n=25 n=10 n=5
Female, n 17 9 6 2
Age, yrs 62.0 56.0 72.0 64.0
(47.0-72.0) (40.5-68.5) (69.8-86.0) (41.5-73.0)
Weight, kg 79.6 80.0 78.5 71.7
(69.7-92.3) (71.8-89.0) (67.2-94.3) (57.1-140.6)
Height, cm 175.5 180.0 171.5 167.0
(167.0-185.0) (168.0-185.0) (163.5-184.3) (163.0-179.5)
BMI, kg/m? 25.0 24.7 26.2 234
(22.0-29.0) (21.3-27.8) (23.7-31.4) (21.3-46.5)
Ethnicity
Caucasian 32 22 8 2
African American 4 1 2 1
Asian 3 1 0 2
Hispanic 1 1 0 0
Serum creatinine, 100.0 72.0 135 328.0
(67.3-135.3) (59.5-92.5) (118-162) (217.5-430.0)
eGFR 2, ml/min/1.73m? 73.5 102.8 34.3 18.6
(34.3-111.4) (78.1-124.8) (30.9-48.2) (10.6-25.9)
Fever at start of 11 7 3 1

treatment, yes
Department of admission

Cardiology 1 1 0 0
Hematology 7 7 0 0
Infectious diseases 4 1 2 1
Internal medicine 5 1 3 1
Nephrology 2 0 0 2
Neurology 1 1 0 0
Oncology 1 1 0 0
Orthopedic 12 10 1 1
Respiratory medicine 4 1 3 0
Surgery 2 1 1 0
Urology 1 1 0 0
Concomitant other 27 19 6 2
antibiotic use
Length of hospital stay ® 10.0 11.0 12.0 10
(7-20.3) (7.5-28.0) (7.0-21.8) (5.5-10.5)

*Variables are listed as median (interquartile range (IQR)). 2eGFR = estimated glomerular filtration rate calculated using
the CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) formula. bTotal length of hospital stay from day of
admission to day of discharge.

Population pharmacokinetic analysis

A one-compartment model with first-order elimination best described the pharmacokinetics of
ceftazidime (Table 3). The interpatient variability (11V) of ceftazidime could be estimated for clearance
(CL) and volume of distribution (V). During the multivariate analysis, a statistically significant
association (p <0.01) was found between eGFR (CKD-EPI) and CL, which explained a large part of the
IV in CL: IV CL dropped from 78.9% to 37.6% upon inclusion of this association. Furthermore, an
association was found between the concomitant use of antibiotics and CL. This association also
explained some IV in CL as IV CL decreased from 37.6% to 31.3% upon inclusion of this association
(Table 3). There was no missing covariate data in the dataset.

The goodness of fit plots (GOF) (Supplementary Material Figure S1) and the prediction corrected
visual predictive check (VPC) (Figure 1) show that the final model is able to adequately describe the
observed ceftazidime concentrations and was, therefore, valid to be used to calculate individual T >
MIC and AUC values. The NONMEM control stream of the final model can be found in Supplementary
File S1.
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Table 3. Parameter estimates of the structural, final model and bootstrap analysis.

Parameter Structural model Final model” Bootstrap
Estimate RSE (%) Estimate RSE (%) Estimate 95% ClI
[shrinkage (%)] [shrinkage (%)]
CL(L/h) 4.50 11.7 3.74 9.80 3.74 3.03-4.41
V(L) 22.7 7.20 21.8 7.90 22.1 19.1-25.1
Interindividual variability
CL (%CV) 78.9 20.3(1.3) 31.3 29.6 (7) 31.1 22.6-38.7
V (%CV) 40.5 64.7 (21) 40.2 61.8 (18) 40.9 10.0-59.2
Residual variability
Proportional error 19.2 15.0 18.6 15.9 18.7 13.9-23.6
(%)
Covariates
eGFR (CKD-EPI) - - 0.75 13.9 0.74 0.56-0.93
(ml/min/1.73m?) on
CL
Concomitant = = 1.56 12.4 1.57 1.20-1.94

antibiotic use on CL
*The equation of CL in the final model is: CL (L/h) = 3.74 x (CKDEPI/76.86)°7% x 1,56%; flag = 0 in case of no concomitant antibiotic use and
flag = 1 in case of concomitant antibiotic use. Abbreviations: CL = clearance in L/h, V = volume of distribution in L, RSE = relative standard
error, 95%Cl = 95% confidence interval; eGFR = estimated glomerular filtration rate, CKD-EPI = Chronic Kidney Disease Epidemiology
Collaboration.
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Figure 1. Prediction corrected visual predictive check of the final model. The dots represent the prediction corrected observed ceftazidime
concentrations. The solid black line represents the observed median and the dashed black lines represent the 5% and 95 percentiles of the
observed prediction-corrected data. The blue areas represent the 95% confidence interval of the model-predicted 5" and 95t percentiles.
The red area represents the 95% confidence interval of the model-predicted median. The solid and upper dashed black lines run within their
respective shaded areas, thus showing that the model adequately predicts the observed data. The lower dashed black line rises slightly above
the blue shaded area at the end of the dosing interval, indicating a slight underestimation of the observed 5th percentile. Overall, this VPC
demonstrates a sufficient fit of the final model.
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Pharmacokinetic/pharmacodynamic target attainment

For an MIC of 8 mg/L, which is the clinical breakpoint of P. aeruginosa, the probability of PK/PD
target attainment of 50% T > MIC within the first 24 h of treatment (the primary outcome) was 100%
(25/25) in patients with adequate renal function receiving the regular dose, 90% (9/10) in patients
with moderate renal impairment receiving a reduced dose and 100% (5/5) in patients with severe
renal impairment receiving a reduced dose (Table 4). For the secondary outcomes, the patient with
severe renal impairment due to receiving a significantly different dose (2000 mg q24h instead of
1000 mg g24h) was excluded. For an MIC of 8 mg/L PTA of 100% To.24 > MIC was 24% (6/25) in
patients with adequate renal function receiving the regular dose, 50% (5/10) in patients with
moderate renal impairment receiving a reduced dose and 75% (3/4) in patients with severe renal
impairment receiving a reduced dose (Table 5). For the secondary endpoint PTA of 50% Tz4.4s> MIC, a
second patient was excluded, namely one patient with adequate renal function who received
ceftazidime therapy during only the first 24 h of treatment. PTA of 50% T24.4s > MIC for an MIC of 8
mg/L was 100% (24/24) in patients with adequate renal function, 90% (9/10) in patients with
moderate renal impairment and 100% (4/4) in patients with severe renal impairment (Table 6).
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Table 4. Probability of PK/PD target attainment of 50% T > MIC for the the first 24 h of treatment based on the observed data in the
different renal function groups using different MIC values of common Gram-negative bacteria susceptible for ceftazidime as listed in the

EUCAST.

MIC (mg/L)

Renal function group
Adequate renal function (eGFR
250ml/min/1.73m?,

(n=25))

Moderate renal impairment
(eGFR230-50 ml/min/1.73m?,
(n=10))

Severe renal impairment
(eGFR<30 ml/min/1.73m?,
(n=5))

PTA (50% To-24> MIC)

0.125 0.25

100% 100%
100% 100%
100% 100%

0.5

100%

90%

100%

100%

90%

100%

100%

90%

100%

4

100%

90%

100%

100%

90%

100%

Table 5. Probability of PK/PD target attainment of 100% T > MIC for the first 24 h after the start of treatment based on the observed data in
the different renal function groups using different MIC values of common Gram-negative bacteria susceptible for ceftazidime as listed in

the EUCAST.

MIC (mg/L)

Renal function group
Adequate renal function (eGFR
250ml/min/1.73m?,

(n=25))

Moderate renal impairment
(eGFR230-50 ml/min/1.73m?,
(n=10))

Severe renal impairment
(eGFR<30 ml/min/1.73m?,
(n=4))

PTA (100% To-2a> MIC)

0.125 0.25
100% 100%
90% 90%
100% 100%

0.5

100%

90%

100%

100%

90%

100%

56%

90%

100%

48%

80%

100%

24%

50%

75%

Table 6. Probability of PK/PD target attainment of 50% T > MIC for 24-48 h after the start of treatment based on the observed data in the
different renal function groups using different MIC values of common Gram-negative bacteria susceptible for ceftazidime as listed in the

EUCAST.

MIC (mg/L)

Renal function group
Adequate renal function (eGFR
250ml/min/1.73m?,

(n=24))

Moderate renal impairment
(eGFR230-50 ml/min/1.73m?,
(n=10))

Severe renal impairment
(eGFR<30 ml/min/1.73m?,
(n=4))

PTA (50% T2448> MIC)

0.125 0.25
100% 100%
90% 90%
100% 100%

0.5

100%

90%

100%

100%

90%

100%

100%

90%

100%

100%

90%

100%

100%

90%

100%

117



Monte Carlo dosing simulations

The majority of the study population (n = 22, 55%) received more ceftazidime administrations during
the first 24 h of treatment than prescribed due to the fact that follow-up administrations were
planned during the routine time windows of nurses’ administration rounds. This often resulted in
drug administration early in the morning following the day of ceftazidime initiation. From that
moment on, the dosing interval as prescribed was more accurately adhered to. As a consequence,
the time above MIC in the first 24 h for these individuals is higher than when perfect dosing intervals
of 8, 12 or 24 h (depending on renal function) would have been applied after the first dose. To
examine the influence of this phenomenon on the PTA, the original dataset, but then with exact
dosing intervals of q8h, g12h or g24h depending on the renal function, was simulated 1000 times by
means of a Monte Carlo simulation with the final model. PTA of 50% To.24 > MIC remained high: 93%,
97% and 97% for patients with adequate, moderately impaired and severely impaired renal function,
respectively (Figure 2). Similar PTA was found in the simulated patients when compared to the PTA as
observed in the included patients indicating minimal bias in PTA of 50% To-24> MIC due to the dose
shift in our study population.

Time above target for MIC 8mg/L

30
£
= 0
'5 20 Legend:
E Observed - adequate renal function (n=25)
A 12 3 Simulated - adequate renal function (n=25000)
g 10 Observed - moderate renal impairment (n=10)
s [ Simulated - moderate renal impairment (n=10000)
N Observed - severe renal impairment (n=4
H p
E3 Simulated - severe renal impairment (n=5000)

Figure 2. Boxplots of observed and simulated time above target for MIC 8 mg/L for patients with adequate, moderately impaired and
severely impaired renal function within the first 24 h of treatment. Presented are the median (horizontal line within the box), the
interquartile range (box) and the 5" and 95t percentile (whiskers). The target for 50% To.24 > MIC is presented as the orange dotted line at
12 h.

Drug exposure

No differences in median drug exposure in the first 24 h of treatment (AUCo.24) and 24-48 h after start
of treatment (AUC.s.45) were observed between patients with adequate renal function receiving
regular doses and patients with moderately impaired and severely impaired renal function receiving
the guideline-recommended reduced doses (p = 0.159 and p = 0.125) (Figure 3).
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Exposure in terms of AUC mg*h/L

3000

2000
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AUC mg*h/L
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Legend:

3 AUC 0-24h - adequate renal function (n=25)

B AUC 24-48h - adequate renal function (n=24)
AUC 0-24h - moderate renal impairment (n=10)

3 AUC 24-48h - moderate renal impairment (n=10)

3 AUC 0-24h - severe renal impairment (n=4)

EJ AUC 24-48h - severe renal impairement (n=4)

Figure 3. Exposure to ceftazidime in terms of AUC (mg*h/L) for the first 24 h of treatment (AUCo.24) and the second 24 h of treatment
(AUCaa.8) for different renal function groups. AUCs >1500 mg*h/L in the adequate renal function group were patients with eGFRs ranging
between 51 and 77ml/min/1.73m2

Clinical outcome measure

Since only one out of 40 patients (2.5%) did not attain the primary outcome of 50% To.,4 > MIC for
MIC values up to 8 mg/L, we did not explore clinical outcome in this study since a minimum of 25%,
or 10 patients, not attaining the primary outcome was a prerequisite for exploring clinical outcome.

119



Discussion

This study shows that with the current dosing regimen of ceftazidime, the PTA of 50% To.24> MIC is
attained in 290% of adult patients on general wards treated for clinically relevant bacteria with MICs
<8 mg/L. Therefore, the current dosing regimen proves adequate treatment of infections caused by
P. aeruginosa, which have a clinical breakpoint of 8 mg/L as defined by the EUCAST.?

No differences in PTA or drug exposure were observed between patients with adequate renal
function receiving regular doses versus patients with moderately impaired and severely impaired
renal function receiving the guideline-recommended reduced doses. This is in contradiction with the
results from a comparable study with ciprofloxacin, which did show differences in drug exposure and
PTA between patients with adequate renal function receiving regular doses and patients with
impaired renal function receiving a 50% dose reduction.?® This phenomenon may be explained by the
fact that ceftazidime is eliminated exclusively through the kidneys, so no compensating pathways for
excretion through the hepatic system exist as is the case for ciprofloxacin. Therefore, a gross dose
reduction in case of renal impairment, as currently recommended and investigated in this study,
seems appropriate.

One patient with moderate renal impairment showed a serum concentration of ceftazidime below
the LLOQ at 8.02 h after ceftazidime administration. This was the only patient not attaining the PK/PD
target. However, the PTA remained 290% within the moderate renal function group, which was
defined as the minimum acceptable PTA.

In the present study, a one-compartment population PK model of ceftazidime was developed with
associations between eGFR (CKD-EPI) and CL and between concomitant use of antibiotics and CL. This
model could predict our observed data sufficiently well as seen in the visual predictive check (Figure
1). The association between the eGFR (CKD-EPI) and CL was as expected.?*? The statistically
significant association between CL and the concomitant use of other antibiotics was unexpected.
Although we could not find a physiological explanation for this association, we decided to retain this
association within the final model as it gave a statistically significant drop of the objective function
during the multivariate analysis (p <0.01), the corresponding parameter quantifying the effect of
concomitant use of other antibiotics on CL was precisely estimated (Table 3) and it explained 16.8%
1IV in CL. Nevertheless, it cannot be ruled out that the identification of this association is based on
coincidence.

This is, to the best of our knowledge, the first prospective study measuring PK/PD target attainment
of ceftazidime in real-life clinical practice in patients on general wards. The developed population PK
model that was used for calculation of the outcome parameters T > MIC and AUC values showed low
residual variability, indicating careful collection of study data. Additionally, this study was conducted
in an academic medical center and a peripheral teaching hospital and included patients that were
admitted to a broad variety of wards (e.g., cardiology, hematology, internal medicine, nephrology,
orthopedic surgery and respiratory department), enhancing the representativeness of the included
patient population.

Nevertheless, several limitations of this study should also be considered. First, a shift was observed in
timepoint of drug administration in the morning following the day of ceftazidime initiation. As a
result, more than half of our included patients (n = 22) received an additional antibiotic
administration during the first 24 h of treatment than originally prescribed due to the fact that
follow-up administrations are planned during the routine time windows of nurses’ administration
round. This is inherent to the observational design of this study and may well lead to a higher PTA
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than when exact dosing intervals as prescribed would have been applied. However, Monte Carlo
simulations were performed using exact dosing intervals. Results showed comparable PTA.
Additionally, this dosing shift is representative for real-life clinical practice.

