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A B S T R A C T   

Fluoroquinolones efficacy depend on both the drug exposure and the level of drug resistance of the bacteria 
responsible for the infection. Specifically for the Staphylococcus species, which is the microorganism mainly 
involved in osteoarticular infections (OAI), in-vitro data reported that an AUC/MIC ratio above 115 h maximizes 
drug efficacy. However, data on OAI patients are lacking and a simple approach to access AUCs is still a clinical 
issue. We conducted a prospective, single-center study in 30 OAI patients hospitalized in the Rennes University 
Hospital to model ofloxacin pharmacokinetics and to define a limited sampling strategy (LSS) suitable for 
ofloxacin and levofloxacin treatments. Modeling was conducted with the Monolix software. The final model was 
externally validated using levofloxacin data. Monte-Carlo simulations were used to evaluate the probability of 
target attainment (PTA) of different dosing regimens. Two hundred and ninety-seven (297) ofloxacin concen-
trations were available for the pharmacokinetic modeling. Ofloxacin pharmacokinetics was best described using 
a bicompartmental model with a first order elimination, and a transit compartment model absorption. CKD-EPI 
and sex explained half of ofloxacin pharmacokinetic variability. For LSS, the 0, 1 h and 3 h sampling scheme 
resulted in the best approach both for BID and TID dosages (R2 adjusted = 91.1% and 95.0%, outliers = 4.8% and 
5.0%, respectively). PTA allows choosing the best drug and dosage according to various hypotheses. A simple 3- 
sample protocol (pre-dose, 1 h after intake and 3 h after intake) to estimate ofloxacin and levofloxacin AUC 
allows optimal drug dosage for the treatment of osteoarticular infections.   

1. Introduction 

Because bone is a tissue not easily accessible for drugs, few antibi-
otics are eligible for osteoarticular infections (OAI) treatment. Fluo-
roquinolones (FQ) pharmacokinetic profiles exhibit wide tissue 
diffusion resulting in high drug concentrations even in bone. These high 
concentrations at the infection sites lead to high efficacy even in 

complicated infections such as prosthetic joint infection [1]. Among 
FQs, ofloxacin, or its active enantiomer levofloxacin, exhibit good effi-
cacy on commonly encountered microorganisms, particularly Staphylo-
coccus species, and can be used depending on local drug availability or 
clinical team choice. Thus, FQ are recommended, together with 
rifampin, as the best option for the treatment of Staphylococcus sp. OAI 
[2,3]. Ofloxacin and levofloxacin efficacy depend on both the drug 
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exposure and the level of drug resistance of the bacteria responsible for 
the infection. More precisely, the ratio of the area under the curve of the 
drug concentrations (AUC) over the minimal inhibitory concentration 
(MIC) of the causative bacteria is a predictor of treatment outcome. For 
example, an AUC/MIC above 125 h resulted in 80% success in treating 
infections (mainly pulmonary and urinary Pseudomonas aeruginosa in-
fections) when using ciprofloxacin, another FQ [4]. Data with ofloxacin 
and levofloxacin are rather limited but showed in nosocomial pneu-
monia due to various pathogens that AUC/MIC ranging from 87 to 110 h 
were associated with favorable microbiological outcome [5]. More 
specifically to Staphylococcus aureus, in-vitro data suggested that an 
AUC/MIC ratio above 115 h allowed maximal drug efficacy [6]. 
Pharmacokinetic-pharmacodynamic (PK/PD) indexes are also related to 
resistance onset. For instance, the risk of resistance selection appears 
low when peak concentration (Cmax) over MIC ratio is above 10 and 
AUC/MIC is above 100 in gram-negative lower respiratory tract in-
fections treated with ciprofloxacin [7]. 

Of note, there are limited reports available on PK/PD data related to 
OAI even though treatment failure in such infections can result in dra-
matic outcomes such as resistance, revision surgery, functional sequelae 
and patient’s death. Thus, it is of the utmost importance to optimize 
drug exposure, particularly in these indications. However, individual-
ized optimization requires determining AUC in patients treated with FQ. 
Due to the multiple blood samples needed to calculate AUC, a standard 
non compartmental approach is hardly feasible in clinical practice. One 
possible way to overcome this limitation is to develop a limited sampling 
strategy aiming to estimate AUC using a low number of blood samples, 
based on a model of the PK of ofloxacin and levofloxacin i. 

