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Tableau 1 : Situations cliniques motivant un dosage sanguin de médicament (d’après Widmer et al., 2008 (2)) 

Situation Objectif Exemple 

Réponse insuffisante au 

traitement 

Faire la distinction entre résistance pharmacologique 

(concentration suffisante) nécessitant un changement de 

traitement et défaut d’exposition (concentration 

insuffisante) appelant une adaptation posologique 

Crise convulsive malgré un 

traitement antiépileptique 

Suspicion de toxicité 
Confirmer le diagnostic d’intoxication  Symptômes gastro-

intestinaux sous digoxine 

Manifestations cliniques 

ambiguës 

Faire la distinction entre réponse insuffisante ou toxicité Augmentation de la 

créatinine chez un greffé 

rénal sous ciclosporine 

Dysfonction d’organe 
Prévenir les conséquences de l’imprégnation 

médicamenteuse 

Choix de l’intervalle de prise 

des aminosides 

Interaction 

médicamenteuse 

Prévenir les conséquences en adaptant les posologies Suivi des antirétroviraux chez 

un patient VIH recevant de la 

rifampicine 

Vérification de 

l’adéquation d’une 

posologie 

Viser une concentration cible  Suivi de la ciclosporine ou du 

tacrolimus chez un patient 

transplanté 

Economie de médicament 
Limiter la prescription d’un traitement onéreux ou 

disponible en faible quantité 

Facteurs de la coagulation 

chez un patient hémophile 

Contrôle de la compliance 
Concentration très basse ou non détectable permettent 

d’évoquer un problème de prise médicamenteuse.  

Patient VIH avec une virémie 

non contrôlée 

Recherche clinique 
Mesure des concentrations et détermination des 

relations dose-concentration-effet 

Etudes prospectives d’une 

nouvelle molécule 

 

Afin que le STP ait du sens, il existe toutefois certains prérequis pour la molécule concernée (3) : 

- La relation concentration – effet (thérapeutique ou toxique) doit être bien définie 

- La variabilité inter-individuelle doit être élevée et la variabilité intra individuelle faible 

- La marge thérapeutique doit être étroite  

- Il est nécessaire d’avoir à disposition une méthode de dosage fiable et rapide 
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2. Notions de pharmacodynamie et de 

pharmacocinétique-pharmacodynamie appliquées à 

l’antibiothérapie 

La pharmacodynamie (PD) étudie les effets d’un principe actif sur l’organisme et s’illustre par l’étude de 

l’effet du médicament en fonction de sa concentration sanguine. Associée à la pharmacocinétique (PK), elle 

forme une nouvelle discipline : la PK-PD qui étudie l’évolution de l’effet d’un médicament en fonction du 

temps (Figure 1). 

 

Figure 1 : Principe de la Pharmacocinétique - Pharmacodynamie 

 

La PK-PD appliquée à l’antibiothérapie décrit l’ensemble des propriétés pharmacocinétiques et 

antibactériennes d’un antibiotique. In vivo, elle évalue l’effet bactériostatique ou bactéricide des 

antibiotiques au niveau des sites infectieux en fonction du temps et de la concentration en antibiotique 

(4).  Afin d’établir la molécule et la dose optimale à administrer aux patients, il est indispensable de 

comprendre les différentes relations dose-concentration-effet de cette classe thérapeutique.   

La sensibilité des bactéries peut être évaluée par leur Concentration minimale inhibitrice (CMI). Il s’agit de 

la plus petite concentration en antibiotique nécessaire pour inhiber la croissance d’une bactérie.  En routine 
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� Couet et al.,  

2011 

Plachouras et al.,  

2009  

Garonzik et al.,  

2011 

Gregoire et al.,  

2014 

Population 
Volontaires  

sains 

ICU patientsa avec 

fonctions rénales préservées 

ICU patientsa avec  

fonctions rénales variables 

ICU patientsa avec 

fonctions rénales variables 

Marque de CMS utilisée 

pour l’étude 

Colimycine;  

Sanofi-Aventis, France 

Colistin; 

Norma,  

Greece 

Colistate; 

Atlantic 

 Pharm Co., 

Thailand, 

CMS; 

Paddock Inc., 

NY, USA 

Colimycine; Sanofi-

Aventis, France 

Schéma posologique 
1 MUI 

dose unique 
3MUI q8h 

posologie choisie par les 

médecins référents 

posologie choisie par les 

médecins référents 

Primary parameters 

CLCMS (mL/min)b 148 228 116 110 

VCMS (L)c 14.0 13.5 15.9 15.7 

Vp,CMS (L)d - 28.9 18.7 - 

CLcol/fm,col (mL/min)e 162 152 207 94.3 

Vcol/fm,col (L)f 41.3 189 165 25.7 

Secondary parameters   

t1/2 CMS (h) 0.7 2.1 3.5 1.6 

t1/2 coli (h) 2.9 14.4 9.2 3.2 
a ICU, intensive care unit patients pour patients de réanimation ; b CLCMS, clairance totale de CMS ; c VCMS, volume de distribution du CMS dans le compartiment central ; d 

Vp,CMS , volume de distribution du CMS dans le compartiment périphérique ; e CLcol/fm,col , clairance apparente de colistine ; f Vcol/fm,col, volume de distribution apparent 

de la colistine 
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Inter-laboratory cross-validation of plasma colistin and CMS assay for ��

pharmacokinetic studies and therapeutic drug monitoring ��

 ��

Introduction ��

Colistin, also called polymyxin E, is a polypeptide antibiotic used as a last resort against ��

multidrug-resistant Gram-negative bacteria. The marketing authorization for this molecule ��

was given in 1958, but this molecule was quickly left behind for aminoglycosides due to its ��

nephro- and neurotoxicity. The non-usage of colistin for several years protected this antibiotic 	�

against the emergence of multidrug-resistant bacteria [1]. 
�

Colistin is made of a mixture of more than 30 different components with the main fractions ���

being colistin A (polymyxin E1) and colistin B (polymyxin E2), which account for more than ���

85% of colistin by weight [2]. The chemical structure of colistin is made up of a hydrophilic ���

cycloheptapeptide ring, a trail tripeptide moiety and a hydrophobic acyl chain tail [3, 4]. Five ���

positively charged amino groups are responsible for the bactericidal effect but also toxicity ���

toward human cells. ���

Colistin is administered as an inactive prodrug, colistin methanesulfonate (CMS), which itself ���

is a complex mixture of methanesulfonated colistin derivatives, mainly CMS A and CMS B, ���

that are hydrolysed in vivo leading to potentially up to 2
5
 (or 32) partially methanesulfonate �	�

derivatives, including colistin [1, 5]. Because of that, microbiological assays are totally �
�

irrelevant and should not be used anymore [6].   ���

Several chromatographic assays of colistin and CMS in biological fluids have been published ���

[7-10]. Although high performance liquid chromatography (HPLC) with post-column ���



��

�

derivatization and UV detection have been developed first and are still used in some ���

analytical centers, nowadays most assays rely on liquid chromatography coupled to tandem ���

mass spectrometry (LC/MS-MS). CMS concentrations are determined indirectly from the ���

difference between colistin concentrations determined before and after CMS hydrolysis by ���

sulfuric acid [7, 9]. Stability studies have demonstrated that CMS is stable in aqueous solution ���

(<1.0% colistin A/B formation) for up to 24h when stored at 4°C or 21°C but could be readily �	�

hydrolysed into colistin at 37°C [5, 11]. Colistin formation from CMS is rapid in plasma at �
�

room temperature or 37°C [5, 7]. Accordingly, colistin concentrations may be overestimated ���

due to inappropriate pre-analytical storage or treatment of biological samples. Another issue is ���

that colistin may be readily adsorbed onto glass and tubing, although this effect is minimized ���

in plasma samples as compared to aqueous media because colistin is preferentially bound to ���

plasma proteins including albumin [8].  ���

Several pharmacokinetic studies of CMS and colistin in critical care patients, using modern ���

chromatographic assay methodologies, have recently been published [12-16]. Noticeably, ���

results are fairly consistent between-studies, while discordances in PK data determined soon ���

after treatment initiation as well as differences in colistin half-life estimates have also been �	�

reported [12-17]. Yet the CMS brand may account for at least part for the differences in CMS �
�

and/or colistin pharmacokinetics [18, 19]. To which extent the analytical assay may also ���

contribute to these differences was unknown since at present no external quality control ���

proficiency program has been yet organized for colistin, despite the growing clinical ���

importance of this antibiotic in salvage antibiotic regimens. Cross-validation of various assay ���

methodologies is of defintive importance since the values of colistin plasma concentrations ���

that are used to adjust colistin dosage via Therapeutic Drug Monitoring (TDM) do impact the ���

clinical care of critically ill patients [18, 20, 21]. This has prompted the initiation of the ���

present european-wide inter-laboratory cross-validation study for colistin and colistimethate.  ���
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The objective of this first cross-validation study was to examine the strength of the correlation �	�

between results of colistin assay performed in different centers in Europe, receiving a series of �
�

plasma samples spiked with unstated CMS and colistin concentrations. This first external ���

quality proficiency analysis should be the basis of more comprehensive program on ���

therapeutic drug monitoring of colistin.   ���

 ���

Materials and Methods ���

 ���

Procedure of the Inter-laboratory Cross-validation Studies ���

The inter-laboratory cross-validation study for CMS and colistin has been performed from ���

2013 to 2014. The eight participating centers assay colistin in biological fluids as a routine �	�

activity. All laboratories were academic and/or hospital units.  �
�

The colistin sulfate salt and CMS sodium salt used for sample preparation were purchased ���

from Sigma Aldrich (respective batch number: 109K1574 and 131810634207215). Colistin ���

purity and colistin and CMS subcomponent A and B molar fractions were determined by ���

HPLC-UV and LC-MS/MS as previously described [7]. ���

 The purity of the CMS sodium salt was considered equal to 100%, according to the ���

provider’s specification. LC-MS/MS was applied to determine the molar fractions of the ���

subcomponent A and B of CMS compounds: 81 and 19 %, respectively. The purity of the ���

colistin sulfate salt used as the standard was determined to be 95% by HPLC-UV analysis. ���

