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Abstract

Background Physiologically-based pharmacokinetic
(PBPK) modeling has received growing interest as a useful
tool for the assessment of drug pharmacokinetics by con-
tinuous knowledge integration.

Objective The objective of this study was to build a cipro-
floxacin PBPK model for intravenous and oral dosing based
on a comprehensive literature review, and evaluate the pre-
dictive performance towards pediatric and geriatric patients.
Methods The aim of this report was to establish confidence
in simulations of the ciprofloxacin PBPK model along the
development process to facilitate reliable predictions out-
side of the tested adult age range towards the extremes of
ages. Therefore, mean data of 69 published clinical trials
were identified and integrated into the model building,
simulation and verification process. The predictive per-
formance on both ends of the age scale was assessed using
individual data of 258 subjects observed in own clinical
trials.
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Results Ciprofloxacin model verification demonstrated no
concentration-related bias and accurate simulations for the
adult age range, with only 4.8% of the mean observed data
points for intravenous administration and 12.1% for oral
administration being outside the simulated twofold range.
Predictions towards the extremes of ages for the area under
the plasma concentration—-time curve (AUC) and the maxi-
mum plasma concentration (C\,,,) over the entire span of life
revealed a reliable estimation, with only two pediatric AUC
observations outside the 90% prediction interval.
Conclusion Overall, this ciprofloxacin PBPK modeling
approach demonstrated the predictive power of a thoroughly
informed middle-out approach towards age groups of inter-
est to potentially support the decision-making process.

Key Points

A mechanistic understanding of absorption,
distribution, metabolism and elimination processes
affecting the exposure of ciprofloxacin was
comprehensively elucidated in a whole-body
physiologically-based pharmacokinetic approach.

The model was successfully applied to predict age-
related changes in pharmacokinetics for pediatric
and geriatric patients, using an age-informed
physiological database.

Further pharmacokinetic assessments in other special
population groups, or an evaluation of
biopharmaceutical issues during formulation
development, are potential application scenarios and
support subsequent pharmacodynamic model
extension.
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1 Introduction

Ciprofloxacin is an antimicrobial agent of the fluoro-
quinolone class that has been extensively studied since its
market approval in 1987, and is widely used in the clinic
because of its broad antibacterial spectrum. Since its
approval, ciprofloxacin has been applied clinically in an
increasing number of indications, with a variety of
administration and formulation forms. However, resistance
is a constant concern to the application of fluoroquinolones
as one of the major treatment options against gram-nega-
tive bacteria [1]; thus, appropriate dosing is crucial and
needs to be ensured for all patient populations. The phar-
macokinetics of ciprofloxacin are known to be dose linear
over a broad dose range, including the therapeutically
relevant dose levels [2]; however, exposure is dominated
by several processes that can potentially be influenced by
physiological changes associated with disease, maturation
or aging. In this context, physiologically-based pharma-
cokinetic (PBPK) modelling can be used to assess the
effects of physiological and pathophysiological changes,
such as process maturation and disease status, on the
pharmacokinetics of ciprofloxacin.

Ciprofloxacin is categorized as a class II/IV borderline
compound in the Biopharmaceutics Classification System
(BCS) [3, 4]. After absorption and the subsequent first-pass
effect mainly characterized by oxidative metabolism,
ciprofloxacin achieves relatively high concentrations in
bronchial tissue [5], prostatic fluid [6] and cerebrospinal
fluid [7]. Several mechanisms are involved in its elimina-
tion, where 50-80% is renally excreted. Tubular secretion
is the dominant process in the renal elimination of cipro-
floxacin [8, 9]. Approximately 20% of intravenously
administered ciprofloxacin undergoes metabolism, and four
metabolites have been measured in plasma [10]. The
remaining elimination pathway has been described as a
transluminal secretion across the enteric mucosa [8, 11].

In order to assess ciprofloxacin pharmacokinetics,
compartmental modelling and simulation approaches have
been described in the literature. Population modelling, with
subsequent covariate analysis, has been used to describe
the pharmacokinetics of ciprofloxacin in pediatrics and
adults [12-14]. Generally, such a modelling approach is
well-suited for interpolating simulations, but can generate
biased predictions if applied outside of the tested dose or
covariate range.

As an alternative, PBPK models integrate a large
amount of substance-independent prior knowledge and are
therefore particularly suited for questions involving
extrapolation beyond tested settings. Generally, limited a
priori pharmacokinetic data is required for initial PBPK
model building, although observed exposure results are
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useful to iteratively refine or examine the consistency of
the model [15]. A thorough mechanistic understanding of
compound pharmacokinetic drivers can help to plan or
provide dosing recommendations during concomitant
antibiotic pharmacotherapy. The power of PBPK tools led
to an increased number of sponsor submissions combining
several factors impacting patient pharmacokinetics, such as
age, race, genetics and organ impairment [16].

The objective of this study was to establish a cipro-
floxacin PBPK model in which exposures for a large dose
range are represented, considering major intravenous and
oral administration schemes. A PBPK model of cipro-
floxacin is presented, integrating clinical data from a
comprehensive literature survey and individual data from
our own clinical studies. Specifically, the established
model should allow a reliable prediction of pharmacoki-
netics over the entire human age range, from term neonates
to the oldest old.