The aim of the present study is therefore to model ofloxacin phar-
macokinetics and to define a limited sampling strategy protocol in order 
to optimize and individualize ofloxacin and levofloxacin treatments in 
patients with OAI. 

2. Methods 

2.1. Study population and design 

This prospective, single-center study included 30 patients hospital-
ized in Rennes University Hospital between June 2015 and December 
2016. The inclusion criteria were an age over 18 years and a Staphylo-
coccus sp.. OAI treated with oral ofloxacin in line with French recom-
mendations [8,9], 200 mg twice daily (BID) or 200 mg three times daily 
(TID). All patients gave written informed consent. The FLUO-POP study 
(NCT02357407) was approved by the regulatory and ethics committee 
(ANSM 141294A-41 and CPP Ouest V 2014-004193-41) and was con-
ducted in accordance with the declaration of Helsinki. 

2.2. Determination of ofloxacin plasma concentration 

Blood samples were collected on the fourth day after the first dose, 
immediately prior to dosing (0 h) and 0.5, 1, 1.5, 2, 2.5, 3, 5, 7, 8 and 12 
h post-dose. Plasma ofloxacin concentrations were measured using a 
validated liquid chromatography tandem-mass spectrometry method 
according to international standards. Briefly, analysis was conducted on 
a chromatographic system composed of a Dionex U3000 liquid chro-
matography system (ThermoFisher Scientific, Waltham, USA) and an 
Endura mass spectrometer (ThermoFisher Scientific, Waltham, USA). 
The chromatographic separation was conducted on a hypersil gold C18 
column (50 mm × 2.1 mm, particle size 3 µm, ThermoFisher Scientific, 
Waltham, USA) using two mobile phases of acid formic 0.1% in water 
(mobile phase A) and acetonitrile (mobile phase B). A flow of 500 µL/ 
min of 95% of mobile phase A and 5% of mobile phase B was delivered 
by the chromatographic system and after injection of the 2 µL of sam-
ples, the flow was gradually modified to reach 66% of mobile phase A 
and 34% of mobile phase B after 2.5 min of run and then 25% of mobile 
phase A and 75% of mobile phase B at 2.6 min. Thereafter, the initial 

mobile phase gradient was slowly restored and reached at 3.7 min and 
maintained during 1.8 min for the system to re-equilibrate. The total 
chromatographic run was 5.5 min. This method has a concentration 
range going from 0.1 (limit of quantification) to 12 µg/mL for ofloxacin 
and levofloxacin. Within-day precision ranges from 4.3% to 5.2% 
(quality control levels at 0.25, 5 and 10 µg/mL). Within-day accuracy 
ranges from 5.5% to 8.3%. Between-day precision ranges from 4.6% to 
6.5%. Between-day accuracy ranges from − 0.7–4.1%. Process efficiency 
was 106.4% at 0.25 µg/mL, 102.2% at 5.0 µg/mL and 105.0 at 10 µg/ 
mL. There was a positive but constant matrix effect along the calibration 
range: 199.3% at 0.25 µg/mL, 199.9% at 5.0 µg/mL and 202.5% at 10.0 
µg/mL. 

2.3. Non compartmental analysis 

Pharmacokinetic parameters were calculated using a non- 
compartmental approach with the ncappc R package [10]. 

2.4. Population pharmacokinetic analysis 

The data was analysed using non-linear mixed effect models. The jth 
observed concentration at time tij in the ith patient (i = 1,…,N, j = 1,.ni), 
Yij, was modeled as a function of a structural model f, depending on 
individual parameters θi, covariates zi, and a measurement error εij: 

Yij = f
(
tij, θi, zi

)
+ εij (1) 

The interindividual variability of pharmacokinetic parameters was 
described using an exponential model: 

θi = θTV exp(ηi) (2)  

where θTV is the typical value of the parameter and ηi is the random 
effect for the ith patient. The values of ηi were assumed to be normally 
distributed, with mean 0 and variance ω2. We investigated the influence 
of covariates on parameters using exponential models: continuous 
covariates were centered over their median, multiplying (2) by a term 
(COVi / med(COV)) βCOV, and a reference category (CATi =0) was cho-
sen for categorical covariates, multiplying (2) by a parameter exp 
(βCAT=1) for the other category. 

For the residual error model, additive, proportional and mixed 
additive-proportional models were investigated. 