Virtually equal relative signal responses for subcomponents A and B of colistin were obtained �	�

by LC-MS/MS (35 and 65 % for subcomponents A and B, respectively). Purity, fractions of �
�
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subcomponents A and B and molecular weight of CMS and colistin as the base form (1632.14 ���

g/mol and 1160.335 g/mol, respectively) were considered for the samples preparation. ���

����

Eight sets (one per center) of a total of 15 plasma samples spiked with CMS and/or colistin at ���

different concentrations were prepared in the Inserm-U1070 laboratories by a technician not ���

involved in the rest of the study and blind to the other analysts of the organizing center in ���

Poitiers.  ���

Stock solutions of CMS and colistin base (2400 and 720 µg/mL, respectively) were prepared ���

in high purity HPLC LC-MS grade water (HiPerSolv Chromanorm VWR
®

) in low protein �	�

binding polypropylene tubes to minimize the effect of colistin loss due to adsorption [22].  �
�

Working solutions were obtained by appropriate dilution of stock CMS and colistin solutions 	��

in frozen human blank plasma obtained from the Etablissement Français du Sang (EFS) in a 	��

range of 0-24 µg/mL for CMS and 0-12 µg/mL for colistin with a maximum of four dilution 	��

steps. 	��

One sample of each set was spiked with CMS only (sample number 10) and four with colistin 	��

only (samples number 3-8-14-15). Samples were then stored at -20°C before being sent to the 	��

participating centers for their analyze within one week after preparation. They were shipped 	��

frozen on dry ice and received frozen within 48 hours in the various centers. One set of spiked 	��

samples was analyzed by the organizing Center Inserm-U1070 laboratories by a laboratory 		�

technician not involved in the spiked samples preparation. The concentrations were kept blind 	
�

until completion of the cross-validation study by all centers (except for one center that 
��

withdrew from the cross validation).  
��

 
��

 
��
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Data analysis 
��

Mean values plus or minus standard deviation (SD), minimum (Min) and maximum (Max) 
��

values, coefficient of variation (CV%) and mean biases (difference) from theoretical 
��

(nominal, i.e. prepared) CMS and colistin concentrations were estimated for each sample. 
��

Biases were calculated as follows: (measured value – nominal value)/nominal value x 100. 
	�

The biases distribution for CMS and colistin were determined by comparing measured and 

�

nominal values. A linear regression was performed to fit the experimentally determined ����

values using the weighting factor 1/x to maximize the importance of small values. Mean ����

biases of CMS and colistin for each center were calculated and presented as histograms. All ����

calculations and graphical plots were performed using R software (Version 0.98, R foundation ����

for statistical computing, Vienna, Austria). ����

 ����

Results ����

CMS and colistin were quantified by LC/MS-MS in 6 centers, while the last center (Center D) ����

quantified only colistin concentrations by HPLC with UV detection. Another center (Center ��	�

B) withdrew from the cross-validation study. ��
�

Results of the analysis of CMS (6 centers) and colistin (7 centers) in the 15 plasma samples ����

are collectively given in Table 1. The mean CMS concentrations derived from the individual ����

values reported by the seven centers in the eleven CMS-containing samples, were all below ����

the nominal value, with a negative mean bias equal to -34.8% and values ranging between -����

22.2% and -48.4%. This systemic bias is visible on Figure 1a, whereby most reported CMS ����

concentrations are below the identity line (Figure 1a). Overall assay precision for CMS was ����

rather unsatisfactory with a mean CV% of 50.7% and extreme CV values reaching 45.9% and ����
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60.2%. For colistin, mean concentrations estimated from values reported by the seven centers ����

in the 14 samples were mostly above the nominal value, with a mean bias equal to 11.7% and ��	�

extreme values ranging between -9.3% and +42.7%. Accordingly, measured concentrations ��
�

are equally distributed across the identity line (Figure 1b). Overall the precision of colistin ����

assays was better than that of CMS with a mean CV% of 19.3% and extreme values at 14.5% ����

and 31.6%.  ����

Results for samples spiked with only CMS (sample N°10) or colistin (samples 3-8-14 and 15) ����

are given in Table 2. Four out of seven centers found colistin in sample 10 (i.e. containing ����

CMS only). CMS was properly not detected by any center in samples 3 and 14, while one ����

center found CMS in sample 15, and half (3/6) of the centers reported a CMS concentration ����

(0.092, 0.33, and 1.63 µg/mL) in sample 8. ����

Histograms reporting biases for CMS and colistin classified per center are shown in Figure 2. ��	�

 ��
�

Discussion ����

An interesting finding of this first cross validation study is the relatively large heterogeneity ����

of the results for colistin and especially CMS, between the 7 participating centers. ����

Fortunately, assays for colistin were overall more precise (lower CV%) and more accurate ����

(lower bias) than those for the inactive pro-drug CMS. CMS concentrations were most always ����

underestimated, which was not the case with colistin. CMS underestimation may be possibly ����

explained by either incomplete hydrolysis or alternately pre-analytical degradation. ����

Incomplete hydrolysis of CMS is not expected to interfere with colistin quantification as ����

colistin is determined independently of that of CMS. By contrast pre-analytical hydrolysis of ��	�

CMS into colistin would expectedly result in colistin concentration over-estimation. However, ��
�
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the rather low bias found in general for colistin with no evidence of a systematic over-����

estimation of its levels, would suggest that CMS degradation should not be a major concern, ����

at least in this strict experimental setting that may somewhat departs from the real-life and ����

frequently less stringent conditions.  ����

Concentrations have been selected to reflect those encountered in clinical practice, namely ����

samples taken at peak (samples N°1, 2, 7 and 10), trough (samples N°3, 8, 14 and 15) and ����

intermediate time after CMS administration (samples N°4, 5, 6, 9, 11, 12 and 13). However, ����

this cross-validation study was conducted with spiked plasma samples that were frozen ����

immediately after preparation, kept at -20°C during transfer and storage, and extracted soon ��	�

after being thawed at room temperature. In real clinical practice, extra-steps such as blood ��
�

centrifugation as well as various delays occurring during samples handling and treatment may ����

contribute to uncontrolled CMS hydrolysis. Indeed, our group in Poitiers (Gobin et al.) has ����

estimated that 14% of CMS in human plasma was converted in colistin in vitro after 4h at ����

room temperature [7]. In addition, in this study plasma samples were spiked with CMS and/or ����

colistin only, partially reflecting the samples from patients treated by CMS that do contain ����

other species (i.e. various intermediate products of CMS hydrolysis) possibly interfering ����

further with CMS and/or colistin assay.  ����

Interestingly in Centers A and F, colistin tended towards higher concentrations values while ����

CMS concentrations were underestimated, suggesting that CMS degradation may interfere ��	�

with colistin quantification. But this is not supported by Centers C and H results as CMS was ��
�

still underestimated, particularly in Center C, without colistin concentrations overestimation. ����

At the present stage, the under-estimation of CMS levels overall remains difficult to explain.  ����

Overall, and probably most importantly, colistin concentrations reported by the participating ����

centers appear relatively precise with a mean CV% less than 20%, and accurate with a mean ����
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bias less than 15%. This indicates that the major difficulties encountered during this assay, ����

including unspecific adsorption on glass and tubing have been appropriately handled by the ����

participating centers With the recognized but unavoidable limitation that spiked samples do ����

not perfectly reflect real life patient samples, the present study suggests that, in comparison ����

with other factors, such as a brand effect, inter-laboratory assay variability should not have a ��	�

major impact on the reported between centers differences in colistin pharmacokinetics. Yet, ��
�

the present study underscores the need to standardization between laboratories, and therefore ����

constitutes only the first step to a strengthened generalized trans-european external quality ����

proficiency program for CMS and colistin. ����
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Table 1: Results of CMS and colistin measured concentrations per sample, mean bias and standard error associated per molecule 

9���&�&����������.�������������&�)���)���)��&�����.��������?��&�)�?�)�)�)��&�����.������!;��&�+��,,�+������,�.����������95��&�&������������������

 
CMS 

 
Colistin 

 

Ratio 

CMS/colistin 
Samples 

number 

Nominal 

concn 

( µg/mL) 

Mean ± SD 

(µg/mL) 

[Min-Max] 

(µg/mL) 
CV% 

Mean 

Biases 

(%) 

 

Nominal 

concn 

( µg/mL) 

Mean ± SD 

(µg/mL) 

[Min-Max] 

(µg/mL) 
CV% 

Mean 

Biases 

(%) 

 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

6 

10 

0 

1.5 

5 

2.5 

10 

0 

1.5 

12 

3 

1.25 

1.25 

0 

0 

3.93± 2.11 

6.94 ± 3.52 

- 

0.88 ± 0.45 

3.46 ± 1.59 

2.02 ± 1.22 

7.12 ± 3.44 

- 

1.16 ±0.61 

8.58 ± 3.99 

1.95 ± 0.92 

0.97 ± 0.51 

0.82 ± 0.40 

- 

- 

[0-5.73] 

[0.94-10.41] 

- 

[0.28-1.47] 

[0.81-4.89] 

[0.44-3.89] 

[1.09-10.58] 

- 

[0.42-2.12] 

[1.58-12.48] 

[0.44-2.88] 

[0.4-1.89] 

[0.38-1.4] 

- 

- 

53.8 

50.7 

- 

51.4 

45.9 

60.2 

48.3 

- 

52.6 

46.5 

47.2 

52.4 

48.8 

- 

- 

-40.3 

-35.6 

- 

-48.4 

-35.9 

-22.2 

-33.6 

- 

-26.0 

-33.2 

-40.8 

-26.4 

-40.6 

- 

- 

 

1.5 

2.5 

0.375 

2.25 

3 

2.5 

1.5 

6 

3 

0 

0.75 

4.5 

1.25 

0.75 

1.25 

1.69 ± 0.31 

3.57 ± 0.57 

0.38 ± 0.08 

2.19 ± 0.44 

3.01 ± 0.48 

3.27 ± 0.48 

1.74 ± 0.55 

5.58 ± 0.90 

2.85 ± 0.46 

- 

0.79 ± 0.15 

4.08 ± 0.77 

1.74 ± 0.32 

0.75 ± 0.15 

1.75 ± 0.44 

[1.21-2.04] 