Second, one patient with severe renal impairment received a dose of 2000 mg q24h, that differed
from the regular renal function-based dose adjustment within this group of 1000 mg g24h.
Therefore, T > MIC is overestimated in this patient. Yet, the estimated concentration in this patient at
t = 12 h after the first ceftazidime administration of 2000 mg was 24,3 mg/L, which makes it
reasonable to assume that the concentration would also be >8 mg/L at t = 12 h if 1000 mg would
have been administered, assuming that a factor two lower dose will grossly lead to a factor two lower
concentration at the same time after the first administration. With this assumption, >50% To-24 > MIC
would have been obtained with 1000 mg g24 h. We, therefore, decided not to exclude this patient
from our analysis of the primary outcome. We did exclude this patient for all secondary outcomes
because these are obviously overestimated with the higher dose and because no simple and
reasonable assumption, as for the primary outcome, could be made with regard to AUC values and
attainment of 100% To-24 > MIC if 2000 mg would have been administered, since a second dose of
2000 mg was already administered 18 h after the first one with an estimated trough level of 14 mg/L.

Third, the collected number of samples (121 of which 2 were excluded) is quite small, limiting the
possibility to identify, e.g., a two-compartmental model or to identify more covariate associations.

Physicians are hesitant to adjust the dose of antibiotics in cases of renal impairment, probably due to
fear of insufficient exposure.?®28 For the antibiotic ciprofloxacin, our group has previously shown that
this fear seems justified.'® This research adds valuable evidence regarding the currently advised
dosing regimen of ceftazidime used to treat patients with moderately impaired and severely impaired
renal function admitted to general wards as we show that dose adjustment of ceftazidime in renal
impairment results in adequate PTA and comparable exposure in comparison with patients with
adequate renal function receiving 2000 mg q8h. Any potential fear among prescribers for
underdosing thus appears to be unfounded.
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Conclusions

In conclusion, the PTA of ceftazidime of 50% To-24 > MIC is 290% in adult patients on general wards
with adequate and impaired renal function receiving regular and guideline-recommended reduced
doses of ceftazidime for the treatment of clinically relevant bacteria with MICs <8 mg/L. Therefore,
the current dosing regimens for both patient categories are adequate for the treatment of infections
caused by P. aeruginosa, which have a clinical breakpoint of 8 mg/L as defined by the EUCAST.?
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Figure S1. Goodness of fit plots of the final model. Individual predicted concentration versus (vs) observed concentration (left top),
population predicted concentration vs observed concentration (right top), the conditional weighted residuals (CWRES) versus the
population predicted concentration (left bottom) and CWRES versus the time after dose (right bottom). The data in the upper panels are
evenly distributed around the line of identity (black solid line) and the data in the CWRES plots are evenly distributed around the x-axis
both indicating no major bias in the final model.
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Results: NONMEM Control stream of the final model
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Abstract

Background

Patients with haematological malignancies frequently endure neutropenia and gastrointestinal (Gl)-
mucositis after high-dose chemotherapy. In these patients, ciprofloxacin is used for Gram-negative
infection prophylaxis.

Objectives

We investigate ciprofloxacin pharmacokinetics after oral administration in patients with
haematological malignancies and explore the impact of GI-mucositis on oral bioavailability and
clearance in order to assure adequate systemic exposure.

Methods

Adult haematological patients from two Dutch University Medical Centres received 500 mg twice
daily oral ciprofloxacin for Gram-negative prophylaxis. The ciprofloxacin plasma concentrations were
collected at various timepoints after oral ciprofloxacin administration and at various days after
completion of chemotherapy. Data obtained after oral and intravenous ciprofloxacin administration
in 28 healthy volunteers without mucositis served as a control group (391 samples). For
haematological patients the degree of GI-mucositis was assessed using the Daily Gut Score (DGS),
plasma citrulline and albumin. Data were analysed by non-linear mixed-effects modelling.

Results

In total, 250 blood samples were collected in 47 patients with a wide variety of haematological
malignancies between 0-30 days after start of chemotherapy. Mucositis was generally mild [DGS
median (IQR) 1 (1- 1) and citrulline 16 pmol/L (12-23)]. The time to CmaxWas slower in
haematological patients compared with healthy volunteers although no association with the degree
of mucositis (defined as DGS or citrulline) could be identified. Ciprofloxacin bioavailability and
clearance were 60% and 33.2 L/h, respectively.

Conclusions

This study supports oral dosing of ciprofloxacin as Gram-negative infection prophylaxis in
haematological patients with mild-to-moderate mucositis capable of oral intake.
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Introduction

Fluoroquinolone prophylaxis reduces the relative risk of infection-related mortality in neutropenic
patients with haematological malignancies by 68% while adverse effects and development of
resistance are not significantly increased.’* Of the fluoroquinolones, ciprofloxacin is the most
frequently prescribed. It is typically administered orally in dosages of 500 mg twice daily and is
rapidly and well absorbed from the gastrointestinal (Gl) tract in healthy volunteers with a
bioavailability of approximately 60%—80%. Ciprofloxacin is subject to glomerular filtration, tubular
secretion, trans-epithelial intestinal secretion and hepatic metabolism.®

Patients with haematological malignancies treated with high-dose chemotherapy often encounter
mucosal disruption of the Gl-tract (GI-mucositis).®” Mucositis affects oral absorption unpredictably in
patients with haematological malignancies; for example, posaconazole bioavailability is reduced
while isavuconazole bioavailability remains unaltered.®® The gold standard method to diagnose
mucositis is a biopsy from the small intestine. As this procedure is invasive and therefore not clinically
feasible, clinical scores and biomarkers are used to assess severity of mucositis. %! Several mucositis
scores are available, although there are differences regarding the focus on oral- versus Gl-mucositis.
The Daily Gut Score (DGS) quantifies GI-mucositis by scoring the frequency, consistency and
incontinence of faeces, nausea, vomiting, abdominal complaints and the ability for oral intake.?
Nevertheless, the clinical assessment scale is subjective, based on symptoms that may not be specific
for mucositis and could be influenced by analgesic agents.'*

Both citrulline and albumin plasma concentrations are also used as biomarkers for mucositis, with
citrulline being the most potent.! Citrulline is a non-protein amino acid almost exclusively produced
by enterocytes of the small intestine. As mucositis develops, mucosal barrier integrity deteriorates
which is associated with a reduced citrulline plasma concentration. Consequently, citrulline serves as
a biomarker for Gl-mucositis. Plasma citrulline <10 umol/L is associated with severe mucositis, 10-30
umol/L is associated with mild mucositis, while >30 umol/L is considered normal.’>*>1€ Citrulline
plasma concentration starts declining shortly after initiation of chemotherapy. The lowest values are
observed 7-10 days after start of high-dose chemotherapy, after which citrulline levels rise to normal
values around 21 days after high-dose chemotherapy.™®

Besides mucositis, concomitant medication can also influence ciprofloxacin oral absorption.
Prokinetic agents such as metoclopramide or clarithromycin increase gastric motility and augment
oesophageal peristalsis, which can accelerate oral absorption.!” Proton-pump inhibitors and antacids
can delay gastric emptying by increasing gastric pH, while opioids may delay oral absorption as a
result of reduced intestinal motility.}” Bioavailability may be reduced by co-ingestion with Al**, Ca?*,
Fe? or Mg?*ions.®

Ciprofloxacin pharmacokinetics in patients with chemotherapy for haematological malignancies
showed conflicting results in three case-series (<8 participants per series) as exposure was found to
be unaltered or decreased.'®?° Two studies did not report severity of mucositis at all, while one study
only used clinical markers to describe severity of oral mucositis. Consequently, a knowledge gap
remains regarding the influence of GI-mucositis on oral absorption and clearance of ciprofloxacin,
risking underexposure and possibly higher infection-related mortality.

In a cohort of neutropenic patients treated for a wide variety of haematological malignancies leading
to a high risk of mucositis, we investigated ciprofloxacin pharmacokinetics and evaluated whether
mucositis influences oral bioavailability and clearance, in comparison with healthy volunteers.
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Patients and methods
Data

Data from three cohorts consisting of only haematological patients were collected in two Dutch
academic hospitals. Cohort 1 was a prospective observational cohort at the Amsterdam UMC,
location Academic Medical Centre (Amsterdam UMC, location AMC). Patients were recruited
between March 2019 and December 2020, n = 41 (NTR7520). Cohort 2 consisted of participants in a
dense sampling study of micafungin pharmacokinetics (NCT02172768) who simultaneously received
ciprofloxacin prophylaxis.?* Cohort 3 consisted of participants in a dense sampling study of
posaconazole pharmacokinetics (NCT02805946) who received ciprofloxacin prophylaxis.® Patients
with concomitant use of ciprofloxacin on pharmacokinetic (PK)-sampling days of micafungin or
posaconazole (n = 2 and 4 patients, respectively) were selected. Finally, to compare the impact of
mucositis caused by high-dose chemotherapy on oral absorption, these data were compared with
data from a previously performed dense-sampling pharmacokinetic study (n = 28 with 391 samples)
after oral and intravenous ciprofloxacin administration in healthy volunteers and obese patients
(NTR6058).22

Haematological patients receiving reduced-intensity conditioning regimens for allogeneic HSCT, first
remission-induction chemotherapy for AML/myelodysplastic syndrome or CAR-T cell infusion for
lymphoma and who received orally administered ciprofloxacin tablets (500 mg twice daily) for Gram-
negative prophylaxis were eligible for inclusion if they were legally competent and at least 18 years of
age. Exclusion criteria were admission to the ICU, receiving renal replacement therapy or patients
unable to take oral medication due to progression or worsening of mucositis and patients with a
previous ciprofloxacin treatment course for whom discontinuation lasted less than 48 h.

In Cohort 1, two samples were collected around 1-2 h after oral administration, one prior to
administration and one random sample, all within 72 h around 7 days after initiation of
chemotherapy. Additionally, leftover material from routine sampling at >7 days after initiation of
chemotherapy was collected. Blood samples were centrifuged immediately and plasma was stored at
-80°C at the clinical laboratory of the pharmacy department of the Amsterdam UMC, location AMC.
In Cohorts 2 and 3 one trough concentration was collected daily with additional dense sampling (t =
0,05,1,2,3,4,6,8,10, 12, 18, 24 h) on two PK-days between day 1 and 15 after initiation of
chemotherapy. Details of the sampling scheme and the schedule of the PK-days in relation to the
start of chemotherapy are presented in Tables S1 and S2 (available as Supplementary data). Samples
from Cohorts 2 and 3 were stored at —80°C at the clinical laboratory of the department of pharmacy
at the Radboud university medical center, Nijmegen, until analysis.

Data on patient characteristics (sex, age, weight, height, BMI, diagnosis, current and previous
treatment details, comorbidity), ciprofloxacin treatment (dose, date and time of administration),
factors leading to reduced ciprofloxacin exposure (vomiting within 2 h after administration),
interacting co-medication (ranitidine, Al**-, Ca%-, Fe?*- or Mg?*-containing drugs administered within
4 h before or 2 h after ciprofloxacin) and co-medication influencing the oral absorption process
(prokinetic agents, proton pump inhibitors, opioids); serum creatinine, mucositis biomarkers
(albumin, citrulline) and DGS were recorded over time. To estimate glomerular filtration rate (eGFR),
both indexed and de-indexed Chronic Kidney Disease Epidemiology collaboration (CKD-EPI) and
Modification of Diet in Renal Diseases (MDRD) were calculated.?*?* De-indexing was done by
multiplying the respective eGFR by 1.73/body surface area (BSA) (BSA was calculated using the du
Bois-du Bois formula).?
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A single citrulline plasma sample was drawn in Cohort 1, simultaneously with obtaining samples
collected around 1-2 h after oral administration. In Cohort 3, citrulline plasma samples were

collected daily. All citrulline samples were stored on ice and centrifuged within 2 h. Plasma was
stored at —-80°C until analysis. Plasma citrulline was not determined in Cohort 2 and the control

group.

DGS was retrospectively scored based on data available in the electronic patient registry on every day
of PK-sampling. For all six components of the DGS, patients could score 0-3 points, with 0 indicating
no complaints and 3 indicating severe complaints with that component. GI-mucositis was scored as
mild (1-6 points), moderate (7-12 points) or severe (>12 points).*

Ethics

The research protocol for Cohort 1 was approved by the certified Medical Ethics Committee of the
Amsterdam UMC, location AMC (NL67783.018.18). All patients provided written informed consent.
Participants in Cohorts 2, 3 and the control group provided written informed consent before inclusion
in the respective studies (clinicaltrial.gov identifiers for Cohorts 2 and 3: NCT02172768,
NCT02805946. Dutch trial registry number for the control group: NTR6058). The institutional review
board permitted additional analysis on the previously collected samples from Cohorts 2 and 3 and
waived informed consent. Additional clinical parameters were collected from the electronic patient
registry if patients gave consent for inclusion in the Radboudumc Biobank Hematology.

The study was conducted in accordance with the Good Clinical Practice guidelines and the provisions
of the Declaration of Helsinki.2®?’

Laboratory analysis

Total ciprofloxacin plasma concentrations were analysed using a validated LC-MS/MS assay at the
Amsterdam UMC. The validated range of the analysis is 0.020-5.0 mg/L.2 Citrulline samples were
analysed using a validated UPLC MS/MS assay at the Clinical Chemistry laboratory of Canisius
Wilhelmina Hospital, Nijmegen.?

Population PK analysis

Concentration—time data from haematological patients and healthy volunteers were analysed
simultaneously by non-linear mixed-effects modelling using FOCE with interaction and the ADVAN6
subroutine (NONMEM; v7.4.0 with PsN; v4.7.1 and Pirana v2.9.7).3%3! Bioavailability (F) and clearance
(CL) are the pharmacokinetic parameters of primary interest as these drive systemic exposure
(measured as AUC) after oral administration. Systemic exposure can be calculated as follows.

Fx Dose
AUC = L (1)
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A previously developed PK-model for ciprofloxacin in healthy volunteers and obese patients with a
two-compartment structure and transit compartments for oral absorption was used as a starting
point.?? For the group of haematological patients (Cohorts 1-3), all PK-parameters were estimated
relative to the control group using Equation 2 with a correction factor significantly different from 1.0
indicating a difference in typical value between haematological patients and the control group for the
respective parameter.

0haematological patient = 0hea!thy volunteer*® Hcorrection factor (2)

The influence of covariates (age, sex, weight, BMI, CKD-EPI, MDRD, citrulline, albumin, DGS, days
after chemotherapy) was tested for associations with model parameters. If multiple observations
were available for one individual (creatinine, citrulline, albumin, DGS and days after chemotherapy)
covariates were assessed as a time varying covariate with backward interpolation.