2 Materials and Methods
2.1 Data

At first, a comprehensive review of the published literature
was performed focusing on the pharmacokinetic informa-
tion of ciprofloxacin following intravenous and oral
administration in mainly healthy adults. Studies containing
measured plasma concentration—time profiles and courses
of urinary excretion or the resulting fractions for different
pathway contributions were gathered and extracted. In a
second search step, pharmacokinetic studies in pediatric
and geriatric subjects were screened and analysed. In cases
where studies were conducted in patients, the impact of the
respective diseases or health conditions on the pharma-
cokinetics in adults was re-evaluated and excluded if
confirmed. Since cystic fibrosis (CF) was identified as a
covariate in a population pharmacokinetic analysis [13],
studies including CF patients were excluded, as were
studies in patients with sepsis [17, 18], organ impairment
[18-20], ectomy, or observed during any other surgical
procedures [21, 22]. Cancer patients were not considered
due to contradicting observations derived from small study
groups in this highly heterogeneous patient group [23, 24].
Furthermore, the study population should clearly represent
a well-defined age group to allow an age-related pharma-
cokinetic assessment.

In total, 122 clinical studies reporting ciprofloxacin
adult pharmacokinetic data published between 1983 and
2017 were screened, of which 69 were considered in this
study (see Tables 1, 2 for a list of the identified studies).
For the pediatric age range, three studies had been
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Table 1 Patient characteristics and mean pharmacokinetic parameters in ciprofloxacin studies using intravenous dosing reported in the literature

Dosage Regimen Infusion Population AUC (mg h/L) CL (L/h) References
(mg) time (min) -

Age, years Weight, n  Females

(range) kg (range) (%)
20 30 80.85 (60-96) 20 60 [28]
25 BID 10 (19-45) (49.9-71.8) 9 0 0.73 £ 0.12 1.878 £ 0.324°  [29]
50 3 28 (21-34) 69.3 (61-79) 8 0 1.45+0.33 33.72+7.29 [30]
50 15 30 (22-34) 67 (52-80) 12 50 1.234+0.2 41.58+7.2 [31]
50 15 30 (22-34) 67.5 (51-80.5) 12 50 1.2+ 0.2 41.22 + 7.8¢ [32]
50 BID 10 (19-45) (49.9-71.8) 9 0 1.59 £ 0.15 1.908 £ 0.18¢ [29]
75 BID 10 (19-45) (49.9-71.8) 9 0 247 £ 04 2.124 £ 0.408¢  [29]
100 30 23 81.5 9 0 224 4+0.54 0.576 +0.1254¢  [33]
100 26 (21-40) 68 (54-85) 12 50 2.54+£0.51 40.71 £7.01 [34, 35]
100 28 (21-34) 69.3 (61-79) 8 0 2940.36 32.82 +4.344 [30]
100 29 75 6 0 9.62 +2.29¢ [36]
100 60 29.2 (23-42) 78.5 (65-85) 0 2.81£0.57 34.02 £5.32 [37]
100 15 30 (22-34) 67 (52-80) 12 50 2.88 £0.52 36+ 84 [31]
100 15 30 (22-34) 67.5 (51-80.5) 12 50 3+05 31.8 + 6.24° [32]
100 30 (21-29) 6 0 234+9.1° [38]
100 30 (21-29) 6 0 22.54+8.9° [38]
100 30 (21-29) 6 0 3944125 24.6 £10.4° [38]
100 BID 30 (18-46) (54.8-73) 9 0 34 +049 30.1 £34°¢ [39]
150 30 23 81.5 9 0 3.36 £ 0.74 0.5742 £ 0.12129 [33]
150 BID 30 (18-46) (54.8-73) 9 0 5.14+0.77 29.8 £4° [39]
200 30 23 81.5 9 0 5.17+0.87 0.489 4 0.0726% [33]
200 30 24.3 (20-30) 78 (64-91) 12 0 5.2021 + 1.3916 41+11.3 [40]
200 25.4 (19-39) 66.6 (50-82) 10 50 5.524+1.95 [41]
200 30 27 (19-33) 79 (67-83) 12 0 5.37 £ 0.72 3792+ 4.5 [6]
200 10 27.1 (22-30) 77.3 (60.5-89.4) 8 0 597+ 091 26.8 £5.71° [42]
200 10 27.125 (22-30)  77.3375 (60.5-89.4) 8 0 26.8 £5.7° [43]
200 30 29.3 (21-38) 67.1 12 50 5.73 £1.38 36.66 + 8.04 [9]
200 20 28 (23-34) 66 (58-73) 10 50 531+£1.12 39.12+7.98 [31]
200 BID 60 72.6 (65.4-87.6) 65.6 (42-101) 17 35 55+1.8% 0.588 +0.258¢  [44]
200 BID 30 72.96 (44-96) 67.09 (40-111) 44 955 13.71 £5.5% [45]
200 30 74 (57-84) 72 (52-80) 17 0 8.17+2.62 26.46 +7.02 [46]
200 30 74 (57-84) 72 (50-80) 14 0 8.79+2.73 2442 +6.24 [6]
200 BID 60 77 (66-90) 66 (49.1-102.7) 9 78 13.3+4.38 0.2598 +0.1194%  [47]
200 30 (23-32) 75.9 12 0 6.38 + 1.05 32 +£4.77 [48]
200 30 (21-29) 0 237 £5.1° [38]
200 30 (21-29) 0 23.3+5° [38]
200 30 (21-29) 0 722+ 1.77 252 +5.8° [38]
200 10 (21-29) 12 0 28.5+4.7° [49]
200 BID 30 (18-46) (54.8-73) 9 0 7.7+1.38 269 £4.1° [39]
250 5 28 (21-34) 69.3 (61-79) 8 0 8.11 £ 0.94 29.28 + 3.504 [30]
250 5 69 (63-76) 76.9 8 0 8.94+0.83 26.04 £3.222°  [50]
300 30 24.3 (20-30) 78 (64-91) 12 0 8.7143 + 1.8886 357+5.38 [40]
300 60 27.3 (21-35) 73 12 0 8615 36.18 + 7.62 [51]
400 BID 30 24.3 (20-30) 78 (64-91) 12 0 11.0999 + 1.0934 36.5+3.8 [40]
400 60 24.7 71.3 12 0 11.2 + 0.672 35.6 £ 2.136 [25]
400 25.4 (19-39) 66.6 (50-82) 10 50 11.22+3.5 [41]
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Table 1 continued