[2.67-4.27] 

[0.28-0.5] 

[1.60-2.82] 

[2.23-3.50] 

[2.57-3.9] 

[1.27-2.78] 

[4.41-6.61] 

[2.19-3.40] 

- 

[0.59-0.96] 

[3.1-5.1] 

[1.36-2.15] 

[0.56-0.91] 

[1.28-2.51] 

18.6 

15.9 

19.8 

20.0 

15.9 

14.5 

31.6 

16.1 

16.2 

- 

19.2 

18.8 

18.5 

19.5 

25.3 

12,7 

42,7 

0,95 

-0,03 

4,05 

30,8 

15,8 

-7,08 

-5,04 

- 

5,54 

-9,29 

39,0 

0,08 

40,3 

 4 

4 

- 

0.7 

1.7 

1 

6.7 

- 

0.5 

- 

4 

0.3 

1 

- 

- 

All samples without those with nominal value equal to zero (n= 90 for CMS and n=105 for colistin) 
 

 

    

Mean  

CV 

50.7% 

Mean 

biases 

- 34.8% 

    

Mean  

CV 

19.3% 

Mean 

biases 

11.7% 
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Table 2: Results for nominal values equal to zero 

Sample number 3 8 14 15  10 

 
CMS concentration : 0 µg/mL  Colistin concentration : 0 µg/mL 

 Colistin concentration (µg/mL)  CMS concentration (µg/mL) 

 0.375 6 0.75 1.25  12 

Responsed correctly (%) 

[Min – Max] for incorrect response  (µg/mL) 

6/6 (100%) 

- 

3/6 (50%) 

[0.092 – 1.63] 

6/6 (100%) 

- 

5/6 (83%) 

[0.21] 
 

3/7 (43%) 

[0.06-1.45] 
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Figures Legends 

 

Figure 1: CMS (a) and Colistin (b) measured values versus nominal (weighted) values (closed 

points), in respectively six and seven centers and for respectively 11 and 14 spiked samples 

(samples with nominal values equal to zero are not shown). The identity lines are represented 

(solid black line) along with the linear regression lines (dashed line) weighted by 1/x and the 

90% confidence intervals (grey shaded area) 

Figure 2: Histograms of biases of cross validation samples per center for CMS and Colistin 

(dashed lines: ±15%) 
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Figure 1 
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Figure 2 
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 5 

Introduction 6 

Colistin is a polymyxin antibiotic used as a last resort against multidrug-resistant Gram-negative 7 

bacilli, administered as an inactive prodrug, colistin methanesulfonate (CMS) [1]. The non-usage of 8 

colistin for several years protected this antibiotic against the emergence of multidrug-resistant 9 

bacteria, but in return the marketing authorization file provides very little information on its 10 

pharmacokinetics with the regained interest in this molecule. The main obstacles regarding the 11 

adaptation of Colistin dosing regimen are the high inter-individual variability and the narrow 12 

therapeutic window described with this molecule. For the moment CMS daily doses are adjusted for 13 

Creatinine Clearance (CLcreat), to account for the effect of renal function on CMS excretion, which in 14 

turn determines how much of the CMS dose is eventually converted into colistin. Based upon a 15 

recent population PK study in ICU patients published by Gregoire et al. [2] daily doses may a priori be 16 

selected as described in Figure 1 to maintain average colistin concentrations at steady-state (Css) 17 

between a 2 to 4 µg/mL therapeutic window in a typical patient. However and in practice, authors 18 

agree that there is real difficulties to achieve a Css equal to 2 µg/mL in patients with preserved renal 19 

function, because a large part of the administrated CMS is then excreted unchanged by the kidneys 20 

[2-5]. This Css is characterized by two parameters reflecting colistin formation : CMS renal clearance 21 

(CLR,CMS)  and CMS non-renal clearance (CLNR,CMS) and by a third parameter characterizing colistin 22 

elimination : colistin clearance (CLCOLI) as described in Equation 1 [6]: 23 
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Equation 1:  
  

    
    

 24 

With , the time range between two injection and Dose/ , the daily maintenance dose of CMS. CMS 25 

and colistin volumes of distribution (respectively  VCMS and VCOLI) have no effect on Css. 26 

The objectives of this study was to use the data recently published by our group [2] to characterize 27 

colistin inter-individual variability and to assess the feasibility of a bayesian approach for colistin 28 

TDM.   29 

 30 

 31 

Characterization of inter-individual variability  32 

Monte Carlo simulations were performed using Berkeley-Madonna software version 8.3.18 ® from 33 

population model published by Grégoire et al. [2]. One thousand simulations were performed 34 

selecting randomly values for PK parameters and weight from the typical value and the distribution 35 

observed in the model to investigate which pharmacokinetic parameters were the most influent on 36 

the Css. CLcreat was considered as known (40mL/min) and 2MUI three times a day were 37 

administrated to the 1000 simulated patients. Intra-individual variability and residual error were not 38 

considered in this study. 39 

The 90% interval of fluctuation of colistin concentrations was calculated. The distribution of Css was 40 

shown when the three parameters involved in Css variations evolve according to the inter-individual 41 

variability described in the study published by Gregoire et al. [2] and when the parameters evolve 42 

one by one, the others being set to the typical value of the study. 43 

 44 

Css estimation using Bayesian analyses 45 

Subsequently, it was tried to assess if it was possible to estimate the Css by bayesian analysis of CMS 46 

and colistin concentrations measured after the first injection. The study was also realized with only 47 
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colistin concentrations. Bayesian analyses were performed from samples taken after the first 48 

injection in the 1000 simulated patients: trough +/- two other measured concentrations. PK 49 

parameters have been estimated for each simulated patient using a bayesian analysis with the 50 

Monolix software 4.2.2®. Css were estimated by divided colistin AUC between two CMS 51 

administrations at steady state by the time interval (8 h). The estimated Css (Cest) has been then 52 

compared with the simulated Css (Csim) (Figure 2) and mean biases have been calculated for each 53 

parameter and for Css. 54 

 55 

 56 

Characterization of inter-individual variability  57 

Simulated colistin concentrations obtained after administration of 2 MIU of CMS third daily in 1000 58 

patients with a creatinine clearance fixed at 40mL/min are represented on Figure 3. The predicted 59 

concentrations were comprised between 0.5 and 8 µg/mL at steady state and a major inter-individual 60 

variability had already been observed after the first dose. The corresponding Css calculated for each 61 

simulated patient is within the therapeutic margins, between 2 and 4 µg/mL, for half of the 62 

simulated patients (48 %) whereas this concentration was lower than 1 µg/mL and higher than 6 63 

µg/mL for 10% of the simulated patients (respectively 2% and 8%). 64 

When assessing the impact of the inter-individual variability of each of the three parameters 65 

impacting Css, CLCOLI had the more impact as illustrated by the largest 90% interval of fluctuation 66 

(Figure 4).  67 

 68 

Css estimation using Bayesian analyses 69 

The mean bias between actual PK parameters and parameters estimated by bayesian analyses with a 70 

various number of samples collected after the first dose are presented in Table I. Collecting one 71 
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sample after the first injection of CMS does not provide a good estimation of the PK parameter but 72 

provides an estimation of Css with a quite good accuracy (mean bias = 24%). Measuring additional 73 

concentrations of colistin after the first dose improves the estimation of CMS and colistin volumes of 74 

distribution which do not impact the Css. To compare, the estimation of the Css a priori without any 75 

sample was associated to a bias of 45%. The use of CMS concentrations did not improve the bayesian 76 

analysis (data not shown). 77 

 78 

 79 

The main challenge related to the colistin dosage adjustment lies in the strong inter-individual 80 

variability associated to this molecule. According to Equation 1, the Css is determined by three PK 81 

parameters: CLNR,CMS, CLR,CMS, and CLCOLI [6]. Garonzik et al. [5] believed that the renal function 82 

explained a great part of the inter-individual variability  after all, using Monte Carlo simulations, this 83 

variability was proved to be very important although the creatinine clearance was fixed (Figure 3).  84 

CLCOLI variations are those which generate the most variations over the Css with only 61% of the 85 

patients within the therapeutic margins (Figure 4) after the administration of 2 MIU three times a 86 

day. However, it is difficult to explain the impact of this parameter since the clearance mechanisms 87 

for colistin are largely unknown. On the other hand, the CLR,CMS values are associated to the CLcreat 88 

values and thus to the glomerular filtration rate (GFR). The inter-individual variability, after 89 

considering the CLR,CMS can have two origins. The first origin relies on the fact that, if we consider that 90 

the GFR provides a perfect description of the CLR,CMS evolution, the variability associated comes from 91 

the mistake made when assessing the CLcreat from Cockroft and Gault formula in critical-care 92 

patients. The second origin relies on the physiological mechanism associated to the CLR,CMS: if this 93 

pro-drug is strongly fixed or if it is not only filtrated during the urinary excretion but also secreted or 94 

reabsorbed, then the GFR cannot predict the variations of the CMS renal clearance. When the 95 

CLcreat is fixed at 40mL/min and that only the inter-individual variability associated to the CLR,CMS is 96 
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considered, the Css  dispersion is also very important and only 2/3 of the patients are within the 97 

therapeutic margin (Figure 4). The Monte Carlo simulations also highlighted the low impact of the 98 

CLNR,CMS  over the Css. 99 

The CLR,CMS and the CLCOLI are thus the two main parameters influencing the steady-state colistin 100 

concentrations. Besides, it is probable that the GFR does not explain the CLR,CMS on its own. Yet, 101 

currently in practice, the CMS dosages are adapted according to the CLcreat and it was demonstrated 102 

that more efficient Css could be reached thank to an alteration of the renal function (Figure 1). Using 103 

bayesian analyses in order to adapt the CMS dose regimen would enable us to take into account the 104 

influence of all the PK parameters and not only the renal function.  105 

Currently, bayesian analyses performed from the trough concentration after the first administration 106 

of the antibiotic provide an estimation of the Css with a bias of 29%, which is not satisfactory.  107 