Continuous covariates were implemented in the model using exponential or linear relationships using
Equation (3) and (4), respectively. Piand P, represent individual and population parameter estimates,
X represents the exponent for a power function and Z represents the slope for the linear covariate
relationship. For dichotomous covariates different parameters were estimated for the respective
subgroup.

cov \*
=Py X el (3)
: P (Covstandard)
Pi= Pp X (1+Z x(COV — COVitandard)) (4)

In the model building process, a change in objective function value (OFV), goodness-of-fit (GOF),
conditional weighted residual plots, reduction in interindividual variability and individual fit plots
were used to compare models. A P value of <0.05, representing a decrease of 3.84 in OFV with one
degree of freedom was considered statistically significant for structural parameters. In the covariate
analysis, a P value of <0.05 (OFV decrease >3.84) was considered statistically significant in the
forward inclusion step while P < 0.001 (OFV increase >10.8) was considered statistically significant in
the backward elimination. Internal model evaluation and validation was done using GOF-plots,
CWRES-plots split for cohort- and time-dependent covariates, visual predictive check (VPC) and
sampling importance resampling (SIR).

Continuous data are presented as mean * SD and analysed by t-test when normally distributed or as
median £ IQR and analysed by Mann—Whitney U-test when not normally distributed.

After development and internal validation of the pharmacokinetic model, simulations were
performed with 2500 virtual individuals per cohort with interindividual variability. The ciprofloxacin
exposure, measured as AUC in haematological patients was compared with healthy volunteers after
the standard-of-care dosing regimen of twice daily oral administration of 500 mg.
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Results
Subject characteristics

Data from 47 patients (19 men and 28 women) with a wide variety of haematological malignancies
were included, from whom 250 ciprofloxacin plasma samples were available. The oral absorption
phase was captured in detail with 82 plasma samples (33%) collected in the first 2 h after oral
administration. Data from 28 healthy volunteers (14 men and 14 women) were included. Eight
patients received semi-simultaneous oral and intravenous administration and 20 individuals received
either oral or intravenous administration. In total 391 samples were collected in the control group,
178 after intravenous administration and 213 after oral administration. A detailed description of PK-
data is provided in Table S2.

The majority of patients showed biochemically mild mucositis with the lowest observed citrulline
(nadir) between 10-30 umol/L (n = 32, 68%) and a DGS indicating clinically mild mucositis (n = 46,
98%). Clinically moderate mucositis (by DGS) was observed in one patient (2%) while biochemically
severe mucositis (citrulline nadir <10 umol/L) was observed in nine patients (19%). Of these nine
patients, the DGS indicated clinically mild mucositis in eight patients and moderate mucositis in one
patient. Samples were collected a median (IQR) of 6 (3—11) days after start of high-dose
chemotherapy. In patients with multiple citrulline observations, a declining plasma citrulline was
observed until 10 days after start of conditioning. Concomitant medication that could influence the
oral absorption process was used by 29 haematological patients (62%) at the time of PK-sampling.
Drugs delaying oral absorption were used by 26 patients (89%) while drugs accelerating oral
absorption were used by 14 patients (48%). Details of patient characteristics including the use of
concomitant medication potentially influencing oral absorption of ciprofloxacin are presented in
Table 1.
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Table 1. Population characteristics

Characteristic Haematological patients (n = 47) Control group (n = 28)
Age 53 (47-64) 40 (27-52)
Sex, male, n (%) 19 (40) 14 (50)
Weight (kg) 78 (69-90) 123 (84-149)
Citrulline nadir (umol/L)? 16 (12-23) ND

Citrulline nadir <10 pmol/L (n) 9 ND

Citrulline nadir 10-30 pumol/L (n) 32 ND

Citrulline nadir 230 pmol/L (n) 4 ND
Albumin nadir (g/L) 42 (26-50) ND
Daily Gut Score 1(1-1) ND
Diagnosis NA

Acute leukaemia 17

Lymphoma 13

Multiple myeloma 9

Chronic leukaemia 3

Other 5
Treatment (n) NA

Remission-induction 19

Autologous SCT 16

Allogeneic HSCT 10

Other 2

Relevant co-medication
Reduced bioavailability

Magnesium hydroxide 1 0
Delayed absorption
Proton pump inhibitor 24 0
Esomeprazole 19
Pantoprazole 3
Omeprazole 2
Opioid 7 0
Oxycodone 5
Morphine 1
Fentanyl 1
Tramadol 1
Accelerated absorption
Metoclopramide 13 0
Metoprolol 1 0
Clarithromycin 1 0
Serum creatinine (umol/L) 74 (62-89) 72 (64-80)
CKD-EPI (mL/min/1.73 m?) 97 (80-112) 134 (118-149)
CKD-EPI°ge-indexed (ML/min) 84 (68-105) 102 (95-109)
MDRD (mL/min/1.73 m?) 96 (78-121) 126 (110-154)
MDRDPde-indexed (ML/min) 82 (66-115) 98 (90-108)

Data are presented as median (IQR) unless stated otherwise. For citrulline and albumin the lowest observed value is reported if multiple
observations were available per patient. For serum creatinine and corresponding estimators of GFR the observation at baseline is reported.
Daily Gut Score (DGS) 1 represents mild mucositis (1-6 points on the DGS) and 2 represents moderate mucositis (7-12 points on the DGS).
HSCT, haematopoietic stem cell transplant, NA, not applicable; nadir, lowest observed value for an individual; ND: not determined; SCT,
stem cell transplant.

aCitrulline plasma concentration was determined in 45 haematological patients.

bDe-indexed by multiplying CKD-EPI or MDRD BSA/1.73

Pharmacokinetic analysis

The concentration—time profiles were best described by a two-compartment model with first order
elimination and a transit compartment model for oral absorption with a correction factor of 2.07
(95% CI 1.4-2.5) on mean transit time for haematological patients, interindividual variability on
clearance, volume of distribution and mean transit time and a proportional error model (for model
structure, see Figure S1). Bioavailability and clearance were 60% and 33.2 L/h, respectively and were
not significantly different between haematological patients and the control group. The degree of
mucositis measured by DGS, citrulline and albumin plasma concentration as well as days after
chemotherapy were investigated as potential drivers of the observed difference in the mean transit
time between both groups, but evaluation of these parameters did not provide a better prediction of
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the observed data. GOF-plots show the model adequately describes the observed data and
conditional weighted residual plots indicate no model mis-specification as residuals were randomly
spread against time after start of ciprofloxacin, predicted plasma concentration, plasma albumin,
plasma citrulline and days after chemotherapy (Figure S2). The use of concomitant medication in the
haematological patients showed no significant association with altered ciprofloxacin
pharmacokinetics in haematological patients. Also, the predictive performance of citrulline plasma
concentration as a biomarker for impaired oral absorption was not significantly different for patients
receiving stem cell transplant compared with patients receiving other therapy (Figure S3). Clearance,
bioavailability and volume of distribution were unaffected by mucositis. Total body weight and renal
function also did not provide a statistically significant improvement of the fit when tested as
covariates on these parameters. Internal model validity was confirmed using VPC stratified for
haematological group and control group (Figure S4). Model parameters and their uncertainty based
on SIR are shown in Table 2, the mean percentage error was -5.4%.

Table 2. Pharmacokinetic parameter estimates for the final model

Fixed effects Estimate (%RSE) SIR 95% CI
CL(L/h) 33.2(6.9) 29.9-37.0
Ve(L) 69.0 (19.1) 50.7-92.8
Vp(L) 140 (10.6) 120-160
Q(L/h) 71.4 (13.4) 57.3-83.5
F 0.603 (8.5) 0.535-0.669
Ka (h™) 1.35 (14.5) 1.08-1.70
MTT Control group (h) 0.317 (13.1) 0.230-0.369
Relative MTT 2.07 (14.8) 1.41-2.50
Haematological patients®

NN (n) 10.9 (40.2) 6.51-15.8
Interindividual variability (%)°

CL® 28.1(12.8) 20.7-34.3

Ve 86.7 (23.7) 55.9-134

MTT® 82.6(13.2) 74.7-117
Residual error (%)

0%rop 21.4 (5.9) 19.4-23.1

CL, clearance from the central compartment; F, bioavailability; Ka, absorption rate constant; MTT, mean transit time; NN, number of transit
compartments; Q, intercompartmental clearance; RSE, relative standard error; SIR, sampling importance resampling based on 5000
samples and 1000 resamples; V., volume of distribution of the central compartment; V,, volume of distribution of the peripheral
compartment.

2Absolute MTT for haematological patients is 0.656 h (according to Eq. 1: 0.317 h*2.07 = 0.656 h).

bCalculated by v(e*2 - 1).

°n-Shrinkage: CL 5%, Vc26%, MTT 26%.

de-Shrinkage: 11%.

Model-based dose evaluations

Using the final and internally validated model, exposure that can be expected upon the standard-of-
care dosing regimen of twice daily oral ciprofloxacin administration of 500 mg was evaluated. The
median (IQR) time to ciprofloxacin CmaxWas 1.5 (1.2-2.1) h for haematological patients and 1.2 (1.0—
1.5) h for the control group as shown in Figure 1. In the first week of treatment, median (IQR)
cumulative AUCqay 1-7 Was 124 (105-149) mg-h/L for haematological patients and 123 (103-146)
mg-h/L for healthy volunteers. In the second week of treatment, median (IQR) cumulative AUCqays-14
was 127 (107-154) mg-h/L for haematological patients and 126 (105-151) mg-h/L for healthy
volunteers, as shown in Figure 2.
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Figure 1. Concentration—time curve [median (solid line and dashed line) and 95% prediction interval (shaded areas)] for haematological
patients (blue) and a control group of healthy volunteers (orange) after twice daily oral ciprofloxacin 500 mg. Data based on simulations
with n = 2500 per subgroup. The median simulated time to ciprofloxacin Cmaxis 1.5 h for haematological patients and 1.2 h for the control
group.
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Figure 2. Boxplots illustrating similar cumulative systemic exposure in the first- and second week of therapy (AUCuay 1.7 left panel, AUCday 814
right panel) for haematological patients (blue) and the control group of healthy volunteers (orange). Data are based on Monte Carlo
simulations with n = 2500 per subgroup after the standard of care dosing regimen of 500 mg PO twice daily.
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Discussion

Ciprofloxacin pharmacokinetics in patients with haematological malignancies and mild mucositis
capable of oral intake and healthy volunteers is comparable. Oral absorption remains adequate
during the whole chemotherapy treatment course, even in the second week after high-dose
chemotherapy when mucositis is most severe. However, oral absorption was slower in
haematological patients. Therefore, haematological patients with mild-to-moderate mucositis
capable of oral intake can receive orally administered ciprofloxacin as Gram-negative infection
prophylaxis.

We included 47 patients with a wide variety of haematological malignancies and a broad range in
severity of underlying disease at different timepoints in their treatment course. The majority of
participants capable of oral ciprofloxacin intake had clinically mild mucositis based on the DGS and as
a result, few data on oral absorption and clearance of ciprofloxacin could be collected in patients
with clinically moderate mucositis and no data were collected in patients with clinically severe
mucositis. Patients unable to take oral medication due to progression or worsening of mucositis or
developing fever were switched to intravenous therapy by their treating physician. There are no strict
criteria for when to switch from oral to intravenous therapy. However, our results indicate that the
clinical decision of the treating physician to switch patients from oral to intravenous therapy was at
least not too late, as no underexposure was observed. The majority of haematological patients used
concomitant medication that could accelerate or delay the oral absorption process. Although the use
of concomitant medication delaying oral absorption may have contributed to the observed increased
time to Cmaxin haematological patients compared with healthy volunteers, the use of delaying
concomitant medication was not a statistically significant covariate. Most importantly, only one
patient used concomitant medication that could decrease bioavailability. Therefore, it is unlikely that
the absence of a correlation of mucositis with ciprofloxacin exposure is attributable to the use of
concomitant medication.

In our study the degree of mucositis was assessed using the most adequate and feasible clinical
scores and biomarkers. Haematological patients suffered from mild mucositis in the opinion of the
treating physician and were capable of oral ciprofloxacin intake. DGS corresponded with mild-to-
moderate mucositis while citrulline plasma concentration ranged from values corresponding with
normal values to severe mucositis. A mucositis scoring mismatch was observed in nine patients (19%)
as citrulline plasma concentration showed severe mucositis (nadir <10 umol/L) while DGS suggested
mild (n = 8) or moderate (n = 1) mucositis. Four of these patients did not switch to intravenous
therapy at any time during their treatment course, indicating no development of clinically severe
mucositis in the opinion of the attending physician. Nevertheless, uncertainty remains as to whether
patients with mild mucositis according to the DGS actually showed mild mucositis in the small
intestine. As patients were capable of oral intake and the physician judged mucositis to be generally
mild, we chose to draw conclusions regarding mild-to-moderate mucositis despite citrulline plasma
concentrations corresponding with severe mucositis. Observations in patients treated with
intravenous antibiotics who were subsequently switched back to oral ciprofloxacin after clinical
improvement were adequately described by our model. This may suggest ciprofloxacin oral
absorption is not significantly altered in patients with a temporarily worsening in their clinical
condition. The DGS was retrospectively scored based on data available in the electronic patient
registry. Possibly, some components of the DGS may have been incompletely registered which could
have led to an underestimation of mucositis severity using the DGS which is a limitation of our study.
Also, citrulline was measured only once for participants in Cohort 1. An important strength of our
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study is the comparison of ciprofloxacin PK data in haematological patients with data from 28 healthy
individuals as a PK reference standard, to compensate for the lack of a formal PK/PD target for Gram-
negative prophylaxis using ciprofloxacin.

Three previous case-series reported contradictory results on exposure of orally administered
ciprofloxacin in patients with haematological malignancies.'®% Two studies found no difference in
drug concentration between haematological patients with mucositis and data from the literature,
although another study found a reduced drug concentration in patients with haematological
malignancies.’®% Since these reports observed only 8, 6 and 5 patients, the external validity of the
respective case-series is limited.'®?° Moreover, two of the three case-series did not report severity of
mucositis at all, while one study focused on severity of oral mucositis and, in contrast to our study,
the role of biomarkers was not evaluated beforehand. In order to capture the severity of mucositis at
the site of absorption, GI-mucositis scores and biomarkers were analysed concomitantly.

Ciprofloxacin is subject to OATP1 and OAT3 carrier-mediated absorption.*? Disruption of the mucosa
could negatively impact OATP1 and OAT3 carrier capacity but at the same time mucosal barrier
function may be impaired. As a result, both an increased and decreased rate of absorption and
bioavailability could be anticipated. Haematological patients showed an increased time to Cmax
although this was not associated with a significant alteration in bioavailability. Both active and
passive processes play a role in ciprofloxacin absorption. Therefore, the slightly longer time to Craxin
haematological patients could theoretically be caused by a negative impact on active absorption
because of mucositis while the net-influence on bioavailability remains negligible.

In patients with severe mucositis treated with IV ciprofloxacin, further research may be needed to
clarify whether destruction of the mucosa impacts the trans-epithelial intestinal secretion route of
ciprofloxacin, as ciprofloxacin clearance could still be altered.