Dosage Regimen Infusion Population AUC (mg h/L) CL (L/h) References
(mg) time (min) -

Age, years Weight, n  Females

(range) kg (range) (%)
400 TID 60 25.75 74.95 12 50 8.75+1.165 31.5+£5.355 [25]
400 60 26.8 60.2 12 100 14.4 £2.304 27.7+4.432 [25]
400 60 27.3 74.9 (63.3-84.5) 6 0 142+1.1 [52]
400 60 27.3 (21-35) 73 12 0 114+1.6 35.824+4.92 [51]
400 60 28.2 73.3 18 0 24245.1° 51.72£11.28°  [53]
400 TID 60 28.2 73.3 18 0 32.948.83° 38.94 £9.96° [53]
400 60 67.7 90 12 0 13.7 +£0.822 29.2 £1.752 [25]
400 BID 60 68.25 73.3 12 50 0£0 24.8 £5.208 [25]
400 60 68.8 67.9 12100 194+3.23 21.1 £3.587 [25]

Bold values indicates studies used for model building

BID twice daily, TID three times daily, AUC area under the plasma concentration—time curve, AUC;, AUC from time zero to 12 h, AUC,, AUC

from time zero to 24 h, CL clearance

*AUC,,

PAUC,,

°Clearance normalized to body surface area (L/h/1.73 m?)
dClearance normalized to body weight (L/h/kg)

identified, while 11 studies were gathered for the geriatric
age group (summarized in Table 3).

In addition to mean study data, individual plasma con-
centration—time profiles were gathered for pediatric and
geriatric patients. For the children, parts of a previously
published data-driven population modelling dataset were
used [13]. CF patients were discarded from the dataset,
resulting in 236 (143 male and 93 female) children being
included in this study. The individuals were treated for
various infections and received 10 mg/kg twice daily orally
or three times daily intravenously. In total, 763 plasma
concentration—time data points sampled in non-CF children
were available for this study.

Adult and geriatric individual plasma concentration—
time profiles were obtained from three trials [25-27]. The
22 older adults were aged between 60 and 74 years and
received 400 mg three times daily intravenously, or a
single 250 mg oral dose.

2.2 Physiologically-Based Pharmacokinetic (PBPK)
Model Development of Ciprofloxacin

A whole-body PBPK ciprofloxacin model was built using
the open source modeling software Open Systems Phar-
macology Suite (OSP Suite, http://www.open-systems-
pharmacology.org), which comprises the PBPK software
tool PK-Sim® version 7.2.0, and the systems biology
platform MoBi, which allows in-depth mechanistic
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modeling. The generic PBPK software tool represents 18
organs and tissues and provides a large dataset for age-
dependent anatomical and physiological parameters over
the entire human lifespan [15]. Parameter optimization was
conducted in MATLAB® version R2013b using the Monte
Carlo algorithm of the ‘Parameter Identification (PI)
Toolbox’.

2.2.1 Intravenous Administration

The ciprofloxacin PBPK model-building process was per-
formed stepwise, as depicted in the workflow shown in
Fig. 1. First, physicochemical data available in the litera-
ture were incorporated into an initial adult PBPK model.
Reported mass-balance data suggest 65.3% urinary and
11.4% faecal excretion of unchanged ciprofloxacin after a
7-day recovery period following intravenous administra-
tion, while 19.6% of the dose accounted for metabolites
and 2.7% were unaccounted for [8]. Considering the
reported mass-balance information, two first-order hepatic
and two renal clearance processes were implemented in the
model. Renal clearance processes included a passive
glomerular filtration rate (GFR) and an unspecific first-
order tubular secretion to account for the renal clearance
exceeding GFR. The active process was left unspecific,
although the contribution of several transporters, such as
the ATP-binding cassette (ABC) drug efflux transporter
family [89] or organic anion transporter (OAT) [90], are
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Table 3 Summary of clinical studies of ciprofloxacin, sorted by dose, in pediatrics and older adults, used to define the prediction scenarios in
this study and compare the predictive performance of the ciprofloxacin PBPK model