For the structural model, one- and two-compartment models were 
investigated, with first-order elimination or nonlinear elimination pro-
cess (Michaelis-Menten). Various absorption models were tested. Com-
plex absorption models, including first-order absorption followed by 
zero-order absorption and zero-order absorption followed by first- 
order absorption, were also tested. 

Parameters were estimated using the Stochastic Approximation 
Expectation Maximization (SAEM) algorithm implemented in the 
Monolix software (Monolix 2019R1) [11]. 

2.5. Model comparison and covariate selection 

Structural, interindividual, interoccasion, residual error and covari-
ate models were compared using the log-likelihood ratio test (LRT) for 
nested models and the Akaike information criterion (AIC) for non-nested 
models, defined as a function of the log-likelihood (LL) and the number 
of parameters in a model (p) as AIC = − 2LL + 2p. An additional crite-
rion for model selection was the precision of parameter estimates: 
variance parameters were fixed to 0 if their (relative standard error) RSE 
was larger than 30%. 

The covariate model was investigated after the structural model had 
been selected, along with the variability structure. We first performed a 
univariate pre-selection based on AIC. A backward procedure from the 
full model using LRT was then used to select the covariates kept in the 
final model, with p = 0.1 as the threshold to retain a covariate. 
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2.6. Model evaluation 

Goodness of fit was assessed for each model by plotting population 
predicted (PRED) and individually predicted (IPRED) concentrations 
versus observed concentrations (OBS) and by evaluating the residuals by 
a graphical inspection of the IWRES, PWRES, and normalized prediction 
distribution errors (NPDE) versus time and predicted concentrations. 
Individual fits were also inspected. A visual predictive check (VPC) 
showing the 90% prediction intervals of selected percentiles of the 
predictions and observations was also performed. 

The predicted concentrations were compared with the corresponding 
observed values using relative bias (mean prediction error or MPE) and 
precision (root mean squared error or RMSE). The model was considered 
correctly evaluated if the relative bias and precision were adequate. 

Meanbias(%) = 100 ×

(∑
PRED − OBS
N × OBS

)

Precision(%) =
100
OBS

×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(PRED − OBS)2

N

√

2.7. External evaluation 

The final model was then externally evaluated using 211 additional 
samples of levofloxacin from the BDDLEVO study (Local ethics com-
mittee AP-HP.5, IRB registration # 00011928). Plasma concentrations 
were predicted by fixing the population parameters in the structural and 
variance model to the estimates in the final model and using Monolix to 
estimate the individual parameters. Goodness of fit was verified by 
plotting the IPREDs against the observed concentrations and evaluating 
the residuals as described above. The relative bias and precision were 
also computed for the external dataset. 

2.8. Limited sampling strategy (LSS) 

Developing a LSS using a Bayesian approach allows using the final 
model as a clinical tool to accurately predict AUC between doses through 
a limited number of samples. A Bayesian approach based on the final 
model was chosen because it allows a change in covariate values, dosing 
regimen and sampling times, which is essential in a clinical use. Using 
the final model, we used the Simulx package in R to simulate 1000 
plasma concentrations profiles at 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5 and 4 h. The 
covariates entering the final model were simulated according to the 
distribution in the original dataset. Because our objective was to limit 
the number of samples to 3 samples or less, we then generated datasets 
including 1, 2 or 3 concentrations among these simulated profile, testing 
all possible combinations respecting clinical constraints. For each 
combination of sampling times, we used the model and estimated pop-
ulation parameters to obtain individual Bayesian estimates for each in-
dividual in the simulated dataset by fixing the population estimates. We 
used the estimated clearance to predict the model-based AUC for each 
subject (AUCpred) and compared it to the AUC computed using the true 
(simulated) parameters (AUCobs), in both cases using the formula 
AUC=Dose/CL with the corresponding CL. We then selected the com-
bination of times providing the best agreement between predicted and 
simulated AUC, as measured by the R2 adjusted (with an objective of >
90%) and the lowest rate of outliers. 

The predictive performance of LSS was also evaluated using bias 
(MPE) and precision (RMSE). A plot of observed versus predicted con-
centrations was inspected and a Bland-Altman plot was used to compare 
AUCobs and AUCpred. 