In conclusion, we found no significant influence of mild mucositis on ciprofloxacin bioavailability or
clearance. This study supports oral dosing of ciprofloxacin 500 mg twice daily as Gram-negative
infection prophylaxis in haematological patients with mild-to-moderate mucositis capable of oral
intake.
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Figure S1. Structure of the pharmacokinetic model.
Abs: Absorption compartment, An: Transitcompartment (n), Cl: Clearance from the central compartment, F: Bioavailability, ka: absorption
rate constant, ki transit rate constant, Q: Intercompartmental clearance, V central: Central volume of distribution, V peri: Peripheral

volume of distribution.
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Figure S2. Diagnostic plots of the final pharmacokinetic model.

Diagnostic plots of the final model for haematological patients (black dots) and the control group (grey dots).
a: Individual predicted plasma concentrations versus observed plasma concentrations

b: Population predicted plasma concentrations versus observed plasma concentrations

c: CWRES versus time after last dose

d: CWRES versus Population prediction

e: CWRES versus time after first dose

f: CWRES versus Plasma citrulline

g: CWRES versus days after start of conditioning

h: CWRES versus plasma albumin

The grey line indicates the line of identity and the dashed lines indicate the range within 95% of the observations are expected to fall. For
plots e, f, g and h only haematological patient data is presented.
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Figure S3. Diagnostic plots for concomitant medication use and stem cell transplant.
Conditional weighted residuals (CWRES) plots of the final model for potential covariates in haematological patients showing trends versus
time (a, ¢, e), predicted plasma concentration (b, d, f) or citrulline plasma concentration (g). Black dots represent observations where the

potential covariate is applicable, grey dots represent observation where the potential covariate is not applicable.

a: Use of comedication potentially accelerating oral absorption, residuals versus time after dose
b: Use of comedication potentially accelerating oral absorption, residuals versus PRED

c: Use of comedication potentially delaying oral absorption, CWRES versus time after dose

d: Use of comedication potentially delaying oral absorption, CWRES versus PRED

e: CWRES versus citrulline plasma concentration for patients receiving stem cell transplant

The grey line indicates the line of identity and the dashed lines indicate the range within 95% of the observations are expected to fall.
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Figure S4. Visual Predictive Check of the final model.

Visual predictive check of the final model stratified by subgroup (Haematological patients n=47, control PO+IV n=8, Control PO n=10,
Control IV n=10) on linear scale at the top and on logarithmic scale at the bottom. The observed data are shown as circles with the median
and 2.5th and 97.5th percentile of the observed data shown as a solid black line and the upper and lower dashed lines, respecitvely. The
blue areas represent the 95% confidence interval of the simulated median (dark blue) and 5th and 95th percentile (light blue) of the
simulated concentrations based on 1000 simulations of the original dataset. Vertical lines at the top of the panels represent the bins.

PO represents 500 mg oral ciprofloxacin administration, PO+IV represents semi-simultaneous 500 mg oral administration followed by 400

mg IV infusion 3 hours after the oral administration, IV represents 400 mg ciprolfoxacin IV infusion.
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Chapter 7

General discussion
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General discussion

Appropriate antibiotic use is beneficial for patients’ clinical outcome, leads to a decrease in antibiotic
resistance rates and results in lowering of healthcare costs.™ Quality indicators measure quality of
care, such as appropriate antibiotic use. Such quality indicators have been defined for the
measurement of appropriate antibiotic use in the treatment of bacterial infections in the hospital.®
One of these nine validated quality indicators is to adjust the antibiotic dose to renal function. The
antibiotic dose reduction for patients with impaired renal function is standard of care as
incorporated in all clinical guidelines.””® The aim of this dose reduction is to prevent accumulation of
the drug, with risk for toxicity and thus patient harm, and to achieve antibiotic drug exposure
equivalent to that in patients with adequate renal function receiving the regular dose, i.e., achieving
bioequivalence.'®!! However, this dose reduction is often not applied in clinical practice and the
question arises why this recommendation is not followed.? First, inconsistency exists between
different guidelines in the cut-off value of renal function below which the dose per antibiotic should
be reduced.®® Additionally, the degree of the dose reduction is inconsistent between clinical
guidelines. Second, prescribers may fear therapeutic failure when reducing the dose.***

The aim of this thesis was to investigate the adequacy of the guideline-recommended dose reduction
of renally cleared antibiotics for patients with impaired renal function. We hypothesized that this
dose reduction is mainly based on simulated and retrospective data and is not prospectively
validated in clinical practice, with concomitant risk of under- or overexposure. Therefore, we
systematically reviewed all literature ever published since the discovery of the first antibiotic in 1928
on antibiotic dose reduction (Chapter 2).1° Additionally, the adequacy of the recommended dose
reduction for ciprofloxacin and ceftazidime was prospectively investigated in clinical practice by
measuring drug exposure (Chapter 4 and 5).17*8 Furthermore, to be able to fully investigate the
adequacy of the administered antibiotic dose, one should investigate not only clearance (mainly
determined by renal function in case of renally cleared antibiotics), but also that other
pharmacokinetic parameter determining drug exposure: the bioavailability. In case of oral
administration, bioavailability determines the amount of the drug that is being absorbed and thereby
a large part of drug exposure. Therefore, the absorption of oral ciprofloxacin was investigated in
neutropenic patients with haematological malignancies and mucositis (Chapter 6).2° We
hypothesized that systemic drug exposure in these patients is changed compared to patients without
mucositis. The rationale behind this hypothesis is that mucositis may mean the loss of intestinal
integrity and thus may affect the absorption of orally administered drugs and therefore drug
exposure. Whether this could end up in enhanced absorption and higher exposure or in
compromised absorption and therefore lower exposure of ciprofloxacin was unclear.

A pre-requisite to investigate exposure to antibiotics in clinical practice is a validated method to
measure concentrations of these antibiotics in body fluids. This was done by the development and
validation of a liquid chromatography-tandem mass spectrometry (LC-MS/MS) assay for the
determination of ciprofloxacin plasma concentrations (Chapter 3).2°

The ultimate goal was to strengthen the evidence underlying the quality indicator for appropriate
antibiotic use on ‘adjusting the dose to renal function’ and provide evidence that adherence to that
quality indicator actually leads to appropriate antibiotic use and therefore to improvement of
patients’ clinical outcome, decrease in antibiotic resistance rates and lowering of healthcare costs.

This discussion chapter includes a reflection of the main findings, clinical implications and
methodological considerations of the results of this thesis. Finally, further steps and remaining
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barriers for improving appropriate antibiotic use are discussed and directions for future research are
provided.
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Main findings

Adequacy of the guideline-recommended dose reduction of renally cleared antibiotics for patients
with impaired renal function

Chapter 2 provides an overview of the available evidence on the guideline-recommended dose
reduction of all renally cleared antibiotics for patients with impaired renal function. Although very
broad inclusion criteria were applied, only 27 studies could be identified measuring drug exposure
after dose reduction of renally cleared antibiotics. Most studies were about B-lactam antibiotics and
best evidence was available for meropenem.

Meropenem is part of a special group of B-lactam antibiotics; the carbapenems, which are highly
effective against Gram-negative and Gram-positive drug-resistant bacteria. As such, carbapenems
are typically mentioned as antibiotics of last resort. The World Health Organisation (WHO) lists
meropenem as an essential medicine.? Four studies on meropenem were included, of which two
studies were of good quality. Drug exposure for meropenem is 158% to 286% higher in patients with
impaired renal function receiving the guideline-recommended reduced dose compared to patients
with adequate renal function receiving the regular dose. Therefore, the currently recommended
dose of meropenem for patients with impaired renal function could be reduced even more.

Surprisingly, only one good-quality study for all other renally cleared antibiotics than meropenem,
could be identified. It appears that guideline-recommended dose reductions are based on
extrapolations from small studies, mostly ones investigating the change in pharmacokinetic
parameters after a single full, unadjusted dose administered to patients with impaired renal function.
Equivalence in drug exposure, PK/PD target attainment and/or clinical outcome between patients
with impaired renal function receiving the guideline-recommended reduced dose and patients with
adequate renal function receiving the regular dose have not been investigated for the vast majority
of renally cleared antibiotics. Additionally, inconsistency exists between different studies in the cut-
off value of renal function below which the dose per antibiotic should be reduced and in the degree
of the dose reduction, even between studies investigating the same antibiotic. Therefore, it is not
remarkable that inconsistency exists between guideline recommendations, since inconsistency
already exists on the definition of impaired renal function on study level.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) assay for the determination of
total and unbound ciprofloxacin plasma concentrations

To be able to investigate the adequacy of currently used antibiotic doses one needs assays measuring
antibiotic plasma concentrations. Surprisingly, assays measuring the unbound ciprofloxacin plasma
concentrations are scarce, although unbound ciprofloxacin is responsible for antibacterial effects.
Therefore, we developed a rapid, reproducible, and sensitive liquid chromatography-tandem mass
spectrometry (LC-MS/MS) assay for the determination of total and unbound ciprofloxacin
concentrations in plasma, which is described in Chapter 3. The developed assay was precise,
accurate, and fully validated according to the U.S. Food and Drug Administration guidelines.?
Additionally, the use of different blood collection tubes for the measurement of ciprofloxacin plasma
concentrations was validated. This facilitates the use of left-over material from samples already
collected for routine clinical care in random blood collection tubes. The use of this so-called waste
material enables performing PK/PD target attainment studies with minimal burden for the patient
and in a sustainable way (one tube used for two purposes), as for example executed in Chapter 4,
where 81% of all collected samples originated from waste material.
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Pharmacokinetic/pharmacodynamic (PK/PD) target attainment of ciprofloxacin

In Chapter 4 PK/PD target attainment of ciprofloxacin was investigated in patients with adequate and
impaired renal function receiving regular and guideline-recommended reduced doses, in a
prospective observational study. Thus, we attempted to prospectively validate the recommended
50% dose reduction of ciprofloxacin for patients with impaired renal function. The PK/PD efficacy
target (AUCo.4/MIC 2125) is not attained in the majority of the patients, both for patients with
adequate and impaired renal function, when applying the clinical breakpoint MIC for Escherichia Coli
(E. Coli) of 0.25 mg/L. The risk of not attaining the target appears to be highest for patients with
impaired renal function, as drug exposure is significantly lower in these patients. In conclusion, the
results of the study show that the current dose reduction of ciprofloxacin in patients with impaired
renal function is invalid. If one is aiming to attain the currently recommended PK/PD efficacy target,
the dose of ciprofloxacin should be increased, particularly for patients with impaired renal function.

Pharmacokinetic/pharmacodynamic target attainment of ceftazidime

In Chapter 5 PK/PD target attainment of ceftazidime was investigated in patients with adequate and
impaired renal function receiving regular and guideline-recommended reduced doses, in a multi-
centre prospective observational study. Thus, we attempted to prospectively validate the
recommended dose reduction for patients with impaired renal function. No differences in drug
exposure or PK/PD target attainment (50%To-24 >MIC), when applying the clinical breakpoint MIC for
Pseudomonas Aeruginosa, were observed between the different renal function groups. In conclusion,
the guideline-recommended dose reduction of ceftazidime seems to be appropriate.

Impact of mucositis on absorption of ciprofloxacin

In Chapter 6 the impact of gastro-intestinal (Gl)-mucositis on absorption of orally administered
ciprofloxacin was prospectively investigated in patients with haematological malignancies admitted
to two academic medical centres. These patients frequently endure neutropenia and GI-mucositis
after high-dose chemotherapy and therefore, ciprofloxacin is used as Gram-negative infection
prophylaxis.?>** Mucositis means the loss of intestinal integrity and may affect the absorption of
orally administered drugs and therefore drug exposure.?>?® Whether this could lead to enhanced
absorption and higher exposure or to compromised absorption and therefore lower exposure of
ciprofloxacin was unclear. The results show that oral absorption remains adequate during the whole
chemotherapy treatment course when the patient was capable of oral intake, which was based on
the clinical decision of the treating physician, even in the second week after high-dose chemotherapy
when mucositis is expected to be most severe.?>?® Results indicate no risk of under- or overexposure
of ciprofloxacin when the Gl-tract is affected by mucositis.

157



Reflections on findings and clinical implications
Knowledge gap on the guideline-recommended antibiotic dose reduction

We have identified the lack of prospective validation studies on the guideline-recommended
antibiotic dose reduction for patients with impaired renal function (Chapter 2).° Despite this lack of
validation, these dose reductions are recommended globally on a daily basis. These dose reductions
have different effects on antibiotic concentrations in clinical practice, depending on which antibiotic
is prescribed.®*® For meropenem the dose does not seem to be reduced enough, leading to higher
antibiotic concentrations in patients with impaired renal function and possibly leading to
accumulation and toxicity-related problems (Chapter 2).1° On the other hand, for ciprofloxacin the
dose seems to be reduced too much, as we showed in our own patient population (Chapter 4),
leading to lower antibiotic concentrations compared to patient with adequate renal function
receiving the regular dose.'” This may lead to worse clinical outcome and promoting antibiotic
resistance due to subtherapeutic concentrations. For ceftazidime the dose seems to be adequate,
since the PK/PD efficacy target is attained in most patients and antibiotic drug exposure is
comparable between patients with adequate and impaired renal function receiving regular and
reduced doses of ceftazidime (Chapter 5).28

Differences in pharmacokinetic properties of these antibiotics may explain the different effects on
antibiotic concentrations, as illustrated in Table 1.8%27%6 For instance, the degree of renal clearance
in the total elimination is the highest for both ceftazidime and meropenem, up to 99% and 98%,
respectively. For ciprofloxacin this varies between 66% and 75%. The rest is eliminated through the
liver, bile and intestine. It may seem that all antibiotics that are excreted primarily and almost
exclusively through the kidneys require a dose reduction as currently recommended, or even more,
because no compensating mechanism of excretion through the liver and biliary system exists for
these antibiotics. All antibiotics that are excreted primarily but not exclusively through the kidneys
may require a dose reduction lower than currently recommended. The degree of dose reduction may
be overestimated since the other elimination pathway may compensate for the reduced renal
clearance. Interestingly, previous studies have actually shown that non-renal clearance of
ciprofloxacin increases in patients with impaired renal function to compensate for the reduced renal
clearance.’”-* Additionally, the results of our study showed that there was a non-linear association
between renal function and ciprofloxacin clearance, indicating that the decrease in renal function is
not directly proportional to the decrease in ciprofloxacin clearance (Fig. 1) (Chapter 4).