Age Population Dosage References
o
group Age Females  Weight, kg Height, cm n  Route Formulation mg mg/ Regimen
(%) (range) (range) kg
Pediatrics 2 15 Years 35 60 IV Suspension 10 BID [88]
0.7 70.1 Years 54 14.3 90.5 (65-126) 16 1V Suspension 10 TID [55]
(6.4-23.8)
2 15 Years 35 72.1 60 PO Suspension 10 BID [54]
(66.8-78.8)
5 14 Weeks 43 5.5 4.1-7.1) PO Unknown 15 [56]
1 5 Years 43 11.8 PO Unknown 15 [56]
(8.3-17.3)
Elderly 66 90 Years 78 66 168 9 IV Unknown 200 [47]
(49.1-102.7) (149-182)
57 84 Years 0 69 (52-80) 168 14 1V Unknown 200 [46]
(155-175)
67 83 Years 0 72 (50-80) 14 1V Solution 200 [6]
65 87 Years 35 65.6 (42-101) 17 1V Solution 200 BID [44]
44 96 Years 95.5 67.09 160 44 1V Solution 200 BID [45]
(40-111) (150-178)
63 76 Years 0 76.9 v Solution 250 [50]
67 83 Years 0 v Solution 400 TID [25]
67 83 Years 100 6 1V Solution 400 TID [25]
60 73 Years 40 65 (57-74) 10 PO Tablet 250 [26]
71 86 Years 0 65.1 (51-79) 161 12 PO Tablet 500 [76]
(154-170)
63 76 Years 0 76.9 8 PO Tablet 500 [50]
65 87 Years 35 65.6 (42-101) 17 PO Tablet 500 BID [44]
63 76 Years 0 76.9 8 PO Tablet 500 BID [50]
68 76 Years 0 62.1 PO Tablet 750 BID [85]
(47.7-69.5)
61 82 Years 0 70 (58-80) 15 PO Tablet 750 [84]
64 92 Years 40 56.5 20 PO Tablet 750 BID [86]
(43.6-95.7)
58 77 Years 10 64.3 (50-93) 10 PO Unknown 750 [80]
66 90 Years 78 63.4 168 6 PO Unknown 750 [47]
(49.1-66.6) (149-182)

BID twice daily, TID three times daily, /V intravenously, PO orally, PBPK physiologically-based pharmacokinetic

discussed but not finally elucidated. Besides a first-order
hepatic metabolism mediated by cytochrome P450
(CYP) 1A2 [91], an additional unspecific biliary secretion
was included. The latter process accounts for a suggested
rapid gastrointestinal transcellular secretion of cipro-
floxacin [8, 11]. Concurrently, biliary duct concentration
exceeds plasma levels by 20-fold [92]. The resulting
luminal concentrations were consolidated by a continuous
fraction of bile released into the gut. Less than 3% of the
mass-balance information was not accounted for and was
proportionally distributed across all elimination processes.

2.2.2 Oral Administration and Formulation

The mechanistic absorption model in PK-Sim® allows
identification of different factors contributing to the rate-
limiting impact on the oral absorption of ciprofloxacin.
Therefore, active uptake and dissolution profiles were
estimated based on concentration—time profiles after oral
administration of solution, suspension and immediate-re-
lease formulations containing 100-750 mg active ingredi-
ent. Since intestinal permeability (P;,) is a global
parameter of the gastrointestinal tract in PK-Sim®, the
effective surface area enhancement factor (A.¢Factor), a
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Fig. 1 Schematic workflow of
the ciprofloxacin PBPK model
building and verification steps,
including estimated parameters,
incorporated data and model
verification steps. iv
intravenous, po per os (orally),
CYP cytochrome P450, PBPK
physiologically-based

pharmacokinetic Daa used
* Physico-Chemical

Properties

Parameter
Identification
for lipophilicity,
CYP1A2 metabolism,
tubular secretion,
biliary clearance

Parameter

Identification
for effective surface
area enhancement
factors, dissolution
rate

Data used

*Single dose plasma
concentration-time
profiles

* Urinary
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* Metabolites
recovery

* Feces recovery

Data used
* Plasma
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time profiles
* Sectional fractions
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Initial ciprofloxacin
PBPK model

Ciprofloxacin
PBPK model for
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: administration < administration
in adults p / -
in adults for entire age span

Predictive Performance
Data used
* Individual data of own

Model Verification
Data used

4 d d

Model Verification
Data used

d

clinical trials

multiplier of P;,, in each intestinal segment of the gas-
trointestinal tract [93], was estimated for each segment. By
this, segmental net absorption impacted by active influx or
efflux, and deviating from the estimated passive absorp-
tion, can be accounted for by a respective increase or
decrease of each A.gFactor. Finally, in vivo dissolution
was informed for each dosage form and dose level. The
formulation and subsequent granulate disintegration and
dissolution for each dosage form was estimated and was
assumed to follow a Weibull function. Similarly to par-
enteral administration, observed plasma concentration—
time profiles following single and multiple administrations
of oral doses were pooled for the PI. This allowed for
separation of formulation- or gastrointestinal tract-depen-
dent influences.

2.3 PBPK Model Verification

In order to verify the adult intravenous and oral adminis-
tration model of ciprofloxacin, population simulations in
adult reference populations were compared with indepen-
dent datasets (Tables 1, 2). Population simulations for each
study and dosing scenario contained 1000 individuals
matching the respective study characteristics. Performance
of the adult ciprofloxacin PBPK model was assessed
visually by goodness-of-fit plots for intravenous and oral
administration for mean plasma concentration—time study
data. Furthermore, the infinite and timely limited area
under the plasma drug concentration—time curve (AUC,,
and AUC,), and, additionally for oral administration, the
maximum plasma concentration (Cp,.x), were determined
using the non-compartmental approach of PK-Sim®. Mean
model simulations were compared with mean literature

A\ Adis
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observations. For all ratio tests, model performance was
evaluated by applying the bioequivalence criteria of 1.25-
fold and the common twofold criteria for simulation sce-
narios inside and predictions outside the model-building
age range.

2.4 Scaling of the Adult Model for Predictions
in Pediatric and Geriatric Patients

Once the final adult ciprofloxacin PBPK model was veri-
fied, exposure resulting from different dosing scenarios for
both ends of the age scale outside of the previously sim-
ulated range were predicted by applying the underlying
anatomical and physiological age dependencies, as well as
age-related clearance and protein-binding information
[94-96]. The predictions were carried out without any
adjustment of substance-specific parameters defined for the
adult reference ciprofloxacin model.