2.9. Probability of target-attainment (PTA) 

Monte-Carlo simulations based on the final model were used to 

evaluate the probability of target attainment (PTA) of different dosing 
regimens of ofloxacin and levofloxacin. The dosing regimens simulated 
were 200 mg once daily (QD), 200 mg BID, 300 mg BID and 400 mg BID 
for ofloxacin and 500 mg QD, 750 mg QD, 500 mg BID and 750 mg BID 
for levofloxacin to fit the recommended regimens. The target was 
defined as the probability of 90% of profiles reaching the objective. PTA 
was evaluated at MICs of 0.125, 0.25, 0.5 and 1 µg/mL. These MICs have 
been selected because of their clinical relevance and based on the data 
obtained from EUCAST. 

As no clinical target has been validated for ofloxacin or levofloxacin, 
we used a value of AUC/MIC ratio of 115 h as target [6]. To include the 
diffusion in bone tissue, which influences therapeutic success in OAI, we 
also tested 230 h and 383 h as target, corresponding respectively to 50% 
and 30% bone penetration. These ratios have been derived from values 
reported in cancellous and cortical bones (54% and 34% respectively) 
[12]. 

Simulations and target attainment analysis were performed using the 
R software and Simulx package. 

3. Results 

3.1. Patients and modeling 

Thirty patients were included in the study. Their characteristics are 
presented in Table 1. At the time of the ofloxacin PK profiles, 19 patients 
were co-treated with rifampin. Eight patients received cloxacillin, 3 

Table 1 
Patient characteristics.   

n (%) Mean ± SD Median (min - max) 

Samples  297   
Regimen (mg)     

200 BID  19 (63.3)   
200 TID  11 (36.7)   

Age (years)   60.6 ± 16.9 62.5 (23–85) 
Weight (kg)   77.2 ± 21.1 72.5 (45–134) 
Height (cm)   164.6 ± 10.7 165 (144–185) 
BMI (kg/m2)   28 ± 6.6 28.3 (18.7–40.3) 
Sex (male)  16 (53.3)   
LBW (kg)   50.2 ± 13.1 49.3 (31.2–82.1) 
BSA (m2)   1.87 ± 0.29 1.79 (1.39–2.62) 
Proteins (g/L)   69.8 ± 7 70 (50–82) 
Albumin (g/L)   36.1 ± 4.4 35.9 (24.8–45.7) 
Urea (mmol/L)   5.3 ± 2.2 5.2 (2.3–13) 
Creatinine (µmol/L)   62.2 ± 20.2 61.5 (29–129) 
CKD-EPI (mL/min/1.72 m2)   96.8 ± 20.8 99.6 (38.9–129.5) 
AST (IU/L)   22.7 ± 8.7 21 (11–52) 
ALT (IU/L)   22.9 ± 17.4 17.5 (7–91) 
Total bilirubin (µmol/L)   8 ± 6.7 6 (2–34) 
Conjugated bilirubin (µmol/L)   2.7 ± 3.3 0 (0–10) 
ALP (IU/L)   101 ± 46.7 93 (49–270) 
GGT (UI/L)   86.9 ± 79 63 (20–398) 

BMI: body mass index; LBW: lean body weight; BSA: body surface area; CKD-EPI: 
chronic kidney disease – epidemiology collaboration; AST: aspartate amino-
transferase; ALT: alanine aminotransferase; ALP: alkaline phosphatase; GGT: 
gamma glutamyl transferase. 

Table 2 
Pharmacokinetic parameters.   

Mean ± sd Median (min – max) 

Cmin (µg/mL) 2.0 ± 2.0 1.1 (0.6 – 8.3) 
Cmax (µg/mL) 4.5 ± 1.9 4.0 (2.2 – 9.1) 
Tmax (h) 2.0 ± 1.6 1.3 (0 – 7.0) 
CL/F (L/h) 5.4 ± 3.5 6.4 (0.8 – 11.3) 
Vd/F (L) 48.7 ± 14.4 49.6 (17.8 – 70.0) 
AUC 0–24 h (µg.h/mL) 71.0 ± 43.4 54.2 (30.9 – 195.3) 

Cl: clearance; F: bioavailability; Vd = volume of distribution; AUC: area under 
curve. 

F. Lemaitre et al.                                                                                                                                                                                                                                



Biomedicine & Pharmacotherapy 142 (2021) 112053

4

vancomycin, clindamycin or cefazolin, 2 ceftriaxone or fucidic acid and 
1 linezolid. Non-compartmental analysis showed large variations in the 
PK parameters between patients (Table 2), with trough concentrations 
(Cmin) ranging from 0.6 to 8.3 mg/L, peak concentrations (Cmax) 
ranging from 2.2 to 9.1 mg/L and AUC0–24 ranging from 30.9 to 
195.3 mg.h/L. Coefficients of variations (CV) for these parameters were 
102.2%, 43.0% and 61.1%, respectively. The main determinant of the 
variability seemed to be the drug clearance (CV of 65.7%) rather than 
the volume of distribution (CV of 29.5%). 