Adding early times of sample measurement after the first injection at 1h and 4h mainly brings 108 

information regarding the volumes of distribution, which does not provide a better estimation of the 109 

mean steady-state concentration. Nevertheless, performing bayesian analyses provides a better 110 

estimation of the Css than when this concentration is calculated a priori, without considering any 111 

time of measurement (bias of 45%). 112 

 113 

Of note, the Monte Carlo simulations were performed from three different hypotheses. To simplify 114 

the interpretations of this study, a special critical-care patient profile, for which creatinine clearance 115 

was fixed at 40mL/min, was chosen. Fixing this covariate associated to CLR,CMS allowed us to abandon 116 

the variability associated to the differences regarding the patients' renal functions. Besides, the intra-117 

individual variability was not considered in the study to best describe the impact of the parameters. 118 

Yet, in these critical-care patients, this variability is far from negligible and is not only related to the 119 

renal function [2]. Considering this intra-individual variability in bayesian analyses would only 120 

increase the mean bias over Css. Dosages must be repeated each time clinicians note clinical 121 
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modifications in their patients. Finally, the third hypothesis suggested during these simulations 122 

focuses on the dosing regimen. In order to be closer to the reference population model [2], the daily 123 

dose of 6 MIU was administered in three injections every 8 hours. Nevertheless, the current 124 

recommendations encourage to administrate CMS in two daily injections, with a loading dose before 125 

[4]. When the administration occurs every 8 hours, the fluctuations over the colistin concentrations 126 

are less important than if the administration occurred twice a day. 127 

 128 

 129 

With the limits of the assumptions made for these simulations, a bayesian approach with 130 

determination of the first residual colistin concentration should improve the accuracy of Css 131 

prediction in ICU patients. Dosing the trough concentration after the first injection enables to predict 132 

the Css with a mean bias of 24% which is not totally satisfactory but really better than an a priori 133 

estimation. 134 

 

 

 

 

 

 

 

 

 



7 

 

 

1. Li J, Nation RL, Turnidge JD, et al. Colistin: the re-emerging antibiotic for multidrug-resistant 

Gram-negative bacterial infections. The Lancet Infectious diseases 2006; 6(9): 589-601. 

2. Gregoire N, Mimoz O, Megarbane B, et al. New colistin population pharmacokinetic data in 

critically ill patients suggesting an alternative loading dose rationale. Antimicrobial agents 

and chemotherapy 2014; 58(12): 7324-30. 

3. Couet W, Gregoire N, Gobin P, et al. Pharmacokinetics of colistin and colistimethate sodium 

after a single 80-mg intravenous dose of CMS in young healthy volunteers. Clinical 

pharmacology and therapeutics 2011; 89(6): 875-9. 

4. Plachouras D, Karvanen M, Friberg LE, et al. Population pharmacokinetic analysis of colistin 

methanesulfonate and colistin after intravenous administration in critically ill patients with 

infections caused by gram-negative bacteria. Antimicrobial agents and chemotherapy 2009; 

53(8): 3430-6. 

5. Garonzik SM, Li J, Thamlikitkul V, et al. Population pharmacokinetics of colistin 

methanesulfonate and formed colistin in critically ill patients from a multicenter study 

provide dosing suggestions for various categories of patients. Antimicrobial agents and 

chemotherapy 2011; 55(7): 3284-94. 

6. Couet W, Gregoire N, Marchand S, Mimoz O. Colistin pharmacokinetics: the fog is lifting. 

Clinical microbiology and infection : the official publication of the European Society of Clinical 

Microbiology and Infectious Diseases 2012; 18(1): 30-9. 

 

  



8 

 

 

 

Figure 1: Simulated mean steady-state colistin concentrations according to CLcreat using typical CMS 

and colistin parameters from the model described by Gregoire et al [2].  Three CMS dose regimen 

were studied: 1 MIU (green line), 2 MIU (pink line) and 3 MIU (blue line) three times a day. Color 

bands are associated to the optimal dose regimen to be used depending on the CLcreat value. 

 

Figure 2: Synthesis of the methodology and terminology used in this study. 

 

Figure 3: Inter-individual variability observed regarding colistin concentrations according to time 

after the administration of a dose of 2 MIU x 3/day in 1000 simulated patients with a CLcreat fixed at 

40 mL/min. The blue line represents the median colistin concentrations and the grey zone the 90% 

interval of fluctuation. The dashed line corresponds to the median estimated Css (3,2 µg/mL). 

 

Figure 4: Colistin concentrations at steady state and distribution of Css when CLCOLI and CLNR,CMS  

evolve and when we consider the estimation error of CLR,CMS 
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Figure 1 
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Figure 3 

 

 

Figure 4 
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Table I: Mean biases calculated after bayesian analysis 
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 10 

INTRODUCTION 11 

Colistin is an old antibiotic that has recently gained a considerable renewal of interest as the 12 

last-line defense therapy against multidrug-resistant Gram-negative bacteria, and its 13 

antimicrobial efficacy is hampered by its potential nephrotoxicity (1). It is administered as an 14 

inactive prodrug, colistin methanesulfonate (CMS), starting with a 9MIU loading dose 15 

(approximately 270 mg colistin base activity), followed by a daily dose (typically 9MIU in 16 

patients with preserved renal function), divided into 2 or 3 administrations (2).  17 

Yet because colistin efficacy is related to area under the curve (AUC) (3), daily dose 18 

fractionation should not improve efficacy (providing colistin pharmacokinetics is linear) but 19 

should increase trough concentrations (Cmin) and therefore nephrotoxicity, since this is 20 

related to Cmin>2.4mg/l (4). 21 
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The aim of this study was to characterize the pharmacokinetics of colistin administered at 22 

9MIU once daily in patients with preserved renal function. 23 

 24 

MATERIALS AND METHODS 25 

Study Population 26 

The study was conducted between August 2016 and June 2017 in Laiko General Hospital, a 27 

500-bed tertiary care hospital located in Athens, Greece. Subjects older than 18 years of age 28 

who were receiving colistin once daily for presumed or confirmed infection caused by 29 

multidrug resistant gram-negative bacteria were eligible for the study. Patients with 30 

glomerular filtration rate (GFR) < 50 ml/min and patients with septic shock were excluded. 31 

Pertinent information, including demographic characteristics, age, weight, height, underlying 32 

diseases, type of infection, severity of sepsis, and serum creatinine were extracted from 33 

medical records. The institutional review board of the hospital approved the study and 34 

informed consent was obtained by all study participants. 35 

 36 

Procedures 37 

Patients were recruited on the day when colistin therapy was initiated. All study participants 38 

received 9 million IU (MIU) of colistin once daily intravenously in an infusion lasting one 39 

hour. On day 1, five blood samples were collected at pre-specified time points; 1h (that is 40 

upon completion of the infusion), 3h, 5h, 12h and 24h after the start of the infusion. On day 3, 41 

six samples were collected at 0h (that is immediately prior to the infusion), 1h (immediately 42 

after the infusion), 3h, 5h, 12h and 24h after the start of the infusion. Blood samples, 10 mL 43 

each, were collected using EDTA tubes and immediately placed in ice. They were centrifuged 44 
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in a cold centrifuge at -5
o
 C at 2500g for 10 minutes. Plasma was transferred to two eppendorf 45 

vials and stored at -80
o
 C until the time when colistin concentrations were determined. Plasma 46 

samples were then assayed by liquid chromatography-tandem mass spectrometry (LC-47 

MS/MS), as previously described (5) with a lower limit of quantification (LOQ) of 0.15 mg/l. 48 

 49 

Pharmacokinetic modeling 50 

Differences in the molecular masses between CMS (1.632 g/mol) and colistin (1.167 g/mol) 51 

were considered for biotransformation rate calculation. In the modeling, the estimated colistin 52 

PK parameters were scaled to the unknow fraction of administered CMS formed into colistin 53 

(fm).  54 

CMS and colistin concentrations, as well as the interindividual variability (IIV), interoccasion 55 

variability (IOV), and residual errors, were analyzed simultaneously using non-linear mixed-56 

effects regression (population approach) with Monolix Suite software program (v2016R1, 57 

Lixoft, Orsay, France) using SAEM algorithm (6). The inter-individual variability of the PK 58 

parameters was computed, assuming a log-normal distribution. The residual error was 59 

evaluated to be additive, proportional, or both additive and proportional.The final model was 60 

assessed by an inspection of the observed versus predicted concentrations, residual variability, 61 

precision of parameter estimates and normalized prediction distribution errors (NPDE). 62 

 63 

RESULTS 64 

Patients 65 

Nine patients were enrolled in this study; 6 males and 3 females with a mean age 69 ± 16 year 66 

(range: 41-87 years). Eight patients had confirmed infection and one presumed based on 67 
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clinical criteria. The mean serum creatinine concentration was 0.64 ± 0.25 mg/dL and the 68 

mean creatinine clearance, as calculated using the Cockroft-Gault equation, was 109 ± 38.3 69 

mL/min. 70 

 71 

Pharmacokinetic analysis 72 

Maximum observed CMS concentrations ranged from 17 to 55 mg/l (median value = 34 mg/l) 73 

and from 25 to 62 mg/l (median value = 42 mg/l) at Day 1 and Day 3, respectively, while 74 

minimal CMS concentrations were almost always below the lower limit of quantification 24 75 

hours after the start of the infusion.  76 

Concerning colistin, maximum observed concentrations ranged from 2.4 to 8.4 mg/l (median 77 

value = 5.3 mg/l) at Day 1 and from 2.4 to 9.2 mg/l (median value = 7.8 mg/l) at Day 3, with 78 

minimal value ranged from 0.1 to 3.7 mg/l (median value = 1.1 mg/l) and from 0.2 to 6.0 mg/l 79 

(median value = 2.3 mg/l) at Day 1 and Day 3, respectively. 80 

Observed and model predicted plasma concentrations versus time of CMS and colistin after 81 

the 1st and 3rd CMS administrations are illustrated on Figure 1 for the 9 patients. Visual 82 

inspection suggests limited inter-day variability.  83 

 84 

A one-compartment model was sufficient to describe both CMS and colistin 85 

pharmacokinetics and estimated PK parameters values are presented in Table 1. In some 86 

patients the estimation of the late concentrations of CMS (12 hours after the start of the 87 

infusion of CMS at Day 1 and at Day 3) was biased which is notice by the relatively high 88 

residual variability for CMS concentrations (33.5 % proportional and 0.64 mg/l additive) 89 