For all renally cleared antibiotics, with the exception of meropenem, ciprofloxacin and ceftazidime,
the effect of renal impairment on antibiotic concentrations in clinical practice remains unclear, since
a lack of prospective validation exists for the dosing recommendations of all these other antibiotics.
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Table 1. Pharmacokinetic parameters of meropenem, ciprofloxacin and ceftazidime®227-36

Pharmacokinetic properties Meropenem Ciprofloxacin Ceftazidime
Bioavailability N.A. 70% - 80%%° N.A.
Volume of distribution 0.39 I/kg?’ 2 —31/kg?? 0.31 I/kg?®
Metabolism Hydrolysis of the B-lactam ring generating a Partially metabolized to at None?
microbiologically inactive metabolite?”2® least four metabolites®®
Elimination route 98% urine 67% - 75% urine 99% urine
2% feces?’28 25% - 33% feces®® 1% feces?3°
Half-life (T %) 1-1.5 hours?”2¢ 4 -7 hours®® 2 hours?°3°
Plasma protein binding 2%%8 20% — 30%° 10%°
PK/PD target T>MIC3! AUC/MIC3133 T > MIC3438
Percentage of variability * 12%Y 73%8

between patients in drug

clearance that can be

explained by GFR in the

developed population PK

models in Chapter 4

(ciprofloxacin) and Chapter 5

(ceftazidime)
N.A., not applicable, because of intravenous administration
*No clinical data on meropenem was collected in this thesis

50
40—
30

Ciprofloxacin clearance (L/h)
20+

10+

0 T T T T T T T T T T T

0 50 100 150
eGFR (ml/min/1.73m?)

Fig. 1. Ciprofloxacin clearance against eGFR of individual patients. The solid line represents the estimated relationship according to
[CL=21.1*(eGFR/70)°277]17

Treatment failure of ciprofloxacin with the standard dosing regimen

Physicians should be aware of treatment failure of ciprofloxacin particularly in patients with impaired
renal function receiving the recommended reduced dose and who are treated for infections caused
by bacteria at or just below the susceptibility spectrum.

As seen in Fig. 2, the number of patients attaining the PK/PD efficacy target is dependent on the
minimal inhibitory concentration (MIC) of the bacteria.!” For low MIC values up to 0.0625 mg/L the
vast majority of the patients attains the efficacy target. However, for higher MIC values from 0.125
mg/L to 0.25 mg/L many patients do not attain the PK/PD efficacy target.
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Fig. 2. Percentage of patients attaining the ciprofloxacin pharmacokinetic/pharmacodynamic (PK/PD) target of AUCo-24/MIC 2125 at
different MIC values (0.0625, 0.125, 0.25 and 0.5 mg/L) for patients with adequate renal function (eGFR =30 mL/min/1.73m?, with most
frequently prescribed ciprofloxacin dose of 500 mg p.o. q12h) and for patients with impaired renal function (eGFR <30 mL/min/1.73m?,
with most frequently prescribed ciprofloxacin dose of 250 mg p.o. q12h)."7

AUCo-24/MIC, ratio of 24-h area under the concentration—time curve and the minimum inhibitory concentration (MIC); eGFR, estimated
glomerular filtration rate; p.o., orally; q12h, every 12 h.

This is remarkable, since the MIC breakpoint of E. Coli, for which ciprofloxacin is one of the most
important antibiotic treatments, is 0.25 mg/L.*° This means that identified E. Coli bacteria with MIC
values up to 0.25 mg/L are labelled as susceptible, which means that the treating physician assumes
that ciprofloxacin in regular doses is adequate for the treatment of infections caused by E. Coli.
However, results of our study have shown that the PK/PD efficacy target is often not attained for
bacteria with an MIC > 0.0625 mg/L and physicians may be unaware of the possibility of treatment
failure of that infection with the standard dosing regimen of ciprofloxacin.

Therefore, a discrepancy seems to exist between labelling of bacteria as susceptible with the
standard dosing regimen of ciprofloxacin, as the PK/PD efficacy target for the treatment of that
bacteria is frequently not attained. To overcome this discrepancy, three main options exist:

1. To lower current MIC breakpoints
2. Toincrease the dose
3. To use therapeutic drug monitoring

This will be explained in the following paragraphs.

Lower MIC breakpoints

The first possibility to reach more often the PK/PD efficacy target for the treatment of bacterial
infections is to lower the MIC-value breakpoint of Enterobacteriaceae and label bacteria with MIC
values of 0.25 mg/L as resistant (while currently labelled as sensitive).*° Likewise, for example,
Pseudomonas aeruginosa with an MIC-value breakpoint of 0.5 mg/L could be labelled as resistant
(also currently labelled as sensitive).

This will cause more adequate PK/PD target attainment for bacteria being labelled as sensitive.
However, more bacteria will be labelled as resistant for treatment with ciprofloxacin and infections

160



caused by those bacteria will then likely need other antibiotic treatment, possibly even with
antibiotics of last resort.

The Clinical and Laboratory Standards Institute (CLSI), the other important global organization
establishing interpretive criteria for in vitro susceptibility data, has lowered the MIC-value breakpoint
as of 2019 of both Enterobacteriaceae and Pseudomonas aeruginosa (Table 2).** However, even with
these revised breakpoints, Enterobacteriaceae and Pseudomonas aeruginosa with MIC values of 0.25
mg/L and 0.5 mg/L, respectively, are still labelled as sensitive. Therefore, we think revision of these
breakpoints is an improvement, but the CLSI should consider to lower these breakpoints even more,
while taking into account the PK/PD target attainment results of the treatment of ciprofloxacin.

Table 2. MIC breakpoints of ciprofloxacin of Enterobacteriaceae and Pseudomonas aeruginosa provided by the CLSI and EUCAST#04143

MIC-breakpoints of ciprofloxacin (mg/L)

2018 CLSI 2019 CLSI breakpoints 2019 EUCAST breakpoints ~ From 2020 EUCAST

breakpoints (original)  (revised) breakpoints*
Enterobacteriaceae $<1;1:2;R24 $<0.25;1:0.5; R 21 $<0.25;1:0.26-0.5; R>0.5 = $<0.25; I: 0.26-0.5; R >0.5
Pseudomonas aeruginosa  S<1;1:2; R 24 $<0.5;1: 1; R22 $<0.5; R>0.5 $<0.001;10.002-0.5; R >0.5

*Consistent in year 2020-2021, 2021-2022 and 2022-2023%
CLSI, Clinical and Laboratory Standards Institute; EUCAST, European Committee on Antimicrobial Susceptibility Testing; S, susceptible,
standard dosing regimen; |, susceptible, increased exposure; R, resistant

Increase the dose

The second possibility to reach more often the PK/PD efficacy target for the treatment of bacterial
infections is to increase the standard dose of ciprofloxacin. This will lead to higher drug exposure, so
that the likelihood increases that the PK/PD efficacy target is attained even for bacteria with MIC
values up to the MIC breakpoint of 0.25 mg/L and 0.5 mg/L of Enterobacteriaceae and Pseudomonas
aeruginosa, respectively.® As from 2019 EUCAST has redefined susceptibility testing categories: the
old definition of ‘I’ being ‘intermediate’ is redefined to the new definition of ‘I’ being ‘susceptible,
increased exposure’, which means a high likelihood of therapeutic success because exposure to the
agent is increased by adjusting the dose.*? Following this changed definition, EUCAST changed all
Pseudomonas aeruginosa with an MIC up to 0.5 mg/L from ‘S’ to ‘I': susceptible, increased exposure
(Table 2) indicating to increase the standard dose of ciprofloxacin for infections caused by
Pseudomonas aeruginosa.*®

Therapeutic drug monitoring

The third possibility to reach more often the PK/PD efficacy target for the treatment of bacterial
infections is therapeutic drug monitoring (TDM) of ciprofloxacin. TDM involves measuring the plasma
drug concentration and adjusting the dose accordingly, aiming for a pre-specified target plasma
concentration.* The target range of ciprofloxacin would be an exposure to attain at least the
proposed PK/PD target of ciprofloxacin, which is an AUC/MIC 21253233

TDM is mainly used for drugs with a narrow therapeutic range and drugs with marked inter-
individual pharmacokinetic variability.*#*> Ciprofloxacin shows marked inter-individual
pharmacokinetic variability; we observed a 35% inter-individual variability in clearance and 102% in
volume of distribution (Chapter 4).1” Remarkably, renal function as a covariate in the final model did
not explain much inter-individual pharmacokinetic variability; the percentage inter-individual
variability declines from 38% in the structural model (without covariate association) to 35% in the
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final model (with covariate association), suggesting that inter-individual variability in clearance is
mainly caused by other factors (Chapter 4).7:46-4

Increasing the dose can eventually be a solution to attain the established PK/PD target, but this
should be closely monitored by TDM, not only to check whether the target indeed has been attained,
but also because of multiple recent safety warnings on the use of ciprofloxacin. Although the direct
association between drug exposure and adverse effects has not been established so far.*>>3 To
conclude, regarding the higher doses needed to attain the established PK/PD target and the large
inter-individual pharmacokinetic variability, TDM would be a useful way to reach more often the
PK/PD target with ciprofloxacin. However, the biggest problem with TDM for ciprofloxacin is the
disputable therapeutic range. We would recommend to aim for an exposure greater than AUC/MIC
>125.3233 This target is based on the clinical outcomes of patients from two retrospective studies,
with a relatively small sample size, who often used concomitant other antibiotics and measured MIC
values generally lower than MIC values that need to be covered for treatment with ciprofloxacin.3%33
However, comparable AUC/MIC values across both studies were found, making the PK/PD target of
AUC/MIC 2125 currently the best existing.333 Nonetheless, the upper limit of the therapeutic range
is not clear, since no association between plasma drug concentration and toxicity is known.

A pre-requisite for TDM is a rapid, reproducible, and sensitive analytical method to measure the
plasma drug concentrations.* The unbound antibiotic concentration is the pharmacologically active
compound and is responsible for the antibacterial effect.>* Therefore, assays measuring the unbound
plasma concentration are essential. We have developed and validated an assay for the measurement
of unbound ciprofloxacin plasma concentration in Chapter 3, because it was not present yet.?°

Overtreatment of intravenous infection prophylaxis

In clinical practice, patients unable to have oral intake, likely those with severe mucositis, are
switched to intravenous (IV) therapy. Therefore, we included only patients that were able to take
their medication orally (Chapter 6).1° This is in line with real-life clinical practice, but we do not know
how oral intake would have been if these patients were not switched to IV therapy. This switch is
based on clinical decision of the treating physician.!® Theoretically, these patients may be switched to
IV therapy, while absorption may remain adequate. With the current results, we only know that this
switch is not made too late, since absorption is adequate in all patients receiving oral prophylaxis. On
the other hand, we do not know whether overtreatment of intravenous infection prophylaxis does
exist in these patients.

Ideally in the context of research, we could investigate one treatment group according to standard
practice and one group with only oral treatment, although the physicians would have switched to IV
therapy already. However, we think this would be unethical in clinical practice, since we expect
absorption is worse.>> Additionally, these patients may not be capable to take oral medications due
to other reasons, like pain or difficulty in swallowing.>® To overcome this problem a nasogastric
feeding tube can be used.>®

Another study design could be to switch to IV therapy with ceftazidime as is currently done in routine
clinical practice, to be sure that the patient receives adequate prophylaxis when the patient has
severe mucositis and additionally administer one tablet of ciprofloxacin, whether or not using a
nasogastric feeding tube, and afterwards measure the ciprofloxacin plasma concentration to get
insight into the oral absorption of ciprofloxacin in these patients.
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Absorption versus first-pass effect

We have shown that systemic exposure of ciprofloxacin is adequate in haematological patients with
mild mucositis.'® Systemic exposure after oral administration is the result of the administered dose,
bioavailability (fraction of the dose that reaches the systemic circulation) and clearance.>”
Bioavailability reflects the combined process of absorption and first-pass effect.’® We concluded that
both are adequate, since exposure is adequate. However, the distinction between absorption and
first-pass effect has not been taking into account.

Theoretically, the absorption could be reduced, but when the first-pass effect would be reduced as
well as compensating mechanism, the net effect would be zero. On the other hand, the absorption
could be increased and the first-pass effect could be increased as well and the net effect would be
zero again. Previous studies indicated a first-pass effect of ciprofloxacin in the liver.>® However, it
remains unknown if this first-pass effect is a zero- or first-order kinetic process and so whether a
higher absorption rate would be accompanied by a higher amount being metabolized per time unit
during the first-pass of gastrointestinal and liver mucosa, as is the case of first order kinetics.*°

Theoretically, we would like to measure the concentration of ciprofloxacin in both the vena porta
and in the systemic circulation. However, this is not feasible for in vivo studies. Additionally, for
clinical practice, the net effect that leads to systemic exposure is most important for the adequacy of
the infection prophylaxis and not the pharmacological processes behind it.

Therefore, we think it is justified to conclude, based on systemic exposure, that absorption is
adequate, although the first-pass effect has not been quantified.
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Methodological considerations

Some overall limitations should be taken into account when looking at the findings described in this
thesis.

PK/PD target attainment as surrogate endpoint

Pharmacokinetic/pharmacodynamic (PK/PD) target attainment is used as surrogate endpoint for
clinical outcome. The used PK/PD targets have been established in previous clinical studies, in which
they correlate with clinical and microbiological outcome, such as clinical success or time to
eradication.3>3¢ Nowadays, known PK/PD targets may help to optimize clinical outcome.®* However,
we want actual improvement of patients’ clinical outcome in the end and not only attainment of
PK/PD efficacy targets. The studies in this thesis did not show an association between PK/PD target
attainment and clinical outcome, because this was not statistically tested.'”*® Different reasons exist
why we could not test or observe an association. First, our studies had a small sample size and
therefore not enough power to observe an association between PK/PD target attainment and clinical
outcome. Probably hundreds of patients would be needed to observe enough differences in clinical
outcome, while only 40 patients were included. Second, a clear definition for clinical outcome is
lacking. A wide range of possible endpoints exists: mortality, clinical cure, the need to switch
antibiotics or add antibiotics to the initial treatment.5253 However, all of these endpoints suffer from
drawbacks, such as the need of a large sample size, no consensual definitions, subjectivity of
assessment and some are difficult to define, since switching or adding antibiotics may only be
performed to ensure coverage of all pathogens.®? Additionally, lack of consensus exists about which
endpoint should be primary.®? Third, most of the time no causative microorganism is being cultured
and identified. In our study, 22 of the 40 patients showed positive cultures (55%) (Chapter 4).2” For
patients without a positive culture, we have assumed the most common causative microorganism for
that specific infection, however, this may not be specific enough to investigate an association
between clinical outcome and PK/PD target attainment. Fourth, clinical success in daily practice is
dependent on many more factors than one antibiotic concentration only.5*** For example, many
critically ill patients are treated with more than one antibiotic and for some infections, such as
pyelonephritis or osteomyelitis, clinical success is also dependent on source control.%*

An important limitation and common criticism of previously defined PK/PD targets is that
associations with clinical outcome are susceptible to bias introduced by related, yet unidentified,
variables.® For example, could the increased risk of death be related to critical illness in patients who
can have expanded volumes of drug distribution due to high-volume suppletion during severe
infections and therefore lower peak concentrations? In other words, does lower target attainment
cause death or does another variable, such as critical iliness and the total treatment of the infection,
result independently in lower target attainment and higher mortality rates?