Two hundred and ninety-seven (297) ofloxacin concentrations were 
available for the pharmacokinetic modeling. Ofloxacin PK was best 
described using a bicompartmental model with a first order elimination, 
and a transit compartment model absorption. A combined proportional 
and additive residual error model best fitted the data. Due to a high 
shrinkage, interindividual variability for the intercompartmental clear-
ance and peripheral volume of distribution were fixed to zero. CKD-EPI 
and sex had a significant influence on apparent total clearance. Among 
the 18 covariables tested, CKD-EPI and sex explained half of its vari-
ability (Table 3). Results of the multivariate backward model selection 
with a p-value of 0.1 (a decrease in the objective function of 10.83) were 
presented in table S1. All the parameters of the final model were esti-
mated with a good accuracy and an acceptable shrinkage (table S2). The 
final model including covariates for clearance was as follows: 

CL = 6.67 ∗

(
CKD-EPI

100

)1.25

for men  

CL = 6.67 ∗

(
CKD-EPI

100

)1.25

∗ 1.53 for women  

Table 3 
Significant covariates in univariate selection.  

Covariable P-value for correlation test 
η-covariable 

ΔOFV 

Influence on interdividual varibility of 
V parameter   
BSA 0.011 -8,05 
BMI 0.022 -4,14 
LBW 0.023 -7,25 
Weight 0.005 -7,31 

Influence on interdividual varibility of 
Cl parameter   
BSA 0.028 -9,21 
CKD-EPI < 0.001 -33,19 
LBW 0.001 -11,71 
Age 0.003 -9,11 
Total bilirubin 0.030 -2,37 
Height < 0.001 -16,75 
Urea 0.025 -5,96 
Sex < 0.001 -19,22 

Influence on interdividual varibility of 
Ktr parameter   
ALP 0.014 -7,6 

Influence on interdividual varibility of 
Mtt parameter   
Proteins 0.025 -6,28 

ΔOFV: objective function difference for the likelihood ratio test (null model – 
covariate model), significance threshold: p < 0.01 or ΔOFV< − 6.63; BMI: body 
mass index; LBW: lean body weight; BSA: body surface area; CKD-EPI: chronic 
kidney disease – epidemiology collaboration; ALP: alkaline phosphatase; V: 
apparent central volume; Cl: apparent total clearance; Ktr: transit constant; Mtt: 
mean transit time. 

Fig. 1. Model goodness of fit and evaluation for ofloxacin concentration. Observed concentration versus population predicted (PRED) and individually predicted 
(IPRED) concentrations (A); Population weighted residual (PWRES) versus time, PRED and distributions (B); Individual weighted residual (IWRES) versus time, 
IPRED and distribution (C); Normalized prediction distribution errors (NPDE) versus time, IPRED and distribution (D). 
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3.2. Model evaluation 

Graphically, the model appeared adequate with no trend in the dis-
tribution of the residuals (Fig. 1). Visual predictive checks for BID and 
TID regimens showed values within the prediction interval with a slight 
overestimation of the 10th percentile for the BID regimen (Fig. 2). Best 
and worst individual adjustments are presented in Fig. S1. We consid-
ered that the shrinkage was low enough (<40%) for graphs based on 
individual predictions to remain informative. The mean relative bias 
was − 0.12 and − 1.3% for the concentration and AUC values, respec-
tively, and 2.0% and 7.1% for their accuracy. 

An external validation was conducted on the independent dataset 
composed of 211 levofloxacin plasma concentrations measured in OAI 
patients. Model performance for levofloxacin was good, with mean 
relative bias and precision for concentrations of − 0.11% and 1.6%, very 
similar to the values found in the building dataset (Fig. 3). 

