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a b s t r a c t
Limited prospective data on pharmacokinetic/pharmacodynamic (PK/PD) target attainment of
ciproﬂoxacin in patients with adequate and impaired renal function (eGFR <30 mL/min/1.73m2 )
are available in the literature. We aimed to investigate whether the PK/PD target (AUC/MIC ≥125) 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), AUC0–24 /MIC ≥125 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 (AUC0–24 ) for patients with impaired
renal function was 19.0 [interquartile range (IQR) 14.2–23.3] mg/L•h, which was statistically signiﬁcantly
lower than that for patients with adequate renal function [29.3 (IQR 25.0–36.0) mg/L•h] (P < 0.01).
AUC0–24 /MIC ≥125 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.
© 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

✩

This work has previously been presented as an oral presentation at the 29th
European Congress of Clinical Microbiology & Infectious Diseases (ECCMID), 13–16
April 2019, Amsterdam, the Netherlands [O1167], at the FIGON Dutch Medicines
Days, 23–24 September 2019, Leiden, the Netherlands, and at the ‘Nederlandse
Ziekenhuisfarmaciedagen 2019’, 7–8 November 2019, Hilversum, the Netherlands.
∗
Corresponding authors. Present address: Amsterdam UMC – University of Amsterdam, Room number D3-226, P.O. Box 22660 1100 DD Amsterdam, the Netherlands. Tel.: +31 20 566 6029 (S.L. de Vroom); Amsterdam UMC – University of Amsterdam, Room number E01-220, P.O. Box 22660 1100 DD Amsterdam, the Netherlands. Tel.: +31 20 566 7048 (R.M. van Hest).
E-mail addresses: s.l.devroom@amsterdamumc.nl (S.L. de Vroom),
r.m.vanhest@amsterdamumc.nl (R.M. van Hest).

Early and adequate antibiotic treatment is associated with decreased mortality in hospitalised patients [1]. Underdosing can result in treatment failure and can promote the emergence of antimicrobial resistance, whilst overdosing may lead to potentially harmful side effects [2].
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 [3].
Antibiotic dosing is generally considered to be optimal when
the pharmacokinetic/pharmacodynamic (PK/PD) target is attained.
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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 [4]. Attaining the PK/PD target of AUC/MIC ≥125 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
[5,6]. However, it has been shown that AUC/MIC ≥125 is often
not attained in critically ill patients [7–9] or in patients on general wards [10] treated with recommended doses of ciproﬂoxacin
(20 0–150 0 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/1.73m2 [11–16].
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 [17–21]. 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 [22–24].
To the best of our knowledge, it has not been previously
prospectively investigated whether the PK/PD target of AUC/MIC
≥125 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 ≥125) 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.

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/1.73m2 ), either by reducing the dose per administration (250 mg p.o. or 200
mg i.v. q12h) [14] or by doubling the dosing interval [500 mg p.o.
or 400 mg i.v. every 24 h (q24h)] [14–16]. 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 independently 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
[28,29].
2.3. Ethical considerations
This study was conducted in accordance with the Good Clinical
Practice guidelines [30] and the provisions of the Declaration of
Helsinki [31]. 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.
2.4. 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 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.

2. Methods
2.1. 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.

2.5. 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 (LCMS/MS) assay within 3 months after sample collection.
Detailed information on ciproﬂoxacin concentration measurement is available in the Appendix.

2.2. 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 [25,26]
Regular doses of ciproﬂoxacin according to Dutch national
guidelines [14–16] 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% [27], 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

2.6. 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-l’Étoile, France) if bacteria
could be preserved. Detailed information on MIC measurement is
available in the Appendix.
2
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2.7. Outcomes

tors (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 $ESTIMATION step of NONMEM software)
using all available time points [35–37].

The primary outcome was the percentage of patients achieving an AUC/MIC ratio ≥125 in the ﬁrst 24 h of ciproﬂoxacin treatment (AUC0–24 /MIC ≥125), ﬁrst using the clinical breakpoint MIC
of ciproﬂoxacin for the most frequently isolated bacteria [32], second using the epidemiological cut-off (ECOFF) value [33] 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.
Secondary outcomes were the percentage of patients achieving
AUC/MIC ≥125 after 24–48 h of treatment (AUC24–48 /MIC ≥125),
drug exposure in the ﬁrst 24 h (deﬁned as AUC0–24 ) and drug exposure after 24–48 h of treatment (AUC24–48 ).
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 (≥38.5 °C) after start of treatment with ciproﬂoxacin, or switch to an antibiotic
with more broad-spectrum activity within 48 h of treatment.

2.10. Statistical analysis
Percentages of patients attaining and not attaining AUC/MIC
≥125 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/1.73m2 ). The Mann–Whitney U-test was
used to compare drug exposure (AUC) between patients with adequate and impaired renal function. Differences were considered
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).

2.8. Sample size
Because no data were available in the literature on the percentage of patients with impaired renal function attaining AUC0–24 /MIC
≥125 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 [34].
The result was that with the inclusion of 20 patients, of whom
4 had an eGFR ≤30 mL/min/1.73m2 , it is possible to detect an association between renal function and total clearance of ciproﬂoxacin
with a power of ≥95% 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/1.73m2 . 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/1.73m2 .