To overcome this limitation, we suggest to investigate PK/PD target attainment in different patient
populations. By including different populations, the (unidentified) bias would be minimized. We
suggest to include 1) patients with bacterial infections treated by the general practitioner (GP), 2)
patients treated by a specialist at the outpatient clinic, 3) hospitalized patients and 4) critically ill
patients admitted to the ICU. If comparable associations between PK/PD target attainment and
clinical outcome are found, one could say that this correlation is consistent over different patient
populations and independent of unidentified variables.
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Also, we would suggest to develop and validate a general definition of clinical outcome. This will help
to investigate the association between PK/PD target attainment and clinical outcome. Besides, a
general definition of clinical outcome will facilitate comparison of study results on bacterial
infections for other purposes as well.

Analysis of concentration-time data

Antibiotic exposure was investigated using nonlinear mixed-effects modelling (NONMEM).*”*° First, a
model is developed that best describes the concentration-time data, considering different co-
variates. Afterwards, concentration-time curves can be simulated based on this model following
different dosing regimens, again considering the individual patient characteristics.’"*° Application of
NONMEM analyses enables us to develop population pharmacokinetic (PK) models and subsequently
simulate full concentration-time curves, based on sparse data sampling, i.e., three blood samples per
patient.5”8 Critics will argue that the golden standard for investigating concentration-time curves is
actually measuring this curve based on rich sampling.%® However, this leads to an enormous burden
for the patient, since blood samples have to be taken very frequently. NONMEM provides reliable
concentration-time curves, using sparse data sampling.®® Besides, NONMEM enables the use of
material already collected for routine clinical care, leading to even less burden for the patient. The
use of waste material was validated for the measurement of ciprofloxacin plasma concentrations in
different blood collection tubes used in everyday clinical practice (Chapter 3).%° Therefore, we think
that rich sampling is an outdated way of measuring concentration-time curves and advocate
NONMEM being the new golden standard.

Renal function
Measurement and classification of renal function

Renal function is usually expressed as the glomerular filtration rate (GFR). In this thesis, renal
function is estimated based on the CKD-EPI formula.'”*° The CKD-EPI formula is a creatinine-based
estimation equation and takes age, sex and ethnic origin into account.”®”* The measurement of
creatinine is relatively easy and is usually part of a routine lab report.” This enables the use for every
day clinical practice and most hospitals therefore use creatinine-based estimation equation to
estimate renal function. However, actually measuring the renal function using externally
administered agents such as inulin is historically considered the golden standard.”? Yet measuring
inulin is expensive, rigorous and time consuming and therefore not useful for every day clinical
practice, particularly not for large groups of patients receiving antibiotics in the hospital.”> The
estimated GFR provides an unbiased assessment of the measured GFR for the majority of people.
Besides, the CKD-EPI formula is the most accurate method for estimating GFR at the moment and
currently the most frequently used.” Therefore, using the CKD-EPI enables the extrapolation of study
results to clinical practice.

Additionally, another pre-requisite for appropriate dosing recommendations for patients with
impaired renal function is a clear classification of renal function groups to enable investigation of the
appropriate dose for patients in those groups. We have identified the lack of a clear definition.'*®
We would suggest to follow the classification of Chronic Kidney Disease (CKD) as illustrated in Table
3, which is endorsed by most national kidney associations (e.g., Dutch Kidney Foundation, UK Kidney
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Association and American Kidney Fund).”>”> Therefore, we think it would provide the most useful
and practical classification of renal function groups per antibiotic.

Table 3. Classification of Chronic Kidney Disease”>7>

Classification of Chronic Kidney Disease = eGFR (ml/min/1.73m?)

Stage 1 >90
Stage 2 60 - 89
Stage 3a 45 - 59
Stage 3b 30-44
Stage 4 15-29
Stage 5 <15

eGFR, estimated glomerular filtration rate

Acute versus chronic renal impairment

Approximately 20% of all hospital admissions are associated with acute renal impairment and
approximately 33% of patients with chronic renal impairment in the hospital develop acute renal
impairment during their time in hospital.”® This usually resolves within 24-48 h after adequate
intravenous resuscitation.”” This short period of time during which renal function is impaired is one
of the arguments for prescribers not to follow the guidelines on the recommended dose reduction in
patients with impaired renal function.' The estimated renal function may lag behind on the actual
renal function due to the fast recovery of renal function after volume resuscitation.* Another reason
may be that most recommendations for dose reductions are from studies including patients with
chronic renal impairment in whom the decrease in clearance may not be representative for patients
with acute renal impairment.}*® Based on results of this thesis, we would recommend to treat
patients with acute renal impairment who show an eGFR just below the limit where a dose reduction
is recommended, with a full, regular antibiotic dose and to re-measure renal function the day after to
confirm, or disprove, the expected improvement of renal function and act accordingly.

Scoring gastro-intestinal mucositis

Assessing the severity of mucositis is cumbersome as no golden standard for diagnosing or assessing
gastro-intestinal (Gl)-mucositis exists, despite the use of invasive biopsy of the Gl-tract.”® The Daily
Gut Score (DGS) and daily mucositis score (DMS) are two clinical scoring systems developed to assess
mucositis.”®’® Additionally, citrulline and albumin levels are used as quantitative biomarkers of
mucositis.2®’88 Citrulline is mainly produced by enterocytes of the small bowel and therefore a
biomarker of remnant small bowel mass and function.®! Single studies have shown the validity of
these scoring systems, however complete validity is missing. We have used the DGS as a clinical
scoring system and measured citrulline levels as quantitative biomarker in Chapter 6.1° Contradictory
results were obtained: nine patients showed severe mucositis based on citrulline levels, while only
mild mucositis was predicted based on the DGS.* Additionally, when comparing both clinical scoring
systems, completely different parameters are assessed: the DGS assesses defecation, abdominal pain
and the ability to eat, while the DMS assesses local oral condition and the ability to swallow.”®7°
Therefore, both scoring systems seem to measure different parts of the Gl-tract involved in mucositis
and, therefore, do not meet the content validity or construct validity criteria.

Previous studies have shown that drug exposure or bioavailability is only reduced for patients with
severe mucositis.>® Patients with mild or moderate mucositis did not show reduced drug exposure or
compromised bioavailability (Chapter 6).8%%% We therefore think that complicated scoring systems of
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mucositis that make a distinction between mild-, moderate- and severe mucositis are not necessary.
In clinical practice only the distinction between severe and ‘not severe’ mucositis seems to be
relevant for an effect on bioavailability or drug exposure. Additionally, the current clinical scoring
systems are very time consuming and inconvenient for clinical practice. One scoring system even
scores the amount of feces, which leads to an enormous hazard for patients and health care
providers.” Additionally, the other scoring system of mucositis; the measurement of citrulline, is
expensive and only available in a couple of hospitals in the Netherlands.

Our study has shown that ciprofloxacin exposure is adequate for patients treated orally.’® The
decision to treat patients orally or switch to intravenous (IV) therapy with ciprofloxacin or
ceftazidime in case the patient develops the symptoms of an acute infection such as fever, is based
on the clinical assessment of the treating physician.!® Therefore, our results indicate that the
physician is capable to select patients for oral treatment, since all of those patients showed adequate
ciprofloxacin exposure. The adequateness of this clinical decision is endorsed by another study.?? This
study showed adequate isavuconazole exposure in patients with mucositis treated with the oral
formulation. The decision to treat patients orally or switch to IV therapy was at the discretion of the
site investigators.

None of these physicians or investigators used extended scoring systems or measured the citrulline
levels on a daily basis.®2 We think no need for complicated scoring systems exists, as the treating
physician seems to be perfectly capable of differentiating between patients that need to be treated
orally or intravenously and to obtain adequate drug exposure. This is an example of excellent clinical
decision making, without the need for complicated scoring systems or the measurement of
biomarkers.

Representative patient samples

In Chapter 4-6, patients admitted to general wards of academic or regional hospitals in the
Netherlands were included.?”*° All patients showed signs of a bacterial infection or received
antibiotic prophylaxis during high-dose chemotherapy. This results in a study population that is
representative for everyday clinical practice with regard to patients admitted to general wards of
hospitals. Therefore, our study results are transferable to every day clinical practice. However, other
important patient populations such as nursing home patients, patients on the intensive care unit
(ICU) and patients treated with ciprofloxacin by the general practitioner (GP) were excluded.
Nonetheless, ciprofloxacin is prescribed frequently in these patients.*®#8 Changed
pharmacokinetics and subsequently differences in drug exposure were reported for nursing home
patients.® Additionally, it is well known that patients on the ICU face altered pharmacokinetics and
altered drug exposure.®” Therefore, we think that our studies have to be performed in other
populations as well. Particularly in nursing home patients, patients on the ICU and patients treated
with ciprofloxacin by the GP. These are big groups of patients treated with ciprofloxacin and they
may face different pharmacokinetics compared to patients on general wards. This is substantiated by
previous studies showing limited predictive value of internally validated population PK models for
other populations, e.g., from different countries with different ethnic backgrounds and diets or with
different degrees of illness.®®
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Implications for future research
Revisions of the recommended dose reduction of ciprofloxacin

Results of our study show that the PK/PD target of ciprofloxacin is not attained in the first 24 h of
treatment in the majority of adult patients on general wards for clinically relevant bacteria with MIC
values at or just below the clinical breakpoint (0.25 mg/L).Y” The risk of not attaining the PK/PD target
seems to be highest in patients with impaired renal function (eGFR <30 ml/min/1.73m?) receiving a
guideline-recommended reduced dose of ciprofloxacin, as drug exposure is significantly lower in this
subgroup of patients compared to patients with adequate renal function receiving a regular dose.'’
The rationale behind the guideline-recommended dose reduction of ciprofloxacin in patients with
impaired renal function is to achieve equivalent antibiotic exposure, compared to patients with
adequate renal function receiving a regular dose. However, the results show that drug exposure is
not equivalent, but statistically significant lower in hospitalized patients with impaired renal function.
To achieve equivalent drug exposure, the daily dose of ciprofloxacin for hospitalized patients with
impaired renal function should be increased. Different dosing regimens of ciprofloxacin for patients
with impaired renal function were simulated (Chapter 4).2” Results of these simulations show that a
daily dose of ciprofloxacin of 750 mg orally or 600 mg IV should lead to equivalent drug exposure,
instead of the currently recommended daily dose of 500 mg orally or 400 mg IV. Increasing the daily
dose for patients with impaired renal function is also supported by results of other studies that show
that non-renal clearance of ciprofloxacin increases in patients with impaired renal function to

compensate for the reduced renal clearance.?”*°

Implementation of new dosing recommendations of ciprofloxacin

The appropriate way of implementation of new dosing recommendations remains subject of ongoing
debate. Three options exist:

1. Implement the new dosing recommendations directly into current guidelines as the new
standard of care. Other studies have also shown that current dosing recommendations of
ciprofloxacin are suboptimal (Chapter 4), it would be unethical to treat patients with these
dosing recommendations, although the new dosing recommendations have not been
prospectively validated yet.*”°

2. Validation of the new dosing recommendations precedes implementation of the new dosing
recommendations. First prospectively validate the new dosing recommendations and treat
patients in between with the current standard of care, although this might be suboptimal.

3. A combination of both options: implement the new dosing recommendations directly and
validate these while already being standard of care.

Currently, we are performing the CIPRO-3 study in which we investigate an alternative dose
reduction of ciprofloxacin for patients with impaired renal function: a 25% dose reduction instead of
the currently recommended 50% dose reduction (as described under option 2).'” In the mean time in
the ‘NoordWest Ziekenhuisgroep’ the new dosing recommendation of a 25% dose reduction of
ciprofloxacin for patients with impaired renal function has already been implemented in the
guidelines, while we are simultaneously validating these dosing recommendation by measuring
plasma concentrations of ciprofloxacin and subsequently calculating antibiotic drug exposure (thus
as described under option 3 above).
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Validation of the recommended dose reduction of other renally cleared antibiotics

We have investigated and summarized the evidence on the validation of the recommend dose
reduction of meropenem, ciprofloxacin and ceftazidime.'*® However, for all other antibiotics for
which a dose reduction is standard of care for patients with impaired renal function this dose
reduction has to be prospectively validated in clinical practice. We strongly recommended to start
with antibiotics that do not have the kidneys as exclusive route of elimination, but also are partly
eliminated by the liver, bile and intestine, such as ertapenem and piperacillin, since particularly for
those antibiotics, concern exists on the adequacy of the recommended dose reduction.88%-°

Currently we are performing a prospective observational study to investigate the recommended dose
reduction and PK/PD target attainment of cefuroxime in patients admitted to general wards of
‘Noordwest Ziekenhuisgroep’. This B-lactam antibiotic requires a dose reduction following current
guidelines and has the kidneys as the main route of elimination.®>** Therefore, we hypothesize that
the currently recommended dose reduction of cefuroxime for patients with impaired renal function
is, like in ceftazidime and meropenem, adequate, when comparing drug exposure and PK/PD target
attainment to that in patients with adequate renal function receiving the regular dose. However, for
other antibiotics partly eliminated by the liver, bile and intestine, such as ertapenem and piperacillin
we would hypothesize that the currently recommended dose reduction would not be adequate.

Mandatory information for elderly and patients with impaired renal function in the SmPC

Information to address the appropriate drug use in children is mandatory for SmPC approval.
Information on appropriate drug use in elderly and patients with impaired renal function is only
provided ‘when clinically relevant differences’ are known.%®

Currently, in the Netherlands, the population consists of more than 3.5 million elderly (> 65 years),
making up about 20% of the total population.®® Additionally, 1.7 million people show some degree of
impaired renal function, making up about 10% of the total population.’” Due to aging of the
population and an increase in the number of people with diabetes and hypertension, this will
increase further.®” Additionally, this number consists only of patients with chronic renal impairment,
and does not include the number of patients with acute renal impairment. Approximately 20% of all
hospital admissions are also associated with acute renal impairment.®® These numbers emphasize the
need for mandatory information in the SmPC on appropriate drug use in elderly and patients with
impaired renal function even more.

It is well-known that pharmacokinetic parameters change in the elderly phase of life and during renal
impairment.®®*% |n elderly, renal and hepatic clearance are reduced, while volume of distribution of
lipid soluble drugs is increased, leading to prolongation of elimination half-life.* In patients with
impaired renal function, renal clearance is reduced and volume of distribution may remain
unchanged or can be increased.'®

Based on the high number of elderly and patients with impaired renal function, together with the
known altered pharmacokinetic parameters, we think it is justified to make information on
appropriate drug use in elderly and patients with impaired renal function mandatory to include in de
SmPC as well, before marketing authorization is approved.

We therefore suggest to investigate the (altered) pharmacokinetic parameters for both patient
groups in phase Il and Il trials, define appropriate dosing recommendations based on these findings
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and finally validate these dosing recommendations in real life clinical practice for elderly and patients
with impaired renal function.