3.3. LSS determination 

For each of the 129 combinations of 1–3 time points, and for each 
dosage regimen, we estimated the individual parameters using a 
Bayesian approach and used them to predict the AUC over the dosing 
interval. The predicted AUC were compared to the simulated AUC using 
the criteria defined in Methods. None of the schemes with 1 or 2-time 
points reached the predefined R2 adjusted objective. For the BID 
regimen, the best combination of high adjusted R2 (>90%) and low rate 
of outliers was obtained for the 0, 1 h an 3 h sampling scheme (R2 

adjusted = 91.1%, outliers = 4.8%) (Fig. S2). For the TID regimen, the 
best balance was again obtained for the 0, 1 h and 3 h sampling scheme 
(R2 adjusted = 95.0%, Outliers = 5.0%) (Fig. S2). 

3.4. Probability of target-attainment (PTA) analysis 

Simulations were conducted using the final model to evaluate the 

Fig. 2. Visual predictive check (VPC) for ofloxacin concentrations versus time. Observed concentrations are represented by circles and their 10th, 50th, and 90th 
percentiles with solid lines. The 90% confidence interval of 10th, 50th, and 90th percentiles for predicted concentrations are represented with shaded regions. 
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ability of 4 ofloxacin dosage regimens (200 mg QD, 200 mg BID, 300 mg 
BID and 400 mg BID) to reach PK/PD target for 4 different MICs and 
according to 3 hypotheses of bone diffusion (100%, 50% and 30%) 
(Fig. 4A). For the 100% diffusion hypothesis, the 200 mg BID regimen 
was associated with a PTA of ≥ 90% up to a MIC of 0.25 mg/L while a 
regimen of 400 mg BID was needed to reach this objective for a MIC of 
0.5 mg/L. For the 50% diffusion hypothesis, a dosage of 400 mg BID is 
required to reach the objective for a MIC of 0.25 mg/L while none of the 
usual dosage regimens can ensure a sufficient exposure for a MIC of 
0.5 mg/L. Finally, when considering a bone diffusion of 30%, a 300 mg 
BID or 200 mg TID regimen allows reaching a PTA above 80% but only a 
regimen of 400 mg BID allows reaching a PTA of 90% for a MIC of 
0.125 mg/L. With a MIC of 0.25 mg/L, all regimens fail to achieve the 
target. For the 200 mg QD regimen, a 90% PTA was reached only for a 
MIC of 0.125 µg/mL. It is noteworthy that, at the EUCAST epidemio-
logical cut-off for Staphylococcus aureus (1 mg/L), no ofloxacin dosage 
regimen generates sufficient exposure to reach the threshold. These re-
sults highlighted the difficulty in reaching PK-PD thresholds at the in-
fectious site if the most pessimistic diffusion hypothesis holds. 

For levofloxacin, 4 dosage regimens were evaluated (500 mg QD, 
750 mg QD, 500 mg BID and 750 mg BID) with the same MICs and bone 
diffusion hypothesis (Fig. 4B). Assuming the 100% diffusion hypothesis 
is valid, a 500 mg QD dosage allows reaching the target up to a MIC of 
0.25 mg/L while 500 mg BID is required for a MIC of 0.5 mg/L, which is 
the epidemiological cut-off according to EUCAST for Staphylococcus 
aureus. For a MIC of 1 mg/L, only the 750 mg BID regimen was associ-
ated with a 90% PTA. For a bone diffusion of 50%, the 500 mg QD 
regimen achieves the objective only for a MIC of 0.125 mg/L or less. A 
750 mg QD and a 500 mg BID with a higher margin appear to be an 
adequate regimen for a MIC of 0.25 mg/L while giving patients a 
750 mg BID dose of levofloxacin is the only regimen approaching the 
90% PTA for a 0.5 mg/L MIC. With a 1 mg/L MIC, no regimen reaches 

the goal. Finally, when considering a 30% diffusion into bone, a 750 mg 
QD dosage is required for a 0.125 mg/L MIC and a 750 mg BID dosage is 
needed for a 0.25 mg/L. Beyond this MIC, no regimen achieves a PTA 
above 50%. 