2.11. Monte Carlo dosing simulations
Using the ﬁnal population PK model, drug exposure in the ﬁrst
24-h of treatment (AUC0–24 ) 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. q24h, 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. q24h); or (iii) a 12.5% dose reduction (i.e. 875 mg
p.o. or 700 mg i.v. q24h). Additionally, AUC0–24 was predicted for
patients with adequate renal function based on Monte Carlo simulations, following the regular dosing regimen (i.e. 10 0 0 mg p.o.
or 800 mg i.v. q24h, or 500 mg p.o. or 400 mg i.v. q12h in the
same ratio as in the observed data). Simulations generated drug
exposures for 80 0 0 virtual patients with impaired renal function
and 32 0 0 0 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
(AUC0–24 /MIC ≥125) at different MICs was predicted based on
these simulated data.
3. Results

2.9. Population pharmacokinetic data analysis for AUC calculation
3.1. Patients and ciproﬂoxacin concentrations
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 fac-

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/1.73m2 ), 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 char3
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Table 1
Patient characteristics (n = 40) stratiﬁed by renal function
Characteristic

Adequate renal function (eGFR
≥30 mL/min/1.73m2 ) (n = 32)

Female sex
Age (years)
Body mass index (kg/m2 )
Creatinine (μmol/L)
eGFR (mL/min/1.73m2 ) a
Initial standard dose
500 mg p.o. q12h
400 mg i.v. q12h
750 mg p.o. q12h
400 mg i.v. q8h
Initial reduced dose
250 mg p.o. q12h
200 mg i.v. q12h
500 mg p.o. q24
Infection site
Urinary tract infection
Pneumonia
Abdominal infection
Skin and soft-tissue infection
Co-morbidities
Cardiovascular
Diabetes mellitus
Immunosuppressive
Other
Concomitant use of other antibiotics
β -Lactam
Clindamycin
Monotherapy
Other
Concomitant use of drugs possibly interfering with
absorption of ciproﬂoxacin b

10 (31%)
67 (23–90)
25 (18–53)
93 (32–229)
70 (33–120)
32 (100%)
18 (56%)
8 (25%)
4 (13%)
2 (6%)
–

4 (50%)
69 (38–91)
26 (20–38)
257 (187–633)
20 (6–26)
–

8
4
2
2

(100%)
(50%)
(25%)
(25%)

12 (38%)
10 (31%)
5 (16%)
5 (16%)
29 (91%)
21 (66%)
16 (50%)
8 (25%)
13 (41%)

4
–
2
2
7
4
5
3
5

(50%)
(25%)
(25%)
(88%)
(50%)
(63%)
(38%)
(63%)

17 (53%)
2 (6%)
12 (38%)
1 (3%)
12 (38%)

2
2
3
2
4

(25%)
(25%)
(38%)
(25%)
(50%)

Impaired renal function (eGFR
<30 mL/min/1.73m2 ) (n = 8)

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.
a
Estimated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula [28,29].
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).

acteristics, 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 × 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).

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.

3.2. Minimum inhibitory concentration determination
vant 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).

Cultures were obtained from all patients; 22 (55%) of the 40
patients showed positive cultures, from which 24 clinically rele4
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Table 2
MICs of ciproﬂoxacin (clinical breakpoint [32] and ECOFF [33] according to EUCAST and measured MIC
values) stratiﬁed by bacterial species
Species

No. of times
isolated (n)

Clinical breakpoint
(mg/L) [32]

ECOFF
(mg/L) [33]

MIC measured
by Etest (mg/L)

Escherichia coli

7

0.25

0.064

0.012
0.008
0.023
0.012

Pseudomonas aeruginosa
Enterobacter cloacae

6
3

0.5
0.25

0.5
0.125

∗

Klebsiella aerogenes
Klebsiella pneumoniae
Klebsiella oxytoca
Proteus mirabilis
Citrobacter freundii
Morganella morganii
Serratia marcescens
Acinetobacter baumannii

1
1
1
1
1
1
1
1

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.06

0.125
0.125
0.125
0.064
–a
0.125
–a
1.0

∗

0.023
0.004
∗
∗
∗

0.008
∗
∗
∗

MIC, minimum inhibitory concentration; ECOFF, epidemiological cut-off value; EUCAST, European Committee on Antimicrobial Susceptibility Testing.
∗
Isolate(s) could not be preserved.
a
– Data not provided.

Fig. 2. Calculated percentage of patients attaining the pharmacokinetic/pharmacodynamic (PK/PD) target of AUC0–24 /MIC ≥125 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/1.73m2 , with most frequently prescribed ciproﬂoxacin dose of 500 mg p.o. q12h) and for
patients with impaired renal function (eGFR <30 mL/min/1.73m2 , with most frequently presribed ciproﬂoxacin dose of 250 mg p.o. q12h). AUC0–24 /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.