(Table 1) and the observation of the NPDE (supplemental material). Median CMS volume of 90 
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distribution (VCMS) was estimated at 12.6 L. Median total CMS clearance (CLCMS) was equal 91 

to 118 ml/min, with a resulting CMS elimination half-life equal to 1.2 h. The inclusion of 92 

inter-individual variability, as the inclusion of body weight and creatinine clearance as 93 

covariates did not improve the modeling for both VCMS and CLCMS. 94 

Based on the model, the median predicted Cmax of CMS after the end of the first infusion 95 

was 34.9 mg/l (Table 2). No accumulation was observed, with residual CMS concentrations 96 

below the limit of quantification and Cmax of CMS also equal to 34.9 mg/l after the third 97 

injection. 98 

 99 

For colistin concentrations, inspection of the observed versus predicted concentrations (Figure 100 

1), residual variability (49.4% proportional, Table 1), precision of parameter estimates (< 101 

20%, Table 1), and normalized prediction distribution errors (which follow a normal 102 

distribution, centered on zero with a standard deviation equal to 1, supplemental material) are 103 

satisfactory. 104 

The interindividual variabilities in colistin PK parameters were relatively large (CV = 25% 105 

and 41% for Vcol/fm and CLcol/fm, respectively, Table 1).  106 

 107 

The median values of colistin apparent volume of distribution (Vcol/fm) and apparent 108 

clearance (CLcol/fm), with fm corresponding to the fraction of the administered CMS 109 

converted in colistin, were estimated at 60.7 L and 66.7 ml/min respectively, with a 110 

corresponding elimination half-life equal to 8.4 h, that is much higher than that of CMS.  111 

 112 
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The typical Cmax  after the first and the third administration of CMS were predicted at 6.2 113 

mg/l and at 7.3 mg/l, respectively, reflecting a small accumulation of the active metabolite. 114 

The typical time to achieve these concentrations (Tmax) was equal to 4 h.  115 

 116 

Discussion 117 

It is now widely admitted that colistin treatments should start with a loading dose, typically 9 118 

MIU of CMS, followed by a maintenance dose equal to 9 MIU daily for patients with 119 

preserved renal function, given in 2 or 3 administrations  (7-11). But this is the first study 120 

describing CMS and colistin pharmacokinetics after once daily administrations of CMS. 121 

Therefore, these new data can only be directly compared with those previously published after 122 

patients received a 9 MIU loading dose (11). However, between studies comparisons are 123 

important since CMS and colistin PK in ICU patients vary extensively between individuals (8, 124 

12) but also between brands (2). Yet because there is no evidence of concentration 125 

dependency of colistin PK both in animals (13) and human, concentrations may be 126 

normalized to dose for comparisons purpose.  127 

However, precise comparisons between studies are difficult because of differences in study 128 

design and patient characteristics, particularly for renal functions. Table 2 compare data of PK 129 

parameters with previous population PK studies conducted with various dose regimen, 130 

various brand of CMS and in critical care patients with different renal functions (7, 8, 11, 12, 131 

14). 132 

Concerning colistin, the apparent clearance of colistin of the present study (77.2 ml/min) is 133 

close to be half those described in Plachouras et al. (152 ml/min) (7), Garonzik et al. (207 134 

ml/min) (8) and Karaiskos et al. (126 ml/min L) (11) reports. The apparent volume of 135 

distribution is lower in the present study (56.1 L) than in the other studies (Table 2) (7, 8, 11, 136 
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14). These differences in primary PK parameters impact the computed colistin elimination 137 

half-life which is shorter in the present study (8.6 h) than in those conducted in ICU patients 138 

with preserved renal function (14.4 h (7) and 11.2 h (11)). This value is similar to those 139 

reported by Garonzik et al. (9.2 h (8)) but much higher than those reported by Grégoire et al. 140 

(3.2 h (12)) in patients with impacted renal functions. 141 

Table 2 also summarized colistin maximal concentrations and time to achieve these 142 

concentrations after 60-min infusion of a loading dose of 9 MIU of CMS. Colistin Cmax is 143 

closed in the present study (6.2 mg/l) and in Grégoire et al. (9.4 mg/l (12)) but three fold 144 

higher than in the simulations made by Plachouras et al. (1.8 h (7)) and the study conducted 145 

by Karaikos et al. (2.3 mg/l (11)). 146 

 These discrepancies could be linked to the analytical methods or potential hydrolysis during 147 

the pre-analysis phase which may lead to artificially high colistin concentrations at early 148 

sampling times but seems rather related to the brand-to-brand variability in the composition of 149 

CMS formulations (15, 16). The last publication from Karaiskos et al. (11) have then shown 150 

that a lower total availability of all CMS doses was administered in the earlier study from 151 

Plachouras et al. (7) : the total availability was estimated to be 61 % compared to the 152 

formulation used in the more recent study. The authors explained that these differences were 153 

linked to a higher proportion of the A and B forms in more recent CMS formulations; 154 

consequently, both the CMS A plus B and the colistin A plus B concentrations will be higher 155 

in the new study.  156 

 157 

Beyond the differences in PK parameters, efficacy and safety of the administration of CMS 158 

once daily have to be considered.  159 
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As previously mentioned, it has been reported that steady state average colistin concentration 160 

(Css) values should be higher than 2 mg/l to be effective (2). These target derives from the 161 

pharmacokinetic/pharmacodynamic indices to reach target values determined in a mouse 162 

thigh infection model (ratio of the area under the unbound concentration-time curve to the 163 

MIC [fAUC/MIC] of about 12) for bacteria with an MIC lower than 2-4 mg/l (3). In the 164 

present study, the mean colistin Css is equal to 4.3 mg/l with minimum and maximum values 165 

equal to 1.5 mg/l and 7.6 mg/l, respectively.  166 

PK of colistin was described to be linear in all the previous studies (7, 8, 11, 12), so changes 167 

in dose regimen should not impact AUC0-24h values at steady state. Table 3 reports the 168 

estimation of colistin AUC0-24h at steady state and the associated Css calculated with the PK 169 

parameters of the different studies previously cited, for a ICU patient with a preserved renal 170 

function (CLCR, 82 ml/min) and a body weight equal to 80 kg.  Estimations were realized 171 

using the dose regimen the most applied in each study, even when the dose regimen was 172 

freely chosen by physicians (8, 12). 173 

However, these results highlight a higher Css in the present study (4.3 mg/l) than in previous 174 

studies (between 1.6 and 3.4 mg/l (7, 8, 11, 12). This could be linked to the lower CLcol/fm 175 

calculated in this study, as Css is linked to CLcol/fm (Css = (fm x dose)/CLcol) and may 176 

suggest a non-linearity of colistin elimination with higher doses even if the number of patients 177 

in the present study is far too low to make this conclusion. 178 

 179 

Nephrotoxicity is the main adverse effect reported with the use of colistin and is considered to 180 

be dose dependent (17).  Colistin-associated nephrotoxicity usually occurs within the first 5 181 

days of treatments and is reversible upon cessation of treatment (18). It has previously been 182 

reported that a residual concentration of colistin � 3.3 mg/l on day 7 of the treatment or � 2.4 183 
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mg/l at the end of the treatment was a predictor for acute kidney injury (AKI) (19). Later, the 184 

same group of investigators reported results of a small prospective validation study (64 185 

patients) in which they assessed the trough plasma colistin concentration breakpoint of 2.42 186 

mg/l (20). More recently, a study conducted in 214 critical care patients by Forrest et al. (4) 187 

revealed that rates of AKI were substantially higher when average steady-state plasma colistin 188 

concentration was greater than ~ 2 mg/l. This study pointed the very low therapeutic window 189 

of colistin and the need to monitor both colistin residuals concentrations and creatinine 190 

values, as it was already described (21, 22).  191 

 192 

Simulations with actual parameters and a dose regimen of 9 MIU q24h showed that 77.9 % 193 

and 64.8 % of the simulated profiles had a residual concentration of colistin on day 7 of the 194 

treatment < 3.3 and 2.4 mg/l, respectively with a typical value equal to 1.8 mg/l (Table 4). 195 

These simulations have also been applied with different dose regimen (3MIU q8h and 4.5 196 

MIU q12h), considering colistin PK was linear, and showed higher typical values of residual 197 

concentrations of colistin, equal to 3.7 mg/l and 3.2 mg/l, respectively, resulting in a higher  198 

risk of nephrotoxicity. 199 

 200 

Considering the difficulties to achieve Css below 2 mg/l when CMS is administrated twice or 201 

three time a day, the administration of CMS once daily could be considered as an effective 202 

alternative. Complementary experiments are now needed in larger number of patients to 203 

provide a better characterization of colistin clearance and to ensure this dose regimen did not 204 

improve colistin toxicity and bacterial resistance. 205 

 206 

  207 
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Figures 

 

 

 

Figure 1 : CMS (triangles) and colistin (squares) observed plasma concentrations (Conc.) in 9 

patients after first (full markers) and third (empty markers) CMS administration. Solid line 

and dashed line represents predicted concentrations for these patients after the first and the 

third dose, respectively. 
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Tables 

Table 1: Population pharmacokinetic parameters 

Drug and parameter
a
 Typical value 

(RSE%)
b
 

Interindividual 

variability CV% 

(RSE%)
c
 

CMS 

   VCMS (liters) 

   CLCMS (ml/min) 

 

 

12.6 (8) 

118 (10) 

 

- 

25 (28) 

Colistin 

   Vcol/fm (liters) 

   CLcol/fm (ml/min) 

 

56.1 (8) 

77.2 (15) 

 

- 

41 (26) 

Residual error type Proportionnal CV% 

(RSE%)
b
 

Additive  (mg/l) 

CMS plasma 

Colistin plasma 

33.5 (13) 

49.4 (8) 

0.64 (16) 

a
 VCMS, volume of distribution of CMS; CLCMS, total clearance of 

CMS; Vcol, volume of distribution of colistin; fm, fraction of the CMS 

dose not excreted unchanged that is converted into colistin; CLcol, 

total clearance of colistin. 
b
 RSE, relative standard error (expressed as a percentage) 

c
 CV, coefficient of variation 
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Table 2: Pharmacokinetic parameters across studies  