Scaling of the implemented clearance processes to the
pediatric population age range was based on a previously
published analysis [94]. For scaling to older adults, the
active tubular secretion process was assumed to decrease
proportionally to the GFR with increasing age. Therefore,
the aging function of the implemented unspecific tubular
secretion is linked to the aging GFR [96]. The hepatic
elimination processes mediated by CYP1A2 and the
unspecific biliary secretion were scaled in comparison with
adult capability on a per-organ weight basis for the elderly
population. This indirect scaling considers the age-depen-
dent changes in liver size and perfusion, protein binding
and hematocrit [96].

Formulation information derived during the model-
building process for adults was carried forward for the
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predictions in pediatrics and older adults. Age-dependent
information on gastric emptying time, the pH of the gas-
trointestinal tract, small intestinal transit times, and the
intestinal surface area were applied as defined in the
underlying OSP database and as previously published [97].
Since the specific transporters contributing to the absorp-
tion and elimination of ciprofloxacin have not yet been
fully elucidated, the effect of the maturation and aging
process on these pathways is unknown. The resulting
uncertainty can be minimized based on respective GI-tract
measure changes over age since transporter abundance is
normalized to the surface area [93].

The scaled prediction scenarios were generated based on
the available literature data for clinical observations in
children and older adults, as summarized in Table 3.
Whenever the specific formulation administered was not
stated in the respective study, the use of a single immedi-
ate-release tablet for the respective fixed dose, and a
solution for a body weight-based dose, was assumed for the
prediction.

The previously described model verification tests were
also performed to allow a predictive performance analysis
for scaling to the investigated age ranges. Additionally,
AUC and Cy,,x predictions over the entire lifespan were
compared with clinically observed data.

2.5 Sensitivity Analysis

The impact of certain parameter changes was estimated in
a sensitivity analysis (SA) for simulated C,,x following
oral administration and AUC for representative individuals
characterizing different regions in parameter space.
Investigating parameter influences on outputs serve as an
indicator for model performance, reliability and signifi-
cance of the results achieved.

The SA covered the entire age range assessed in this
simulation study and was calculated for all 136 non-
derived model parameters. The remaining parameters in
the PBPK model are derived from these and are therefore
investigated implicitly. Following the US FDA age
grouping [98], age classes were defined for the pediatric
age range, and continued with 10-year age increments from
30 years to the oldest old.

Parameters contributing to reach a cut-off defined by
capturing 90% of the cumulated total sensitivity were
discussed. Since the sum, as well as the identified param-
eters within this range, might differ between the analyzed
age groups, common and deviating parameters within this
range were considered. A detailed description of the SA is
provided in the electronic supplementary material.

3 Results

According to the previously defined PBPK model building,
verification, and scaling workflow in Fig. 1, the model was
parameterized based on experimental data in adults for
intravenous and oral administration of ciprofloxacin. The
model was then scaled to the pediatric and geriatric age
range, considering age-dependent physiological changes.
For both ends of the age scale, previously studied dosing
scenarios were predicted based on prior knowledge, and
subsequently compared with the observed exposure.

3.1 Intravenous Ciprofloxacin PBPK Model
Simulations for Adults

Parameters describing the drug distribution (octanol-water
partition coefficient—LogP), metabolism (CYP1A2), and
elimination (tubular secretion and biliary clearance) pro-
cesses were identified based on human plasma concentra-
tion—time data, mass-balance information, and urinary
excretion profiles following single or multiple intravenous
administration of doses ranging from 25 to 400 mg. Studies
applied for this step are reported in Table 1. The results of
the multiparametric fit to inform the lipophilicity as well as
the metabolism and elimination processes, are listed in
Table 4. The correlation matrix for this fit (shown in
electronic supplementary Fig. 1) revealed no or weak
correlations between the three pathways and the
lipophilicity, but a stronger correlation between the two
hepatic pathways. Since the mass-balance data were used
to inform the PI, the retrieved pathway parameterization
was accepted for further application.

In a subsequent application, the developed ciprofloxacin
PBPK model for intravenous administration in adults was
able to well describe the plasma concentration—time pro-
files following different intravenous administration proto-
cols. An exemplary profile is shown in Fig. 2.

3.2 Oral Ciprofloxacin PBPK Model Simulations
for Adults

After the ciprofloxacin PBPK model was parameterized for
intravenous administration in adults, the model was
expanded to simulate oral absorption from the gastroin-
testinal tract. Following the multiparametric fit, the
respective parameters were adjusted, as shown in Table 4
and electronic supplementary Table 1, where estimated
parameters were not, or only weakly, correlated (electronic
supplementary Fig. 2). The subsequent simulations of
plasma concentration—time profiles for ciprofloxacin doses
ranging from 50 to 1000 mg were sufficiently reliable
compared with experimental data. Although different
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Table 4 Input data values and model parameters for the ciprofloxacin PBPK model

Parameter Ciprofloxacin PBPK model
Model input value Sources
Physicochemical
Molecular mass (g/mol) 331.3 Drugbank (http://www.drugbank.ca)
LogP 0.95 Estimated using PK-Sim® parameter identification
pKa 6.09 (acidic) Experimentally determined [99]
8.62 (basic) Experimentally determined [99]
Fraction unbound 0.67 Experimentally determined [31]
Aqueous solubility at pH 7 (mg/mL) 384 Experimentally determined [100]
Absorption
Enhancement factor
Duodenum 255.8 Estimated using PK-Sim® parameter identification
Upper and lower jejunum 10.4 Estimated using PK-Sim® parameter identification
Upper and lower ileum 11.0 Estimated using PK-Sim® parameter identification
Large intestine 2.3 Estimated using PK-Sim® parameter identification