4. Discussion 

In this study, we developed a simple 3 time-points sampling 
approach to estimate the AUC of ofloxacin and levofloxacin. Population 
pharmacokinetic models for ofloxacin and/or levofloxacin already exist 
but they have been established almost exclusively in tuberculosis and 
respiratory infections [13–17]. To our knowledge, only two studies 
addressed levofloxacin PK models in bone [18,19]. The first of these 
studies aimed at evaluating the bone diffusion of levofloxacin in patients 
who underwent hip or knee arthroplasty, using a commercial modelling 
software to simultaneously fit plasma and bone concentrations in 42 
patients [18]. While the direct measurement of levofloxacin in bone was 
a key point of that study, patients received a single dose of levofloxacin 
and the pharmacokinetic sampling scheme was limited to 3 time-points 
resulting in a one-compartment model with a first order model uptake in 
bone. The second study aimed at modeling levofloxacin in bone and 
joint infections to evaluate the current dosage recommendation of 
750 mg QD [19]. Glomerular filtration rate estimated through the 
CKD-EPI formula and age were the two covariates explaining drug 
clearance variability in that model. As ofloxacin and levofloxacin are 
mainly renally excreted, renal function is expected to impact drug 
clearance. Again, because routine data were used in that work, the 
pharmacokinetic sampling scheme was sparse with only 4 time-points, 
resulting in a one-compartment model selected, in line with the 
limited number of samples during the elimination phase. This model was 
not externally validated which is another difference with our work. 

Considering ofloxacin only, two models focused on the drug, both in 

Fig. 3. Model goodness of fit and evaluation for levofloxacin concentration from an external dataset. Observed concentration versus population predicted (PRED) (A) 
and individually predicted (IPRED) concentrations (B); Absolute individual weighted residuals (|IWRES|) versus Time (C) or IPRED (D). 
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Fig. 4. Probability of target attainment for the different regimens and diffusion in bone tissue (A) for ofloxacin, (B) for levofloxacin.  
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tuberculosis [14,20]. 
In our model, we found that glomerular filtration rate estimated with 

the CKD-EPI formula influences drug clearance, as previously reported 
[14,20,21]. The other covariate associated with drug clearance was 
gender. Interestingly, sex is part of the CKD-EPI formula but was also 
retained independently in the final model. 

Overall, only one of the models found in the literature had an 
external validation set together with the building of a LSS approach 
[13]. In a study aiming at personalizing levofloxacin dosage in tuber-
culosis patients, Van den Elsen and colleagues developed a multilinear 
regression LSS (predose and 4 h postdose) and a Bayesian (predose and 
5 h postdose) LSS. Both methods estimated AUCs in agreement with the 
complete 8 time-points AUC evaluated by a non-compartmental 
approach (R2 of 0.966 and 0.821 respectively). In our study, we ach-
ieved comparable performance in the OAI population of patients with a 
3 time-points Bayesian LSS but a shorter time for sample collection. 

The efficacy of fluoroquinolones efficacy is related to the AUC over 
MIC ratio, as has been demonstrated 27 years ago by Forrest and col-
leagues [4]. For OAI, the AUC/MIC target is still to be established and we 
have chosen an elevated target while considering 3 different scenarios 
for bone diffusion. Despite the lack of a definitive threshold, the PTA 
part of the study yields practical information for the treatment of OAI. 
First, the choice of drugs is of importance. Assuming 100% diffusion in 
bones, ofloxacin can only be used to treat infections with MIC lower or 
equal to 0.5 mg/L. For a MIC of 0.5 mg/L, only the 400 mg BID dosage 
regimen ensures sufficient drug exposure. The lowest dosage regimen 
for ofloxacin (200 mg BID) can be used for MIC of 0.125 mg/L (with a 
slight decrease of PTA at 0.25 mg/L) while 300 mg BID should be pro-
posed for bacteria with MIC of 0.25 mg/L. Using levofloxacin, 500 mg 
BID and to a lesser extent 750 mg QD achieve the AUC/MIC target for 
MIC up to 0.25 mg/L. For bacteria with higher MIC (up to 1 mg/L even 
beyond the epidemiological cut-off for S. aureus), levofloxacin appears 
as a valuable option but the 750 mg BID dosage should be proposed. A 
less favorable hypothesis of bone diffusion implies the use of higher 
fluoroquinolones dosages but still levofloxacin offers better MIC 
coverage than ofloxacin. However, increasing dosages and drug expo-
sure might be associated with an increase in adverse events (tendinop-
athy, neurological disorders…). 

Hence, for 50% bone diffusion, standard dosage regimen allows 
approaching AUC/MIC target for MICs of 0.25 mg/L with levofloxacin 
750 mg QD while ofloxacin 200 mg BID is suitable only for MIC up to 
0.125 mg/L. For a MIC of 0.25 mg/L, target can still be reached with an 
ofloxacin dosage of 400 mg BID. 

Finally, considering a 30% bone diffusion, the highest drug dosage 
allows better coverage for levofloxacin (up to MICs of 0.25 mg/L) than 
for ofloxacin (up to MICs of 0.125 mg/L). 