3.3. Population pharmacokinetic analysis

also the clinical breakpoint MIC of most other isolated bacteria
in our study (Table 2), target attainment (AUC0–24 /MIC ≥125) 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 (AUC24–48 /MIC ≥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 AUC0–24 /MIC ≥125 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,
AUC0–24 /MIC ≥125 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

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 × (eGFR/70 )0.277

(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).
3.4. 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
5
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Fig. 3. Median ciproﬂoxacin exposure in the ﬁrst 24-h (AUC0–24 ) and 24–48 h (AUC24–48 ) after treatment with ciproﬂoxacin for patients with adequate renal function (eGFR
≥30 mL/min/1.73m2 , with most frequently prescribed ciproﬂoxacin dose of 500 mg p.o. q12h) and for patients with impaired renal function (eGFR <30 mL/min/1.73m2 , 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 renal function.
Outcome

Adequate renal function (eGFR
≥30 mL/min/1.73m2 ) (n = 32)

30-day mortality after start of ciproﬂoxacin treatment (n)
3-month mortality after start of ciproﬂoxacin treatment (n)
Admission to ICU [n (%]
Hospital LOS after start of ciproﬂoxacin treatment (days) [median (range)]
Switch to antibiotic with more broad-spectrum activity (n)

0
1
6 (19%)
8.5 (2–46)
0

Impaired renal function (eGFR
<30 mL/min/1.73m2 ) (n = 8)
0
0
2 (25%)
4.5 (1–58)
1

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

renal function, 29.1 (IQR 24.9–35.1) mg/L•h; P < 0.01]. No differences were observed for the individual parameters of clinical
outcome between patients of the different renal function groups
(Table 3).

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), AUC0–24 /MIC ≥125 was attained in all patients
(Fig. 2).

3.6. Monte Carlo dosing simulations
3.5. Drug exposure and clinical outcome
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
AUC0–24 , 26.3 (IQR 19.2–34.5)] compared with patients with adequate renal function receiving a regular dose [median AUC0–24 ,
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 (AUC0–24 /MIC ≥125) 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).

Median drug exposure in the ﬁrst 24-h of treatment (AUC0–24 )
for patients with impaired renal function receiving a reduced dose
was 19.0 [interquartile range (IQR) 14.2–23.3] mg/L•h, which was
statistically signiﬁcantly lower than the median AUC0–24 for patients with adequate renal function receiving a regular dose [29.3
(IQR 25.0–36.0) mg/L•h] (P < 0.01) (Fig. 3). Median drug exposure
remained signiﬁcantly lower for patients with impaired renal function after 24–48 h of treatment [AUC24–48 impaired renal function,
23.7 (IQR 17.7–28.2) mg/L•h, vs. AUC24–48 adequate renal function,
37.9 (IQR 28.8–43.0) mg/L•h; 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 [AUC0–24 impaired
renal function, 19.0 (IQR 14.2–23.3) mg/L•h vs. AUC0–24 adequate
6

S.L. de Vroom, R.M. van Hest, F.V. van Daalen et al.

International Journal of Antimicrobial Agents 56 (2020) 106166

Fig. 4. Median ciproﬂoxacin exposure in the ﬁrst 24-h of treatment (AUC0–24 ) from 10 0 0-subject Monte Carlo simulations for different dosing regimens: (A) patients with
adequate renal function receiving a regular daily dose [10 0 0 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. q24h (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.

Fig. 5. Probability of pharmacokinetic/pharmacodynamic (PK/PD) target attainment of AUC0–24 /MIC ≥125 (%) for patients with impaired renal function (eGFR <30
mL/min/1.73m2 ) from 10 0 0-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 (10 0 0 mg p.o. or 800 mg i.v. q24h)]; (B) 50% dose reduction (500 mg p.o. or 400 mg i.v. q24h); and (C) 25%
dose reduction (750 mg p.o. or 600 mg i.v. q24h). AUC0–24 /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.

7

S.L. de Vroom, R.M. van Hest, F.V. van Daalen et al.

International Journal of Antimicrobial Agents 56 (2020) 106166

4. Discussion

paired 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 use following a
review reporting disabling and potentially permanent side effects
with ﬂuoroquinolone use, such as tendonitis and tendon rupture
[39], although those side effects were not reported to be dosedependent. 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 [40]. 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 AUC0–24 /MIC ≥125 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 [34,41,42].
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 AUC0–24 and AUC24–48 . 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 [43].
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 ≥125 was established using broth microdilution and macrodilution [5,6], 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
[44]. Third, the eﬃcacy target of AUC0–24 /MIC ≥125 is based on
small studies performed in patients with moderate-to-severe infections, mainly lower respiratory tract or bloodstream infections
[5,6]. 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

This study shows that the PK/PD eﬃcacy target of AUC0–24 /MIC
≥125 is not attained in the majority of adult patients on general wards treated with current dosing regimens of ciproﬂoxacin
(50 0–150 0 mg/day p.o. or 40 0–120 0 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 [22–24]. 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. [38]. 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 [7,8,10]. 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 im8
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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, 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 [10].
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 AUC0–24 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 ≥125 is associated with clinical and microbiological cure of Gram-negative infections [5,6], 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.

Supplementary materials
Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.ijantimicag.2020.
106166.
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