Distribution
Partition coefficient model
Cellular permeability model

Metabolism
CYP1A2-mediated clearance (L/min) 0.067
Elimination pathways
GFR fraction for passive renal clearance 1
Tubular secretion clearance (L/min) 0.706
Biliary clearance (mL/min/kg) 1.286

PK-Sim standard
PK-Sim standard

Willmann et al. [101, 102]
Willmann et al. [101, 102]

Estimated using PK-Sim® parameter identification
PK-Sim® default

Estimated using PK-Sim® parameter identification
Estimated using PK-Sim® parameter identification

LogP octanol-water partition coefficient, pKa acid dissociation constant in log scale, GFR fraction fraction of glomerular filtration rate used for
passive renal elimination, CYP cytochrome P450, PBPK physiologically-based pharmacokinetic

1 T T
10 Sim. Geo. Mean
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> [ ] Observed Data
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Fig. 2 Exemplary ciprofloxacin plasma concentration—time profile
after a 200 mg intravenous administration (left). The symbols (black
dots) represent the median of the individually observed plasma
concentration, with the corresponding standard deviation indicated by
error bars [31]. The thick black line represents the simulated
population median, and the grey shaded area covers the 5th to 95th
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percentile prediction interval of simulated plasma concentration—time
profiles. The simulated versus observed study population mean
plasma concentration—time points (right) were used for model
verification in the adult age range. In this figure, the thick black
line represents the line of identity and the dashed lines indicate the
twofold range
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properties for formulations were identified, the fraction
dissolved was almost complete and a fraction absorbed of
nearly 80% was achieved, allowing bioavailability of
approximately 70%. The formulations differed in the initial
phase after absorption, leading to differences within the
bioequivalence range for the time at which Ci,,x occurred.
An exemplary profile is shown in Fig. 3.

3.3 PBPK Model Verification

The ciprofloxacin PBPK model for adults was verified by
comparing independent datasets that were not used for
model building, with corresponding simulations. Reliable
simulations were obtained for the mean plasma concen-
tration—time data after intravenous and oral administration,
as visualized in Figs. 2 and 3. Only 4.82% of the mean
observed data points for intravenous administration, and
12.13% for oral administration, were outside the simulated
twofold range, with no concentration-related bias.

The comparison of AUC and C,, with literature
observations showed no bias for the respective doses
(Fig. 4). Figure 4 illustrates that variability in AUC is
higher in oral dosing compared with intravenous dosing:
four simulated-to-observed AUC ratios were outside the
1.25-fold range after intravenous dosing, compared with 21
of 44 after oral dosing. Furthermore, all C,,, ratios for oral
administration were within the twofold range, while 10 of
the 21 ratios were outside the 1.25-fold range. These results
showed that, overall, the PBPK model is well-suited to
describe the pharmacokinetics of ciprofloxacin after intra-
venous and oral administration in adults.

5 . .
Sim. Geo. Mean
- [ ] sim.5-95%Perc
S 4r ® Observed Data
£
c
kel
53]
c
©
o
&2
[$]
©
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Fig. 3 Exemplary ciprofloxacin plasma concentration—time profile
after a 500 mg oral administration (left). The symbols (black dots)
represent the median of the individually observed plasma concentra-
tion, with the corresponding standard deviation indicated by error bars
[79]. The thick black line represents the simulated population median,
and the grey shaded area covers the 5th-95th percentile prediction

simulated
plasma concentration [mg/L]

3.4 Prediction of the Age-Related Impact
on Ciprofloxacin Pharmacokinetics

Considering the physiological changes related to matura-
tion and aging of the human body, the ciprofloxacin PBPK
model was scaled to both ends of the age scale. The model
successfully predicted the ciprofloxacin plasma pharma-
cokinetic profiles from 3 months to 90 years of age. Mean
data points for both intravenous and oral administration
were well-predicted, with only 7.61 and 5.56% of the
predictions outside the twofold range having no concen-
tration-related bias (Fig. 5).

Predicting the exposure of several dosing schemes in
different pediatric age groups and overlay plots with
observed data revealed wider variability for the clinical
observations. Towards the younger ages, C.x was well-
predicted for the population mean, but showed some
extremely high concentrations; however, the model was
able to cover these concentrations with the predicted con-
centration range. Deviation was less pronounced for the
adult and geriatric population following oral administration
(Fig. 6). Overall, on a population level, the ciprofloxacin
PBPK model was able to well-predict the exposure and
respective shifts over the entire lifespan, as shown in
Fig. 7.