Revision of appropriate antibiotic use definition

Although the set of quality indicators defining appropriate antibiotic use was developed in a
multidisciplinary international expert panel and tested and validated in clinical practice, we think
revision may have to be considered.® It is incorrect to include a quality indicator on dose adjustment
in renal impairment that is based on such sparse data with a low grade of evidence of the guideline
recommendation on which the quality indicator is based.'® Acceptance of this quality indicator would
suggest that antibiotic dose adjustment when renal function is impaired, is appropriate, while in fact
most dosing recommendations in renal impairment have never been prospectively validated in
every-day clinical practice.'®

Results on antibiotic resistance rates and healthcare costs

As mentioned in the first sentence of this discussion chapter, appropriate antibiotic use is beneficial
for patients’ clinical outcome, leads to a decrease in antibiotic resistance rates and results in
lowering of healthcare costs.' In this thesis we have mainly focused on PK/PD target attainment, as
a surrogate for patients' clinical outcome. However, the effect of appropriate antibiotic use for
patients with impaired renal function on both antibiotic resistance rates and lowering of healthcare
costs remains outside the scope of this thesis. Future research should focus on this effect as well,
since it is as important as patients’ clinical outcome.
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Overall conclusion

Prospective validation in every-day clinical practice on the recommended dose reduction of most
antibiotics in patients with impaired renal function is lacking (Chapter 2).1° Additionally, a validated
method to measure the pharmacologically active concentration of ciprofloxacin was lacking, which is
a pre-requisite for investigating the adequate dose. We have validated a method for the
measurement of unbound ciprofloxacin plasma concentration (Chapter 3).2° Subsequently, we have
prospectively validated the recommended dose reduction of ciprofloxacin and ceftazidime (Chapter
4 and 5).1*8 Ceftazidime is dosed correctly, as the PK/PD efficacy target is attained in most patients
and antibiotic drug exposure is comparable between patients with adequate and impaired renal
function receiving regular and reduced doses of ceftazidime respectively.® However, for
ciprofloxacin new dosing recommendations for patients with impaired renal function are warranted,
as the PK/PD efficacy target is not attained in most patients and drug exposure is statistically
significantly lower in patients with impaired renal function receiving reduced doses compared to
patients with adequate renal function receiving regular doses.'’ Finally, we have validated the use of
ciprofloxacin as infection prophylaxis in patients with haematological malignancies. Absorption and
drug exposure remain adequate in patients with mild mucositis (Chapter 6).2° Based on these results,
we are performing a new study to investigate an alternative dose adjustment of ciprofloxacin for
patients with impaired renal function: a 25% dose reduction instead of the currently recommended
50% dose reduction. Additionally, we are prospectively validating the currently recommended dose
reduction of cefuroxime for patients with impaired renal function.

To conclude, we think that clinicians should follow the current guideline recommendations to reduce
the dose of renally cleared antibiotics for patients with impaired renal function. Guideline deviation
is not justified based on only the lack of prospective evidence for this recommendation. For
ceftazidime we have shown that the recommended dose reduction is adequate. For ciprofloxacin this
dose reduction seems inadequate, however prospective validation of revised dosing
recommendations are warranted before implementing new dosing recommendations. In the
meantime, we strongly advice clinicians to be cautious for treatment failure of antibiotics and to
consider TDM when fearing underexposure after a dose reduction when treating patients with
impaired renal function.
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Summary in English

Appropriate antibiotic use is beneficial for patients’ clinical outcome, leads to a decrease in antibiotic
resistance rates and results in lowering of healthcare costs. Quality indicators measure quality of
care, such as appropriate antibiotic use. Such quality indicators have been defined for the
measurement of appropriate antibiotic use in the treatment of bacterial infections in the hospital.
One of these nine validated quality indicators is to adjust the antibiotic dose to renal function. The
antibiotic dose reduction for patients with impaired renal function is standard of care as
incorporated in all clinical guidelines.

The aim of this dose reduction is to prevent accumulation of the drug, with risk for toxicity and thus
patient harm, and to achieve antibiotic drug exposure equivalent to that in patients with adequate
renal function receiving the regular dose, i.e., achieving bioequivalence. However, this dose
reduction is often not applied in clinical practice and inconsistency exists between different
guidelines in the extent of the recommended dose reduction and the renal function levels at which a
dose reduction should be considered.

Currently, the level of evidence for the recommended antibiotic dose reduction for patients with
impaired renal function is unclear. Additionally, it is unknown if this dose reduction leads to
adequate drug exposure and PK/PD target attainment in clinical practice.

In this thesis we systematically reviewed all literature ever published since the discovery of the first
antibiotic in 1928 on antibiotic dose reduction for patients with impaired renal function (Chapter 2).
As a first step, a pre-requisite to investigate exposure to antibiotics in clinical practice is a validated
method to measure concentrations of these antibiotics in body fluids. Therefore, we developed and
validated a liquid chromatography-tandem mass spectrometry (LC-MS/MS) assay for the
determination of total and unbound ciprofloxacin plasma concentrations (Chapter 3). Thereafter, we
prospectively investigated the adequacy of the recommended dose reduction for ciprofloxacin and
ceftazidime in patients with impaired renal function, defined as equivalent drug exposure or PK/PD
target attainment compared to that in patients with adequate renal function receiving the regular
dose (Chapter 4 and 5). Finally, to be able to fully investigate the adequacy of the administered
antibiotic dose, we also investigated that other pharmacokinetic parameter determining drug
exposure: the bioavailability. In case of oral administration, bioavailability determines the amount of
the drug that is being absorbed and thereby a large part of drug exposure. Therefore, we
prospectively investigated the absorption of oral ciprofloxacin in neutropenic patients with
haematological malignancies and mucositis (Chapter 6).

In Chapter 2 we showed that no good-quality evidence on the recommended dose reduction of
renally cleared antibiotics in patients with impaired renal function is present, with the exception of
meropenem. We reviewed the literature to summarize the available evidence on the adequacy of the
recommended dose reduction in terms of achieving equivalent drug exposure or
pharmacokinetic/pharmacodynamic (PK/PD) target attainment compared to that in patients with
adequate renal function receiving the regular dose. All studies reporting antibiotic drug exposure
and/or PK/PD target attainment after dose reduction of antibiotics in patients with impaired renal
function were included.

We included 27 studies, most studies with fair quality of evidence and most studies were of -
lactams. Best evidence was available for meropenem: four studies were included, of which two
studies with good quality of evidence. Drug exposure for meropenem is 158% to 286% higher in
patients with impaired renal function receiving reduced doses compared to patients with adequate
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renal function receiving regular doses. For all other antibiotics, good-quality studies were scarce or
studies were missing at all. For example, for ciprofloxacin, ceftazidime and piperacillin/tazobactam
no good-quality studies were present, while for cefuroxime and amoxicillin/clavulanic acid studies
were lacking at all. Therefore, it is unknown if this dose reduction leads to equivalent antibiotic drug
exposure or PK/PD target attainment compared to patient with adequate renal function.

This result is striking, since the recommended dose reduction is standard of care for decades as
incorporated in all clinical guidelines. Additionally, it is one of the quality indicators defining
appropriate antibiotic use. Therefore, we have investigated the recommended dose reduction of two
important antibiotics used in the hospital for which a dose reduction is standard of care in patients
with impaired renal function: ciprofloxacin and ceftazidime (Chapter 4 and 5).

Before embarking on these studies, we first developed and validated a rapid, reproducible, and
sensitive liquid chromatography-tandem mass spectrometry (LC-MS/MS) assay for the determination
of total and unbound ciprofloxacin plasma concentrations (Chapter 3), in order to be able to reliably
assess ciprofloxacin exposure.

We fully validated the method over a concentration range of 0.02-5.0 mg/L, according to the U.S.
Food and Drug Administration guidelines. The total run time was 1.5 minutes. For total ciprofloxacin
plasma concentrations, the mean accuracy ranged from 94.5% to 105.0% across the validated range,
the intraday imprecision was <7.6%, and the interday imprecision was <9.8%. For unbound
ciprofloxacin plasma concentrations, the mean accuracy ranged from 92.8% to 102.1% across the
validated range, the intraday imprecision was <7.0%, and the interday imprecision was <9.6%.

We have shown that the method is precise and accurate. Additionally, we have implemented the
method in clinical care and research projects at a university hospital, permitting rapid determination
of total and unbound ciprofloxacin.

In Chapter 4 we showed that the PK/PD target of ciprofloxacin [area under the concentration-time
curve/minimum inhibitory concentration (AUC/MIC) 2125] is not attained in the majority of adult
patients on general wards for clinically relevant bacteria with MICs at or just below the clinical
breakpoint, regardless of renal function. However, the risk of not attaining the target appears to be
highest for patients with impaired renal function receiving guideline-recommended reduced doses,
as drug exposure is significantly lower in these patients compared to patients with adequate renal
function receiving regular doses.

We performed a single-centre prospective observational cohort study including adult patients on
general wards treated with ciprofloxacin. Three blood samples per patient were obtained for
ciprofloxacin concentration measurement. Individual AUCs were calculated using a population
pharmacokinetic (PK) model developed by non-linear mixed-effects modelling (NONMEM).

We included 40 patients, of whom eight had impaired renal function and were treated with a
guideline-recommended reduced dose. Using the clinical breakpoint MIC of the most isolated
bacteria (Escherichia coli, 0.25 mg/L), AUCo.24/MIC 2125 was attained in 13/32 (41%) patients with
adequate renal function receiving regular doses and in 1/8 (13%) patients with impaired renal
function receiving reduced doses. Median drug exposure (AUCo-,4) for patients with impaired renal
function was 19.0 [interquartile range (IQR) 14.2-23.3] mg/Leh, which was statistically significantly
lower than that for patients with adequate renal function [29.3 (IQR 25.0-36.0) mg/Leh] (p < 0.01).
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In Chapter 5 we showed that the PK/PD target of ceftazidime (50%T >MIC) is attained in the majority
of adult patients on general wards for clinically relevant bacteria with MICs up to and including the
breakpoint MIC of Pseudomonas aeruginosa (8 mg/L). We performed a multi-centre prospective
observational cohort study including adult patients on general wards treated with ceftazidime. Three
blood samples per patient were obtained for ceftazidime concentration measurement. Individual
T>MIC and AUCs were calculated using a population PK model developed by NONMEM.

We included 40 patients, of whom 10 patients had moderately impaired renal function and 5 had
severely impaired renal function, all patients with impaired renal function were treated with a
guideline-recommended reduced dose. Using the clinical breakpoint MIC of the most important
bacteria (Pseudomonas aeruginosa 8 mg/L), 50%To.24 >MIC was attained in all 25 patients with
adequate renal function, in 9/10 (90%) patients with moderately impaired renal function and in all 5
patients with severely impaired renal function. No differences in drug exposure were observed
between patients of the different renal function groups.

In Chapter 6 we showed that oral dosing of ciprofloxacin as Gram-negative infection prophylaxis in
haematological patients with mild-to-moderate gastro-intestinal (GI) mucositis capable of oral intake
leads to adequate systemic drug exposure, since no differences in exposure were observed
compared to healthy volunteers.

We performed a multi-centre prospective observational cohort study including adult patients with
haematological malignancies receiving oral ciprofloxacin as Gram-negative prophylaxis to explore the
impact of GI-mucositis on oral bioavailability and clearance in order to assure adequate systemic
exposure with application of the currently used dose regimen.

We collected ciprofloxacin plasma concentrations at various timepoints after oral ciprofloxacin
administration and at various days after completion of chemotherapy. Data obtained after oral and
intravenous ciprofloxacin administration in 28 healthy volunteers without mucositis served as a
control group. We assessed the degree of GI-mucositis for haematological patients using the Daily
Gut Score (DGS), plasma citrulline and albumin. Data were analysed by NONMEM.

We included 47 patients with a wide variety of haematological malignancies between 0-30 days after
start of chemotherapy. Mucositis was generally mild [DGS median (IQR) 1 (1-1) and citrulline 16
umol/L (12-23)]. The time to Cmax Was longer in haematological patients compared with healthy
volunteers, but no difference in systemic drug exposure was observed.

In Chapter 7 we discussed our findings and clinical implications regarding appropriate antibiotic use,
in particular for patients with impaired renal function and haematological patients with mucositis.
Methodological issues regarding the different executed studies were considered. Additionally, we
provided directions for future research.

Currently, we are performing a new study to investigate an alternative dose reduction of
ciprofloxacin for patients with impaired renal function: a 25% dose reduction instead of the currently
recommended 50% dose reduction. Additionally, we are prospectively validating the currently
recommended dose reduction of cefuroxime for patients with impaired renal function.
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Nederlandse samenvatting

Adequaat gebruik van antibiotica leidt tot betere klinische uitkomsten voor patiénten, tot minder
ontwikkeling van resistente bacterién en tot lagere zorgkosten. Verschillende kwaliteitsindicatoren
meten adequaat antibiotica gebruik. Eén van deze kwaliteitsindicatoren betreft het aanpassen van
de dosering van antibiotica aan de nierfunctie. In alle geldende (inter)nationale richtlijnen staat dan
ook dat de dosering van antibiotica die voornamelijk door de nieren uit het lichaam worden
uitgescheiden, moet worden verlaagd bij patiénten met een verminderde nierfunctie. Het
voornaamste doel van deze verlaging is:

1) Het voorkomen van een te hoge concentratie antibiotica in het bloed en daarmee het
voorkomen van toxiciteit en schade voor de patiént.

2) Het bereiken van dezelfde blootstelling aan antibiotica vergeleken met de blootstelling in
patiénten met een normale nierfunctie die de standaarddosering antibiotica krijgen, oftewel
het bereiken van gelijkwaardigheid.

In de praktijk blijkt echter dat de dosering vaak niet wordt verlaagd voor patiénten met een
verminderde nierfunctie. Artsen zouden bang zijn voor onderbehandeling van infecties met de
verlaagde dosering. Daarnaast bestaat er onduidelijkheid binnen richtlijnen in de mate waarin
aanbevolen wordt om de dosis te verlagen en vanaf welke nierfunctie dat van toepassing is.
Momenteel is het wetenschappelijke bewijs voor gelijkwaardigheid van de aanbevolen dosisverlaging
niet duidelijk. Daarnaast is het ook onduidelijk of deze dosisverlaging wel doeltreffend is.

In dit proefschrift hebben we systematisch alle literatuur geévalueerd, die ooit gepubliceerd is sinds
de ontdekking van het eerste antibioticum in 1928, over het verlagen van de dosering antibiotica bij
patiénten met een verminderde nierfunctie (Hoofdstuk 2). Om de blootstelling aan antibiotica in de
klinische praktijk te onderzoeken is een gevalideerde methode nodig om de concentratie van deze
antibiotica in het bloed te meten. Daarom hebben we een meetmethode ontwikkeld en gevalideerd
om de totale en de ongebonden (actieve) concentratie ciprofloxacine te meten in plasma (bloed)
(Hoofdstuk 3). Vervolgens hebben we onderzocht of de huidige dosisverlaging van twee antibiotica
(ciprofloxacine en ceftazidim) in patiénten met een verminderde nierfunctie gelijkwaardig en
doeltreffend is in de klinische praktijk vergeleken met patiénten met een goede nierfunctie die de
reguliere dosering kregen (Hoofdstuk 4 en 5). Tot slot hebben we, om de doeltreffendheid van de
dosering antibiotica volledig te kunnen onderzoeken, ook de biologische beschikbaarheid onderzocht
(de andere farmacokinetische parameter die de antibiotica blootstelling beinvloedt). De biologische
beschikbaarheid bestaat, bij orale toediening, voor een groot deel uit de absorptie van het
geneesmiddel vanuit het maag-darmkanaal. Daarom hebben we de absorptie van orale
ciprofloxacine onderzocht in patiénten met kwaadaardige bloedziekten en een ontstoken maag-darm
slijmvlies (mucositis) (Hoofdstuk 6).