 

Plachouras et al., 

2009 

Garonzik et al.,  

2011 

Gregoire et al., 

2014 

Karaiskos et al.,  

2015 

Present study, 

2017 

Population 

ICU patients
a
 with 

preserved renal 

function 

ICU patients with 

various renal 

 function 

ICU patients with 

various renal 

function 

ICU patients with slightly 

impacted renal function and 

 adm. of a LD
b
 

Patients with preserved 

renal function 

CMS brand 

Colistin; 

Norma,  

Greece 

Colistate; 

Atlantic 

 Pharm Co., 

Thailand, 

CMS; 

Paddock 

Inc., NY, 

USA 

 

Colimycine; 

Sanofi-Aventis, 

France 

 

Colistin; 

Norma,  

Greece 

Colistin; 

Norma,  

Greece 

Dose regimen 3MIU q8h 

dose regimens  

freely chosen by 

 physicians 

dose regimens 

freely chosen by 

physicians 

9MIU  

+ 4.5 MIU q12h 
9 MIU q24h 

Primary parameters  

CLcms (ml/min) 228 116 110 147 118 

Vcms (L) 13.5 15.9 15.7 1.42 12.6 

Vp,cms (L) 28.9 18.7 - 12.5 - 

CLcol/fm (ml/min) 152 207 94.3 126 77.2 

Vcol/fm (L) 189 165 25.7 122 56.1 

Secondary parameters   
  

t1/2 cms (h) 2.1 3.5 1.6 1.7 1.2 

t1/2 coli (h) 14.4 9.2 3.2 11.2 8.4 

Peak characteristics after the first injection 

Dose at 1
st
 injection 

3 MIU, 

normalized to 9 MIU 

9 MIU 

(simulations) 

9 MIU 

(simulations) 
9 MIU 9 MIU 

CMS 

   Cmax (mg/l) 

 

24 

 

29 

 

29 

 

24 

 

41 

Colistin 

   Cmax (mg/l) 

   Tmax (mg/l) 

 

1.8 

7 

 

1.6 

7 

 

9.4 

3 

 

2.3 

7 

 

7.3 

4 
a
 ICU, intensive care unit patients; 

b
 LD, loading dose 
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Table 3: Secondary steady state pharmacokinetic parameters across studies in a typical Plachouras patient (i.e., CLCR, 82 ml/min, and body 

weight, 80 kg) 

 

Plachouras et al., 

2009 

Garonzik et al.,  

2011 

Gregoire et al., 

2014 

Karaiskos et al., 

2015 

Present study, 

2017 

Population 

ICU patients
a
 with 

preserved renal 

function 

ICU patients with 

various renal function 

ICU patients with 

various renal function 

ICU patients with 

slightly impacted 

renal function and 

 adm. of a LD
b
 

Patients with 

preserved renal 

function 

Dose regimen used 

in the study 
3MIU q8h 3 MIU q8h 3 MIU q8h 

9MIU  

+ 4.5 MIU q12h 
9 MIU q24h 

Colistin parameters at steady state 

AUC0-24h  

(mg/l.h
-1

) 
52.4 38.6 82.0 61.8 104 

Css (mg/l) 2.2 1.6 3.4 2.6 4.3 
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Table 4 : Differences in residual concentrations at steady state for three different dose 

regimens (typical values and 1000 simulations realized with actual calculated PK parameters)) 

 3 MIU q8h 4.5 MIU q12h 9 MIU q24h 

 typical value typical value typical value 

Cres  (mg/l) 3.7 3.2 1.7 

Safety (based on 1000 simulations) 

% Patients with  

Cres < 3.3 mg/l  
41.6 % 54.1 % 77.9 % 

% Patients with  

Cres < 2.4 mg/l 
23.3 % 36.8 % 64.8 % 
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Supplemental material 

S1 : CMS and colistin npde 

CMS Colistin 

  

 

 

time time 

pred pred 

n
p
d

e 

n
p
d

e 

n
p
d

e 

n
p
d

e 
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Synopsis:  21 

Objectives. Colistin, administered as the prodrug colistin methanesulphonate (CMS), is an 22 

antibiotic frequently administered as aerosol in cystic fibrosis (CF) patient. Our aim was to 23 

assess the plasma PK of colistin in CF patients treated with CMS administered intravenously 24 

or as aerosol and to compare these results with those previously reported in healthy 25 

volunteers.  26 

Methods. Six (6) CF patients were included, CMS and colistin concentrations were measured 27 

in plasma, urine and sputum. either after single intravenous administration or after repeated 28 

nebulizations of CMS. PK of CMS and colistin were assessed by a mixed effect modelling 29 

approach.  30 

Results. Renal clearance of CMS was lower in CF patients compared to that previously 31 

reported in healthy volunteers (64.3 mL/min vs. 103 mL/min). However, apparent clearance 32 

of colistin was higher in CF patients compared to healthy volunteers (124 mL/min vs. 48.7 33 

mL/min), resulting in reduced systemic exposure to colistin (dose normalized AUC of 34 

3.7 h.mg/L/MIU vs. 5.6 h.mg/L/MIU). After repeated nebulizations, colistin concentrations 35 

were very low in plasma (<0.21 mg/L) and variable but always higher in sputum (Cmax 36 

between 3 and 37 mg/L). 37 

Conclusions.  38 

Systemic exposure to colistin after IV administrations of CMS was 34% lower in CF patients 39 

compared to that previously reported in healthy volunteers, suggesting that effective 40 

concentrations of colistin should be difficult to reach in CF patients by IV. Nebulizations of 41 

CMS 2 MIU q12h led to low colistin plasma concentrations and high sputum concentrations, 42 
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suggesting better pulmonary efficacy against local colonization and lower systemic adverse 43 

events than intravenous administrations. 44 

  45 



4 

 

 46 

Introduction 47 

Colistin occupies an important place for the treatment of infections caused by multidrug 48 

resistant Gram negative bacteria, especially in cystic fibrosis (CF) patients persistently 49 

colonized by Pseudomonas aeruginosa. The pharmacokinetics (PK) of colistin, which is 50 

administrated as the prodrug colistin methanesulphonate (CMS), has been described in 51 

healthy volunteers [1], critically ill patients [2-8] and CF patients [9-12]. However these 52 

results are difficult to compare, due to a potential brand effect as shown in rats [13], to 53 

differences in samples processing and bioanalytical methods [14].  54 

Administration of CMS directly into the lung of CF patients by means of nebulization devices 55 

rely on the hypothesis that colistin concentrations at the site of action and then antimicrobial 56 

efficacy should be increased, whereas systemic concentrations and toxicity should be 57 

decreased compared with intravenous administration of CMS. Studies in rats [15-17], sheep 58 

[18], as well as in critically ill patients [19] have confirmed this hypothesis. Initial studies in 59 

CF patients seem also consistent with these observations[11, 12], but it should be interesting 60 

to confirm these results using different CMS brands and nebulizers. 61 

Our primary objective was to assess the effect of CF on colistin PK by comparing PK 62 

parameters values with those previously estimated in healthy volunteers, after intravenous (iv) 63 

administration of the same CMS brand (Colimycin®) and using the same analytical assay. 64 

Our secondary objective was to assess colistin concentrations and PK in plasma and in 65 

sputum after repeated inhalations of CMS. 66 

Material and Methods 67 
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Study population 68 

The analysis was performed in 6 ambulatory adults (> 18 years) CF patients with proven 69 

colonization of their respiratory tract with Pseudomonas aerugninosa. The study protocol was 70 

approved by the local ethical committee (CPP Ouest III, 11.03.09). At study onset, the 71 

following data were collected: age, sex, weight, and creatinine clearance calculated according 72 

to the Cockroft-Gault formula [20]. During the study period patients were administered all 73 

routine medications, of which other antibiotics, required for the management of their CF.  74 

CMS administration 75 

The study flow-chart is summarized on Figure 1. During 14 days patients were nebulized with 76 

2 Million International Unit (MIU) (equivalent to approximately 60 mg of CBA) of CMS 77 

(Colimycine®, Sanofi, Paris, France) every 12 h. For aerosol administration CMS powder 78 

was dissolved in 6 mL of sterile 0.9% saline solution and immediately nebulized via a LC Star 79 

nebulizer connected to a Pari Turbo Boy N compressor (Pari, Starnberg, Germany) over 80 

10 min. For IV administration 2 MIU of CMS (Colimycine®, Sanofi, Paris, France) powder 81 

was dissolved in 50 mL of sterile 0.9% saline solution and immediately administered as a 1 h 82 

infusion. Following IV infusion the line was flushed with 5 mL of physiological saline to 83 

ensure complete dose administration. On Day 7 patients were randomized to receive either IV 84 

(n=6 patients) or aerosol (n=6 patients) administration, on Day 14 they were treated by the 85 

other route of administration (Figure 1).  86 

Sampling procedures 87 

Plasma samples. Determinations of colistin and CMS concentrations in plasma were 88 

performed on days 7 and 14 immediately before and at 0.50, 1.0, 1.5, 2, 3, 4, 6, 9 and 12 h 89 
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after starting nebulization or infusion. Samples were immediately centrifuged (3 000 g, 10 90 

min) at 4°C and plasma was stored at -20°C until analysis. 91 

Sputum samples. Determinations of colistin and CMS concentrations in sputum were 92 

performed on days 7 and 14 in three samples obtained during time intervals 0.5-1 h, 4-6 h and 93 

8-12 h after CMS administration. Sputum expectorations were promoted by chest 94 

physiotherapy, collected in 50 mL polypropylene vials, weighted and stored at -20°C until 95 

analysis.  96 

Urine samples. Only CMS was assumed to be excreted in urine[1]. On days 7 and 14 urine 97 

was collected over 0-12 h post dosing for evaluation of CMS concentrations. Samples were 98 

stored at -20°C until analysis. 99 

Colistin and CMS assay 100 

Plasma and urine samples were assayed by a validated LC/MS-MS method[21]. Sputum 101 

samples were liquefied using an Ultra-Turrax homogenizer (KA®-Werke GmbH & Co. KG, 102 