3.5 Sensitivity Analysis
The parameter SA shown in Fig. 8 revealed that, among all

model parameters, dose had the highest and most equal
impact on the pharmacokinetic measures AUC,, and C,.x

e ifentity
10"} = = 2-fold

102 10" 10° 10"
observed
plasma concentration [mg/L]

interval of simulated plasma concentration—time profiles. The simu-
lated versus observed study population mean plasma concentration—
time points (right) were used for model verification in the adult age
range. In this figure, the thick black line represents the line of identity,
and the dashed lines indicate the twofold range
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for all age groups, followed by the unbound fraction and
parameters related to clearance pathways. For AUC,., age-
related patterns were observed for the impact of metabo-
lism and excretion pathways. While the impact of the
mainly hepatically located CYP metabolism and biliary
secretion increased towards younger age groups, the ren-
ally mediated tubular secretion had a greater impact
towards older age groups. More parameters contributed to
achieve 90% of the cumulated total sensitivity for Cp.x. In
addition to parameters relating to metabolism and elimi-
nation, distribution-related parameters were more impor-

Fig. 6 Comparison of predicted (solid lines; geometric mean, shaded »
area; 5-95th percentile deviation, dashed lines; minimum and
maximum) and individual observed data (dots) concentrations of
intravenous (left panel) and oral (right panel) administration of
ciprofloxacin after a dose of 10 mg/kg every 8 h in pediatric patients
of different ages: 0-1 year (a), 1-2 years (b), 2-6 years (c), and
6-12 years (d). Intravenous doses in adults (e, left) and geriatric
patients (f, left) were 400 mg, while oral dosing in adults was 750 mg
(e, right) and 250 mg in geriatric patients (f, right). The time indicates
the time after the first dose (before axis break) and at steady-state
(after axis break). Observed data are based on previous studies
[13, 25-27, 55, 103]

— jdentity O AUCO0-8h
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Fig. 4 Verification of the ciprofloxacin PBPK model for the inves-
tigated dose range by comparing simulation/observation ratios of
mean AUC following a intravenous and b oral administration, or Cy,,x
following ¢ oral administration of ciprofloxacin from various clinical
studies in healthy adults at the indicated doses. The thick black line

observed Cmax [mg/L]

represents the line of identity (simulated/observed ratio = 1), the grey
shaded area represents the 1.25-fold window, and the dashed lines
indicate the twofold range. PBPK physiologically-based pharmacoki-
netic, AUC area under the plasma concentration—time curve, C,,.
maximum plasma concentration

Fig. 5 Predictive performance
of the PBPK model indicated by
predictive versus observed
mean (filled symbols) plasma
concentration data of pediatric
(diamonds) [55, 56] and
geriatric (squares) patients

[6, 25, 46, 47, 50, 76] following
intravenous (left) and oral
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tant with increasing age. Generally, most parameters
showed a similar impact of age, while only dose had the
same sensitivity for all age groups.

4 Discussion

Over the past decade, PBPK modeling and simulation in
special population groups gained more attention, but con-
fidence in this methodology still needs to flourish with
continuous improvement and qualification due to the
complexity of system-related parameter information. Reg-
ulators consider PBPK modeling as a promising approach
to inform dosing regimens for pediatric pharmacotherapy
[104]; designated guidelines for conducting and reporting
of PBPK analyses have recently been published [105, 106].
In addition to the increased popularity of pediatric PBPK
modeling to assess pharmacokinetics and pharmacody-
namics, recent efforts to extend scientifically sound system
information to the other end of the age scale [96] account
for an obvious need [107, 108].

In this study, the first lifespan pharmacokinetic predic-
tions for ciprofloxacin based on a PBPK model were

2.5

O AuC

max

157

05 = == == - - e o o o= -

predicted/observed ratio
o

0 20 40 60 80
Age [years]

AUC [mg*h/L]

0 20 40 60 80
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Fig. 7 Model predictions for the AUC and Cy,,, following intra-
venous (left) and oral (right) administration. Observed values reported
in Tables 1 and 2 versus predicted values over age are shown in the
upper panel for both parameters. In this figure, the solid line
represents the line of unity, the grey shaded area represents the 1.25-
fold level, and the dashed black lines represent the twofold level of
the predicted accuracy. The AUC after intravenous (c) and C,,x after
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Fig. 8 Listing of the most sensitive parameters towards AUC,, »
(above the 90% cut-off; middle panel) and C,,,x (bottom panel) after
oral administration, and the AUC,, after intravenous administration
(top panel), in descending order. The x-axis describes sensitivity
values and their positive or negative impact on AUC,,. Color coding
indicates the different ages. AUC, area under the concentration—time
curve from time zero to infinity, C,,,, maximum plasma concentration

successfully performed using comprehensive physiological
information. In addition, a model assessment for predic-
tions based on a large-scale SA was introduced and
performed.

After the development of a ciprofloxacin adult PBPK
model for intravenous administration based on in vitro and
adult pharmacokinetic data, the model was verified for
extended simulations in a subsequent step. Visual predic-
tion checks for mean plasma concentration—time data
revealed a successful description of the observed data. The
assessment of estimated pharmacokinetic parameters leads
to an equally well-described description of the investigated
dose range, verifying the distribution-, metabolism- and
elimination-related parameterization. This also confirmed
the underlying dose linearity of ciprofloxacin since the

o 2.5 b
©
- p— — — — — — — —
- 2 - 590
>
e 1.5 OOO B o
J =] o B
o g 8
s 1
1
(2]
'_a 05 —-— - —-— e = Em = -
e O
a
0 L L L
0 20 40 60 80
Age [years]

0 20 40 60 80
Age [years]
oral (d) suspension dosing prediction over age for a dose of 1 mg/kg
are visualized in the lower panel. In this figure, predicted population
data were represented as the geometric mean (thick black line) and
90% prediction interval (grey shaded area). Observed, dose-normal-
ized pharmacokinetic measures indicate reported means (dots) and

standard deviations (error bars). AUC area under the plasma
concentration—time curve, C,,,, maximum plasma concentration
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PBPK model was built solely with linear elimination
processes.