De term PK/PD target attainment komt veelvuldig in dit proefschrift terug. Het is een afkorting van
pharmacokinetic/pharmacodynamic target attainment. Dit PK/PD target beschrijft de blootstelling
aan antibiotica in relatie tot het remmen van de groei van bacterién. Voor veel antibiotica is een
optimaal PK/PD target bekend, waarbij de bacterie het meest doeltreffend wordt bestreden.

Voor ciprofloxacine is het PK/PD target de area under the concentration-time curve (AUC), een maat
voor de totale blootstelling aan ciprofloxacine, gedeeld door de minimum inhibitory concentration
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(MIC), de laagste concentratie van een antibioticum waarbij de verdere groei van bacterién wordt
geremd. Ciprofloxacine is doeltreffend als het PK/PD target van AUC/MIC 2125 wordt behaald.

Voor ceftazidim is het PK/PD target het percentage tijd van een doseerinterval dat de concentratie
boven de MIC blijft. Ceftazidim is doeltreffend als het gedurende 50% van de tijd van een
doseerinterval boven de MIC blijft (50%T >MIC).

In Hoofdstuk 2 hebben we laten zien dat slechts voor één antibioticum (meropenem) overtuigend
onderzoek is gedaan naar de aanbevolen dosisverlaging van antibiotica voor patiénten met een
verminderde nierfunctie.

We hebben systematisch alle literatuur geévalueerd over de gelijkwaardigheid en doeltreffendheid
van de dosisverlaging, uitgedrukt in gelijkwaardige antibiotica blootstelling of doeltreffendheid
middels PK/PD target attainment na behandeling met deze verlaagde dosering. Alle onderzoeken die
iets vermelden over antibiotica blootstelling of PK/PD target attainment na dosisverlaging van
antibiotica bij patiénten met een verminderde nierfunctie werden geincludeerd.

Uiteindelijk zijn 27 studies geincludeerd, de meeste studies gingen over -lactam antibiotica en
hadden een matige studiekwaliteit. Het beste bewijs was beschikbaar voor meropenem: er werden
vier studies geincludeerd, waarvan twee studies met goede studiekwaliteit. De antibiotica
concentraties voor patiénten met een verminderde nierfunctie die werden behandeld met een
verlaagde dosering meropenem, zijn 158% tot 286% hoger, vergeleken met patiénten met een
adequate nierfunctie, die werden behandeld met de standaarddosering. Voor alle andere antibiotica
waren studies van goede kwaliteit schaars of ontbraken studies zelfs helemaal. Zo waren er voor
ciprofloxacine, ceftazidim en piperacilline/tazobactam geen studies van goede kwaliteit en voor
cefuroxim en augmentin ontbraken studies in zijn geheel. Zodoende blijkt de dosisverlaging voor
patiénten met een verminderde nierfunctie onvoldoende te zijn onderzocht. Het is dan ook niet
bekend of deze dosisverlaging leidt tot gelijkwaardige blootstelling aan antibiotica of tot
doeltreffende PK/PD target attainment.

Dit resultaat is opvallend, aangezien de aanbevolen dosisverlaging al tientallen jaren standaardzorg
is, zoals ook in alle richtlijnen staat. Bovendien is het één van de kwaliteitsindicatoren die adequaat
antibioticagebruik meten. Daarom hebben we de aanbevolen dosisverlaging onderzocht van twee
belangrijke antibiotica die in het ziekenhuis worden gebruikt en waarvoor een dosisverlaging
standaardzorg is voor patiénten met een verminderde nierfunctie: ciprofloxacine en ceftazidim
(Hoofdstuk 4 en 5).

Voordat we aan deze studies begonnen, hebben we eerst een snelle en nauwkeurige meetmethode
ontwikkeld en gevalideerd om de totale en de ongebonden (actieve) concentratie ciprofloxacine te
meten in plasma (bloed). Hiervoor is gebruikt gemaakt van de meetmethode liquid chromatography-
tandem mass spectrometry (LC-MS/MS) (Hoofdstuk 3).

We hebben de methode volledig gevalideerd over een concentratierange van 0,02-5,0 mg/L, volgens
de richtlijnen van de Amerikaanse Food and Drug Administration (FDA). De totale doorlooptijd van
het systeem was 1,5 minuut. De meetmethode is nauwkeurig voor het meten van de totale
concentratie ciprofloxacine, met een gemiddelde juistheid van 94,5% tot 105,0% binnen de
gevalideerde concentratierange. De imprecisie binnen dezelfde dag was <7.6%, de imprecisie tussen
verschillende dagen was <9.8%. Daarnaast is de meetmethode ook nauwkeurig voor het meten van
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de ongebonden concentratie ciprofloxacine, met een gemiddelde juistheid van 92,8% tot 102,1%
binnen de gevalideerde concentratierange. De imprecisie binnen dezelfde dag was <7,0%, de
imprecisie tussen verschillende dagen was <9,6%.

Tot slot hebben we de meetmethode geimplementeerd in zowel de klinische praktijk als binnen
verschillende onderzoeksprojecten in een academisch ziekenhuis, waardoor een snelle bepaling van
zowel de totale als de ongebonden concentratie ciprofloxacine in plasma mogelijk is.

In Hoofdstuk 4 hebben we laten zien dat de huidige dosering ciprofloxacine niet doeltreffend is in de
behandeling van infecties door de belangrijkste bacterién, met MIC's op of net onder het klinische
breekpunt voor de meerderheid van de volwassen patiénten op verpleegafdelingen, ongeacht hun
nierfunctie.

We hebben een single-center cohortstudie uitgevoerd bij volwassen patiénten op de
verpleegafdelingen, die werden behandeld voor een bacteriéle infectie met ciprofloxacine. Patiénten
met een normale nierfunctie kregen de standaarddosering ciprofloxacine en patiénten met een
verminderde nierfunctie kregen de verlaagde dosering, conform de huidige (inter)nationale
richtlijnen. Er werd per patiént drie keer bloed afgenomen om de concentratie ciprofloxacine te
meten. Vervolgens werd de blootstelling aan ciprofloxacine berekend door een populatie
farmacokinetische model te maken met behulp van non-linear mixed-effects modelling (NONMEM).

We hebben 40 patiénten geincludeerd, van wie er acht een verminderde nierfunctie hadden, deze
werden allemaal behandeld met een door de richtlijn aanbevolen verlaagde dosering. Onze
resultaten lieten zien dat in 13 van de 32 patiénten (41%) met een adequate nierfunctie het PK/PD
target (AUCo.24/MIC 2125) wordt behaald en in slechts 1 van de 8 patiénten (13%) met een
verminderde nierfunctie, bij een MIC-waarde van de belangrijkste bacterie waarbij ciprofloxacine
veel wordt ingezet (Escherichia coli, breekpunt MIC 0,25 mg/L). Tevens was de mediane blootstelling
aan ciprofloxacine significant lager in patiénten met een verminderde nierfunctie die de verlaagde
dosering kregen [19.0, interquartile range (IQR) 14.2 — 23.3 mg/Leu], vergeleken met patiénten met
een adequate nierfunctie die de standaarddosering kregen [29.3, IQR 25.0 — 36.0 mg/Leu (p < 0.01)].
Het risico dat het PK/PD target niet wordt behaald, en ciprofloxacine dus niet doeltreffend is, is het
grootst voor patiénten met een verminderde nierfunctie die werden behandeld met de aanbevolen
dosisverlaging, aangezien de blootstelling aan ciprofloxacine bij deze patiénten significant lager is.

Onze resultaten tonen dus aan dat de huidige dosering van ciprofloxacine te laag is voor voldoende
doeltreffendheid en dat dit des te meer geldt voor patiénten met een verminderde nierfunctie, die
de verlaagde dosering krijgen, omdat de dosering niet gelijkwaardig is. De dosering ciprofloxacine
zou dus moeten worden verhoogd voor voldoende doeltreffendheid, voornamelijk bij patiénten met
een verminderde nierfunctie.

In Hoofdstuk 5 hebben we laten zien dat de huidige dosering ceftazidim wel doeltreffend is in de
behandeling van infecties veroorzaakt door bacterién met MIC’s tot aan het klinische breekpunt van
een veel voorkomende bacterie waar ceftazidim voor wordt voorgeschreven (Pseudomonas
aeruginosa, breekpunt MIC 8 mg/L) voor volwassen patiénten op verpleegafdelingen.

We hebben een multi-center cohortstudie uitgevoerd in volwassen patiénten op verpleegafdelingen
die werden behandeld voor een bacteriéle infectie met ceftazidim. Patiénten met een normale
nierfunctie kregen de standaarddosering ceftazidim en patiénten met een matig of ernstig
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verminderde nierfunctie de verlaagde doseringen, conform de huidige (inter)nationale richtlijnen. Er
werd per patiént drie keer bloed afgenomen om de concentratie ceftazidim te meten. Vervolgens
werd de blootstelling aan ceftazidim berekend door een populatie farmacokinetische model te
maken met behulp van NONMEM.

We hebben 40 patiénten geincludeerd, van wie tien patiénten met een matig verminderde
nierfunctie en vijf met een ernstig verminderde nierfunctie. Alle patiénten met een verminderde
nierfunctie werden behandeld met een door de richtlijn aanbevolen verlaagde dosering.

Onze resultaten lieten zien dat het PK/PD target (50%To.24 >MIC) wordt behaald in vrijwel alle
patiénten ongeacht de nierfunctiegroep bij de MIC-waarde van 8 mg/L. Het PK/PD target werd
behaald in alle 25 patiénten met een adequate nierfunctie, in 9 van de 10 patiénten (90%) met een
matig verminderde nierfunctie en in alle 5 patiénten met een ernstig gestoorde nierfunctie. Er
werden geen verschillen in blootstelling aan ceftazidim waargenomen tussen de verschillende
nierfunctiegroepen, de dosering is dus gelijkwaardig.

In Hoofdstuk 6 hebben we laten zien dat orale toegediende ciprofloxacine goed wordt opgenomen
uit het maag-darm kanaal bij patiénten met kwaadaardige bloedziekten en een mild tot matig
ontstoken maag-darm slijmvlies (gastro-intestinale (GI) mucositis). De blootstelling aan
ciprofloxacine in deze patiénten was gelijk aan die van gezonde vrijwilligers.

Patiénten met kwaadaardige bloedziekten worden vaak behandeld met zware chemotherapie, dit
leidt tot 1) verlies van afweer (neutropenie) en 2) mucositis. Ter voorkoming van infecties door de
neutropenie krijgen deze patiénten uit voorzorg antibiotica (profylaxe), namelijk ciprofloxacine. De
absorptie van ciprofloxacine zou door mucositis ofwel enorm toegenomen kunnen zijn, met toxische
spiegels tot gevolg, ofwel enorm afgenomen kunnen zijn, leidend tot te lage en mogelijk sub-
therapeutische spiegels.

We hebben een multi-center cohortstudie uitgevoerd in volwassen patiénten op verpleegafdelingen
met kwaadaardige bloedziekten, die oraal ciprofloxacine kregen als profylaxe. We hebben de impact
van Gl-mucositis op de biologische beschikbaarheid en klaring onderzocht, de twee
farmacokinetische parameters die samen de blootstelling (ofwel de AUC) bepalen.

We hebben plasmaconcentraties van ciprofloxacine gemeten op verschillende tijdstippen na orale
toediening van ciprofloxacine en op verschillende dagen na de chemotherapie. Deze data werd
vergeleken met data van gezonde vrijwilligers zonder mucositis, die dienden als controlegroep.

De mate van GI-mucositis werd bepaald met de Daily Gut Score (DGS) en de citrulline en albumine
concentratie in het bloed. Gegevens werden geanalyseerd met behulp van NONMEM.

We hebben 47 patiénten geincludeerd met verschillende kwaadaardige bloedziekten tussen 0 en 30
dagen na de chemotherapie. Mucositis was over het algemeen mild [DGS mediaan (IQR) 1 (1-1) en
citrulline 16 umol/L (12-23)]. De tijd totdat de piekspiegel werd bereikt na ciprofloxacine inname
was langer bij patiénten met kwaadaardige bloedziekten in vergelijking met de gezonde vrijwilligers,
maar er werd geen verschil in blootstelling aan ciprofloxacine waargenomen.

Onze resultaten tonen dus aan dat orale toedieningen van ciprofloxacine goed worden opgenomen
vanuit het maag-darm kanaal bij patiénten met kwaadaardige bloedziekten en mucositis, aangezien
de blootstelling gelijk is aan die van gezonde vrijwilligers.
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In Hoofdstuk 7 bespreken we de bevindingen uit onze studies en hun klinische betekenis met
betrekking tot het adequaat gebruik van antibiotica, in het bijzonder voor patiénten met een
verminderde nierfunctie en patiénten met kwaadaardige bloedziekten met mucositis. Ook bespreken
we de methodologische beperkingen van de uitgevoerde studies. Ten slotte doen we aanbevelingen
voor de richting van toekomstig onderzoek.

Dit proefschrift kwam voort uit de vraag waarom de dosering van antibiotica vaak niet wordt
verlaagd bij patiénten met een verminderde nierfunctie. Gebaseerd op het huidige gebrek aan bewijs
voor deze aanbeveling, hebben artsen die terughoudend zijn met het verlagen van de dosering
antibiotica gelijk (Hoofdstuk 2). Voortkomend uit dit gebrek aan bewijs hebben wij dit onderzocht
voor twee belangrijke antibiotica: ciprofloxacine en ceftazidim (Hoofdstuk 4 en 5). Hieruit blijkt dat
artsen die terughoudend zijn echter maar deels gelijk hebben: de dosisverlaging lijkt niet
gelijkwaardig en doeltreffend voor ciprofloxacine, maar wel gelijkwaardig en doeltreffend voor
ceftazidim. Om deze reden doen we momenteel de CIPRO-3-studie waarin we een alternatieve
dosisverlaging van ciprofloxacine onderzoeken voor patiénten met een verminderde nierfunctie: een
dosisverlaging van 25% in plaats van de momenteel aanbevolen dosisverlaging van 50%. Daarnaast
onderzoeken we nog een derde antibioticum; cefuroxim, om meer bewijs te creéren rondom de
noodzaak voor het verlagen van de dosering cefuroxim bij patiénten met een verminderde
nierfunctie.
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