Germany), completed up to 10 mL with water, spiked with blank plasma (20% vol/vol), and 103 

then assayed as for plasma or urine. Briefly, polymyxin B1 was used as internal standard, 104 

CMS concentrations were obtained by subtracting colistin concentrations measured without 105 

samples hydrolysis, to those measured after complete hydrolysis of CMS into colistin with 106 

sulfuric acid. After extraction on a solid-phase extraction column colistin components were 107 

separated on a C18 column with a 0.1% (vol/vol) formic acid in acetonitrile-0.1% (vol/vol) 108 

formic acid in water (20:80, vol/vol). Ions were detected in a turbo-ion spray-positive and 109 

multiple-reaction-monitoring modes (Waters Micromass Quattro micro-API quadripole 110 
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tandem mass spectrometer). Limits of quantifications were 0.02 mg/L for CMS and 0.01 111 

mg/L for colistin in plasma, urine and sputum. 112 

 113 

Population PK modeling 114 

The pharmacokinetic (PK) analysis was performed using CMS and colistin concentrations 115 

measured in plasma and CMS concentrations measured in urine. It was chosen not to include 116 

sputum concentrations in the model because of their large variability (up to a 100-fold 117 

difference at a given time) and because concentrations in sputum after IV administration 118 

could not be accurately assessed due to relatively high residual concentrations from previous 119 

nebulization. Data were modeled simultaneously using a non-linear mixed-effect model, with 120 

Monolix Suite software program (v2016R1, Lixoft, Orsay, France). Concentrations below the 121 

limit of quantification were handled with the Beal M3 method [22]. 122 

The structural model is presented on Figure S1. Parameters characterizing the exchanges 123 

between lung and systemic compartments are defined in Table 1. After nebulization, a 124 

fraction Fpul of the CMS dose reached systemic compartments. For modelling, this fraction of 125 

the dose was introduced in a depot compartment (CMS lung) before either systemic 126 

absorption as CMS, or presystemic conversion into colistin (compartment “colistin lung” on 127 

Figure S1). CMS and colistin were absorbed from lung to plasma following first order 128 

kinetics of constants kaCMS and kacol, and the presystemic conversion of CMS into colistin 129 

within lung was assumed to follow a first order kinetic, whom the constant was previously 130 

estimated (ktr=0.13 h
-1

) [19]. From central compartment it was assumed that CMS was 131 

eliminated either by renal clearance CLrCMS, or by non-renal clearance CLnrCMS. The non-132 
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renal clearance of CMS may not correspond to a complete conversion of CMS into 133 

colistin[23]. As the fraction of CLnrCMS that actually corresponded to a conversion of CMS 134 

into colistin (fm) was unknown, PK parameters estimated for colistin were apparent. Colistin 135 

was eliminated from systemic compartment with an apparent clearance CLcol/fm. It was 136 

assumed that only CMS was excreted in urine [1, 24], differences in molecular weights 137 

between CMS (1632 g/mol) and colistin (1167 g/mol) were considered for biotransformation 138 

rates calculations in plasma. Typical maximal concentrations (Cmax), terminal half-lives (t1/2) 139 

and areas under the curve of concentrations (AUC) were calculated by simulations in Berkley 140 

Madonna software (version 8.3.18, Berkeley Madonna Inc., University of California, 141 

Berkeley, CA, USA).  142 

The interindividual variabilities were assumed to be log-normally distributed, the residual 143 

error was tested as additive, proportional or combined for plasma and urine data . Estimation 144 

of intra-individual variability on plasma parameter was tested. According to previously 145 

published results [2, 8] the relationships between CLrCMS and creatinine clearance and 146 

between body weight and VCMS were assessed. Model performances were assessed by visual 147 

inspection of diagnostic plots, evaluation of the residual error and precision of parameter 148 

estimates.  149 

 150 

Results 151 

Two (2) females and 4 males were enrolled; median (min-max) age was 22 yrs (21-30), body 152 

weight 61 kg (48-68) and creatinine clearance 120 mL/min (86-129).  153 
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Ninety (90) percent confidence intervals adequately overlapped observed concentrations in 154 

visual predictive check (Figure 2). Normalized prediction distribution errors over time (Figure 155 

S2) were evenly distributed around 0. Residual variability was low on colistin concentrations 156 

in plasma and moderate on CMS concentrations in plasma and urine (Table 1). Precision on 157 

parameter estimates was good with relative standard errors lower than 26% except for the 158 

absorption constant of colistin (kacol) that could not be accurately estimated (RSE=85%) but 159 

that anyway was low (0.02 h
-1

). Interindividual variability could be estimated for all 160 

parameters, except the non-renal clearance of CMS. No intra-individual variability could be 161 

estimated.  162 

Table 1 presents final parameter estimates. No significant relationship was elicited between 163 

body weight and the systemic volume of distribution of CMS and between the clearance of 164 

creatinine and the renal clearance of CMS. Volume of distribution of CMS was 11.4 L, its 165 

renal clearance 64.3 mL/min and its non-renal clearance 60.3 mL/min. The final model 166 

predicts that after IV administration of CMS 51% of the dose was excreted in urine. After IV 167 

administration of CMS 2 MUI, typical maximal plasma concentration of CMS was 9.8 mg/L 168 

and typical terminal half-life was 1.1 h (Figure 2, Table 2). The apparent volume of 169 

distribution of colistin (Vcol/fm) was 26.1 L and its apparent clearance (CLcol/fm) 170 

124 mL/min. After IV administration of CMS 2 MUI, typical maximal plasma concentration 171 

of colistin was 1.1 mg/L and terminal half-life was 2.4 h (Figure 2, Table 2).  172 

PK parameters obtained after IV administration of the same CMS brand (Colymicin®) to 173 

healthy volunteers are presented in Table 2.  174 

After nebulization of CMS 2 MUI it was estimated that less than 9.3% of the dose was 175 

available for systemic absorption. Typical maximal concentrations of CMS and colistin in 176 
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plasma were about 0.3 mg/L and 0.1 mg/L (Figure 2). Concentrations of CMS and colistin 177 

measured in sputum after repeated nebulizations of CMS are presented on Figure 3. In sputum 178 

maximal concentration of CMS was observed in the first sample, i.e 0.5-1h after nebulization, 179 

and ranged between 9 and 746 mg/L, then concentration of CMS in sputum declined with an 180 

half-life of 1 h. Maximal concentrations of colistin in sputum ranged between 3 and 37 mg/L 181 

with a large inter-individual variability (Figure 3), then they declined with an half-life of 182 

about 3 h.  183 

 184 

Discussion 185 

Compared to healthy male volunteers (73±9 kg) intravenously administered with the same 186 

brand of CMS (Colymicin®), mean maximal concentrations (Cmax) of CMS, normalized to 187 

the dose, were similar in CF patients (4.9 mg/L vs. 4.8 mg/L). The terminal half-life was 188 

shorter in CF patients (1.1 h vs. 2.0 h) but as the number of phases of decay was different (one 189 

vs. two), the comparison is difficult. Total clearance of CMS was slightly lower in CF patients 190 

compared to healthy volunteers (125 mL/min vs. 148 mL/min), but the renal clearance was 191 

markedly lower (64.3 mL/min vs. 103 mL/min). The lower CMS renal clearance in CF 192 

patients was unexpected because creatinine clearance values of the included CF patients were 193 

normal (>86 mL/min), and because usually renal clearance of drugs is increased in CF 194 

patients [25]. However, as CMS undergoes secretion in kidney [26], which is not reflected by 195 

the clearance of creatinine, it is possible that in CF patients this transport would be altered 196 

[27]. As renal clearance of CMS strongly affects colistin PK 197 

(AUCcol=
CLnrCMS

CLrCMS+CLnrCMS
×

Dose

CLccol/fm
) [28], this 40% reduction in CF patients compared to 198 

healthy volunteers should be further explored.  199 
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Because of the decreased renal clearance of CMS (CLrCMS), the fraction of CMS dose 200 

converted into colistin should be increased in CF patients (1-fe = 49% vs 30%). However, 201 

apparent clearance of colistin (CLcol/fm) was 2.5-folds greater in CF patients than in healthy 202 

volunteers, which more than compensated the lower CLrCMS. Indeed, colistin concentrations 203 

were decreased in CF patients compared to healthy volunteers, with dose normalized Cmax 204 

and AUC 33% and 34% lower (Table 2). This is in agreement with the low concentrations 205 

commonly measured in our laboratory during therapeutic drug monitoring of colistin in CF 206 

patients. Moreover, using another brand of CMS (Colistin Link®), after IV administration 207 

Yapa et al. [12] reported exposure to colistin even lower (dose normalized AUC 2.5-folds 208 

lower than in the present study). After IV administration of CMS, it seems difficult to reach 209 

the target for effective average colistin concentrations (Cav=AUC0-24/24 above 2 mg/L) in CF 210 

patients, even with a high 12 MIU daily dose, and dose recommendations published for other 211 

patients such as ICU patients [2] are most likely insufficient for CF patients. The higher 212 

CLcol/fm in CF patients compared to healthy volunteers could be due either to a higher CLcol 213 

or to a lower fm. Since colistin is a polypeptide, a high CLcol in CF patients could be due to the 214 

elevated protease levels observed in these patients [29]. However, the metabolism of colistin 215 

is mostly unknown and this hypothesis has to be verified. A lower fm would significate that 216 

the fraction of CMS converted into metabolites other than colistin is greater in CF patients 217 

than in healthy volunteers. As the in vivo hydrolysis of CMS is poorly known, this hypothesis 218 

has also to be explored. Another explanation to be explored for lower total concentrations of 219 

colistin in CF patients compared to healthy volunteers could be a lower protein binding of 220 

colistin.  221 

After nebulization less than 10% of the CMS dose reached the systemic circulation, this result 222 

is consistent with those reported by Yapa et al in CF patient [12] and by Boisson et al. in 223 
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critically ill patients [19], although delivery systems were different (other conventional 224 

nebulizer system and vibrating-mesh nebulizer respectively). As for Yapa et al., 225 

concentrations of colistin measured in plasma after nebulization were low (<0.21 mg/L). 226 