The model application for exposure simulation follow-
ing intravenous administration for adults was then adjusted
in relation to gastrointestinal absorption following oral
administration. Similar to a recent study by Martinez et al.,
AcgFactors were estimated to describe the transporter-me-
diated impact of segmental absorption [109]. Generally, the
model-based net absorption needed to increase in all seg-
ments, showing a large uptake in the duodenum and jeju-
num. This is in line with previous observations following
administration of a remote-control capsule [110]. A satu-
rated absorption with increasing doses, as discussed pre-
viously, was not observed in the estimation steps [63],
which might be due to the administration of multiple
tablets to achieve higher dose levels, thereby causing
limitations in tablet dissolution rather than in absorption.
For the mean plasma concentration—time data, only 4.82%
of the simulation-to-observation ratios after intravenous
administration, and 12.13% after oral administration, were
outside the twofold change range (Figs. 2, 3). The resulting
simulation-to-observation ratio values for AUC and C\,.
were evenly distributed across the line of identity.

Subsequent scaling to both ends of the age scale
revealed a robust estimation of age-related exposure
changes. Trends in AUC changes reported in the literature
were adequately predicted for intravenous and oral dosing.
Prediction-to-observation ratios revealed similar accuracy
for the mean plasma concentration—time data compared
with adults. The increasing variability in C,,x towards
younger age groups was captured by the model predictions.
Since small intestinal transit time has a notable impact on
Chax based on the SA, but was shown to be barely age-
dependent [111], an even higher net absorption for some
individuals in the duodenum or jejunum might explain the
scattered instances of elevated maximum plasma exposure.
Although pharmacokinetic observations of ciprofloxacin in
neonates have been published, these data were not con-
sidered in this analysis since neonates in those studies were
pooled with other pediatric age groups [12] or were treated
with varying dosing schemes [112, 113].

In the present study, PI was applied to simultaneously
identify lipophilicity and initial elimination parameteriza-
tion for intravenous administration, as well as to inform
in vivo dissolution profiles and the segmental absorption
pattern. The influence of these initially uncertain parame-
ters was later assessed in an SA. Use of the SA helps to
identify model uncertainties and foster communication
between the model developer and the clinical pharmacol-
ogist, who gains a better understanding of the applicability
of a model in a clinical setting. The SA was conducted to
scrutinize how age-dependent changes affect systemic
exposure, and to assess the impact of identified parameters
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on model performance. In the main, parameters related to
the kinetics of metabolism and excretion were found to be
crucial for the simulated pharmacokinetics (Fig. 8); how-
ever, the metabolism and excretion kinetic rates for each
pathway were informed by previously reported mass-bal-
ance studies that support confidence in the identified rates
[8].

Over recent years, several PBPK models for cipro-
floxacin have been published with different grades of
complexity, depending on the purpose of the respective
studies. First, the authors of this study published a whole-
body PBPK approach to exemplify best practice in the
model-building procedure by following simple model
learning steps, which allowed already reasonable pharma-
cokinetic approximations but lacked generality [15]. Later,
Sadiq et al. parameterized an ordinary differential equation
system in NONMEM based on plasma observations in
intensive care patients in order to predict target tissue
concentrations and the time-course of bacterial killing at
different sites of infection [114]. Ball et al. and Navid et al.
evaluated drug—drug interaction (DDI) potential using
ciprofloxacin as a perpetrator drug for renal transporters
[59] and CYP1A2 [115]. In the latter case model, verifi-
cation was not described, while the only verification dataset
used in the Ball et al. study was underpredicted after sin-
gle-dose administration. Furthermore, only Ball et al.
developed a full PBPK model on a commercial PBPK
platform, which potentially allows for age-dependent
absorption, distribution, metabolism, and excretion
(ADME) scaling using the underlying databases on phys-
iology and ontogeny. Navid et al. conducted DDI predic-
tions in the elderly by adjusting the unspecific clearance,
without taking into account general physiological changes
in older adults.

A mechanistic description of the oral absorption of
ciprofloxacin has been covered by two publications. First,
Martinez et al. investigated the peculiarities of the oral
absorption of ciprofloxacin with dedicated clinical trials
and sophisticated stepwise information of model processes
[109], while Hansmann et al. recently focused on the
dosage form dissolution mechanisms and tried to inform
in vivo behavior with in vitro dissolution, transfer and two-
stage experiments [116]. Both approaches were conducted
using a commercial platform, but described systemic
exposure with a (non)compartmental approach. Unevalu-
ated model predictions by Hansmann et al. towards the
older age range showed a lower C,,,, than in adults, which
is contrary to published clinical observations [50] and the
predictions presented in this study. All these PBPK models
allocate between renal and non-renal clearance without
precise distinctions of separate processes. This limits the
potential pharmacokinetic evaluation of the age- or dis-
ease-related impact on these specific processes, which is
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explicitly considered and informed in the hereby presented
PBPK model.

5 Conclusions

This developed and verified ciprofloxacin lifespan PBPK
model comprises a thoroughly informed basis for mecha-
nistic representation of the compound’s ADME processes,
which allows reliable scaling to both ends of the age scale.
Therefore, such a model can be used to support clinical
trial designs or optimize dose regimens. Special pharma-
cokinetic-related questions triggered by certain clinical
scenarios can be responded to adequately for this multi-
pathway drug over the entire age span. Further pharma-
cokinetic assessments in other special population groups,
or an evaluation of biopharmaceutical issues during for-
mulation development, are potential application scenarios
and support subsequent pharmacodynamic model exten-
sion. This work also demonstrates the importance of an
adequately established and verified PBPK model incorpo-
rating profound prior knowledge to allow a scientifically
sound prediction.
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