Regarding the limitations of this study, the AUC/MIC ratio used for 
the simulation has not been validated for OAI but was based on specific 
experiments on Staphylococcus sp.. infections and was in line with other 
clinical studies [15,21]. Another key limitation point is the inability to 
elicit specific bone:plasma diffusion ratio for ofloxacin and levofloxacin 
because data are not univocal, ranging from 0.09 to 1.8 [22]. We choose 
our bone:plasma diffusion ratios hypothesis based on concurring data 
reported for ofloxacin and levofloxacin with lower ratios found for 
cortical bone while diffusion in cancellous bone is reported to range 
from 50% to 100% [12,23,24]. In absence of any definitive conclusion, 
the choice of target should be driven by infection location and according 
to the clinical settings. Finally, the complete sampling scheme while 
being limited to 3 h can be seen as a long stay in the outpatient phase of 
infection management but this relatively time-consuming approach has 
to be balanced with the benefit of maximizing efficacy and minimizing 
the risk of adverse events onset by individually adjusting FQs to 
AUC/MIC ratio. 

One important advantage of our model is its robustness, demon-
strated by the external validation on a separate dataset, and its ability to 
offer a convenient tool for both ofloxacin and levofloxacin treatments. 

Evaluating AUC also offers the possibility to decrease the rate of adverse 
drug reactions particularly for those potentially associated with drug 
accumulation (arthropathy, tendinitis, cardiac rhythm disorder and 
neurological adverse events). Finally, this model can now be used pro-
spectively to establish a definitive AUC/MIC target in the field of OAI 
treatment. 

5. Conclusion 

An evaluation of ofloxacin and levofloxacin exposures is required for 
appropriate therapeutic drug monitoring in osteoarticular infections to 
limit the risk of treatment failure and decrease the rate of adverse drug 
reactions. We developed a simple 3-sample protocol (pre-dose, 1 h after 
intake and 3 h after intake) to estimate the AUC of these fluo-
roquinolones allowing optimal drug dosage for the treatment of OAI. 
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(SOFCOT), Société Française d’Hygiène Hospitalière (SFHH), et al. [Clinical 
practice recommendations. Osteoarticular infections on materials (prosthesis, 
implant, osteosynthesis], Med Mal. Infect. 39 (2009) 815–863. 

[4] A. Forrest, D.E. Nix, C.H. Ballow, T.F. Goss, M.C. Birmingham, J.J. Schentag, 
Pharmacodynamics of intravenous ciprofloxacin in seriously ill patients, 
Antimicrob. Agents Chemother. 37 (1993) 1073–1081. 

[5] G.L. Drusano, S.L. Preston, C. Fowler, M. Corrado, B. Weisinger, J. Kahn, 
Relationship between fluoroquinolone area under the curve: minimum inhibitory 
concentration ratio and the probability of eradication of the infecting pathogen, in 
patients with nosocomial pneumonia, J. Infect. Dis. 189 (2004) 1590–1597. 

[6] A.A. Firsov, I.Y. Lubenko, S.N. Vostrov, Y.A. Portnoy, S.H. Zinner, 
Antistaphylococcal effect related to the area under the curve/MIC ratio in an in 

F. Lemaitre et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.biopha.2021.112053
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref1
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref1
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref1
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref1
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref2
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref2
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref2
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref2
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref3
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref3
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref3
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref3
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref3
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref3
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref3
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref4
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref4
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref4
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref5
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref5
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref5
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref5
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref6
http://refhub.elsevier.com/S0753-3322(21)00836-2/sbref6


Biomedicine & Pharmacotherapy 142 (2021) 112053

9

vitro dynamic model: predicted breakpoints versus clinically achievable values for 
seven fluoroquinolones, Antimicrob. Agents Chemother. 49 (2005) 2642–2647. 

[7] J.K. Thomas, A. Forrest, S.M. Bhavnani, J.M. Hyatt, A. Cheng, C.H. Ballow, J. 
J. Schentag, Pharmacodynamic evaluation of factors associated with the 
development of bacterial resistance in acutely ill patients during therapy, 
Antimicrob. Agents Chemother. 42 (1998) 521–527. 
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[9] Haute Autorité de Santé. Recommandation de bonne pratique Prothèse de hanche 
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