Therefore, the systemic toxicity after repeated nebulizations of CMS 2MIU q12h should be 227 

reduced compared to IV dosing, especially nephrotoxicity. After repeated nebulizations of 228 

CMS 2MIU, concentrations of colistin in sputum were high (Cmax ranging between 3 and 229 

37 mg/L, Figure 3), which is in accordance with colistin concentrations reported by Yapa et 230 

al. after a single nebulization of CMS 2MIU (colistin concentrations between 1 and 10 mg/L). 231 

However, the effective concentrations of colistin in sputum remained to be defined [12, 14, 232 

30, 31]. 233 

Conclusion 234 

Whereas the renal clearance of CMS was 38% decreased in CF patients compared to healthy 235 

volunteers, which should result in higher colistin concentrations, the apparent clearance of 236 

colistin was increased by 155%, resulting in an exposure to total concentrations of colistin 237 

34% lower in CF patients. This suggests that regular ICU dosage recommendations for IV 238 

administrations of CMS (9 MIU/day) are most likely insufficient for CF patients, but toxicity 239 

of higher doses has to be assessed in CF patients. Nebulizations of CMS 2 MIU q12h led to 240 

low colistin plasma concentrations (<0.21 mg/L) and high sputum concentrations (Cmax 241 

ranging between 3 and 37 mg/L), thus suggesting better efficacy and lower adverse events 242 

than IV administrations for treatment of lung infections. 243 

 244 
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Table 1. Population pharmacokinetic parameters  

 

 Description Unit Typical value (RSE) BSV CV% (RSE) 

CMS plasma     

VCMS (L) Systemic vol. of distribution L 11.4 (8%) - 

CLrCMS Renal clearance mL/min 64.3 (15%) 25 (34%) 

CLnrCMS Non renal clearance mL/min 60.3 (15%) - 

     

Colistin plasma     

Vcol/fm Systemic vol. of distribution L 26.1 (17%) 26 (38%) 

CLcol/fm Apparent clearance mL/min 124 (13%) 16 (29%) 

     

CMS sputum     

Fpul Fractional dose available for systemic disposition % 9.26 (26%) 60 (32%) 

kaCMS First order rate constant for CMS lung absorption 1/h 0.354 (14%)  32 (28%) 

ktr Rate constant for CMS conversion in sputum 1/h 0.130 * - 

          

Colistin sputum     

kacol First order rate constant for CMS lung absorption 1/h 0.020 (85%)  - 

         

Proportional residual error (%)    

CMS plasma   48% (8%)   

Colistin plasma    30% (6%)  

CMS urine    41% (24%)  

* fixed value from the study of Boisson et al. [19] 
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Table 2. Comparison of PK parameters between CF patients and healthy volunteers 

intravenously administered with the same brand of CMS. 

 

Healthy volunteers treated 

with IV Colimycin® 1MIU 

[1] 

Present study: 

CF patients treated with IV 

Colimycin® 2MIU 

CMS   

CL (mL/min) 148 125 

CLrCMS (mL/min) 103 64.3 

1-fe 0.30 0.49 

VcCMS (L) 8.9 11.4* 

VpCMS (L) 5.1 - 

Cmax (mg/L) 4.8 9.8 

Dose normalized Cmax (mg/L/MIU) 4.8 4.9 

t1/2 (h) 2.0 1.1 

Colistin   

CLcol/fm (mL /min) 48.7 124 

Vcol/fm (L)  12.4 26.1 

Cmax (mg/L) 0.83 1.12 

Dose normalized Cmax (mg/L/MIU) 0.83 0.56 

Dose normalized AUC (h.mg/L/MIU) 5.6 3.7 

t1/2 (h) 3.0 2.4 

* 1 compartment model 
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Figure 1: Study flow-chart 
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Figure 2: Observed CMS and colistin concentrations along with model visual predictive check 

(median and 90% confidence interval) after IV or nebulization treatment with CMS 2MIU 

administered at steady-state (CMS 2MIU nebulization q12h) 
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Figure 3: Observed CMS (open squares) and colistin (filled triangles) concentrations in 

sputum after repeated nebulization of 2 MIU of CMS  
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Supplemental material 

Figure S1: Structural pharmacokinetic model 

 

  



 

Figure S2. Normalized prediction distribution errors over time (h) for CMS concentrations in 

plasma and urine and for colistin concentrations in plasma. 
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Letter to the Editor

Pharmacokinetics of colistin in a 8-year-old child with acute bone infection

Colistin pharmacokinetics (PK) has been recently extensively

revisited [1,2], but limited and sometimes conflicting information

is available for paediatric patients [3]. Further, the dosing regimen

currently recommended for children by the European Medicines

Agency (EMA) for the colistin methanesulfonate (CMS) prodrug

(75 000 to 150 000 IU/kg per day) seems likely to result in subop-

timal colistin plasma concentrations [3].

We report the case of a 8-year-old boy weighing 25 kg, 1.35 m in

height and a plasma creatinine of 35 mmol/L, corresponding to a

creatinine clearance (CLCR) estimated at 103 mL/min according to

the Schwartz estimate. The boy had an open fracture of the right fe-

mur resulting from a bicycle accident. Bacteriologic samples during

the surgical procedure revealed the presence of a Pseudomonas aer-

uginosa metallo-carbapenemase sensitive to colistin. The patient

received CMS as Colimycin at a dose of 3 MIU, approximately 90

mg colistin-based activity, every 8 hours (360 000 IU/kg per day,

corresponding to 10.80 mg colistin-based activity/kg per day),

infused intravenously over 60 minutes. Four blood samples were

collected after the tenth infusion on day 4 for determinations of to-

tal colistin and CMS concentration in plasma [4], followed by their

simultaneous PK analysis byMonolix Suite 2016R1 software (Lixoft,

Orsay, France). Differences inmolecular weight between CMS (1632

g/mol) and colistin (1167 g/mol) were considered for PK calcula-

tions. Satisfactory data fitting was obtained with a one-

compartment model for both compounds (Fig. 1). Although the

CMS daily dose (360 000 IU/kg per day) was more than twice the

higher recommended dose (150 000 IU/kg per day) and equivalent

to the adult daily dose (9 MIU per day) for a patient with preserved

renal function, measured colistin plasma concentrations were rela-

tively low, fluctuating between 0.5 and 1.5 mg/mL. The average con-

centration at steady state (Css), corresponding to the ratio of the

area under the concentrationetime curve at steady state and dur-

ing 24 hours to 24 (AUC0e24/24), was equal to 1.0 mg/mL, which is

twice as low as the recommended target [1]. Compared to an adult,

this 8-year-old child had a low weight (25 kg) but had adult renal

function, with CrCl estimated at 103 mL/min.

To our knowledge, this is the first PK study of colistin in a pae-

diatric patient with determination of CMS concentrations. At early

time points, CMS concentrations should be substantially higher

than those of colistin, and uncontrolled postsampling hydrolysis

of CMS may lead to greatly overestimated colistin concentrations.

CMS volume of distribution (Vd) and therefore peak concentration

(Cmax) are related to body weight [2]. In this 25 kg child, the esti-

mated Vd (10.1 L) was about two thirds of the typical values re-

ported in adults [2] and was consistent with measured plasma

concentration at the end of infusion (Cmax at 12.9 mg/mL). Because

CMS is mostly excreted unchanged in urine [1,2], its total clearance

is related to CrCl. CMS clearance was estimated at 205 mL/min,

consistent with typical values reported in healthy volunteers (148

mL/min) [4].

However, because the fraction of the CMS dose eventually con-

verted into colistin is unknown, only apparent PK parameters

values can be estimated for this activemoiety. Therefore, the effects

of body weight and CrCl on colistin PK are difficult to assess.

Colistin systemic exposure after multiple dosing at steady state is

only governed by its apparent clearance (CLcoli/fm) according to

AUC0e24 ¼ [daily dose/(CLcoli/fm)] [2], where CLcoli corresponds to

colistin clearance and fm to the fraction of the CMS dose converted

into colistin. In this child CLcoli/fm was estimated at 332 mL/min,

twice as high as in healthy volunteers [4] (160 mL/min), which is

responsible for the relatively low colistin concentrations (Fig. 1)

and Css estimate (1.0 mg/mL) despite the 9 MIU daily dose. The rela-

tively high CLcoli/fm value estimated in this child is difficult to inter-

pret. CLcoli is hard to assess because the mechanism of colistin

elimination is unknown and the fraction of CMS converted into

colistin (fm) depends on the fraction of the CMS dose excreted un-

changed in urine (fe), which is correlated to CrCl. Because the CrCl

value in this child (103 mL/min) compared favorably with that of

healthy volunteers, fm should not be markedly altered. This rela-

tively high CrCl is actually not surprising considering that glomer-

ular filtration rate reaches adult values at prepubertal age [5].

Therefore, the reason for this relatively high CLcoli/fm remains un-

known, and although difficult to assess, an altered protein binding

could also contribute to this high CLcoli/fm value. However, this

parameter, which determines colistin Css for a given daily dose, is

not decreased together with body weight, at least in this child, a

finding that is in agreement with our recent understanding of

colistin PK [1,2].

Although more data would be needed to confirm this observa-

tion, it appears that there is no clear justification for reducing

CMS daily dose in children because of their low body weight, as

far as their glomerular filtration rate reaches adults values. The
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dosing regimen currently recommended by EMA in children may

not be optimal, and we would recommend higher doses with close

monitoring of concentrations, in particular to avoid nephrotoxicity.
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Fig. 1. Colistin methanesulfonate (CMS; solid triangles) and colistin (solid squares)

plasma concentrations at steady state, after 1 hour's intravenous infusion of 3 MIU

of CMS every 8 hours. Dashed line and solid line represent predicted concentrations

of CMS and colistin respectively.
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Abstract In this review, we provide an updated summary

on colistin pharmacokinetics and pharmacodynamics.

Colistin is an old molecule that is frequently used as last-

line treatment for infections caused by multidrug-resistant

Gram-negative bacteria. Colistin is a decapeptide admin-

istered either as a prodrug, colistin methanesulfonate

(CMS), when used intravenously, or as colistin sulfate

when used orally. Because colistin binds to laboratory

materials, many experimental issues are raised and studies

on colistin can be tricky. Due to its large molecular weight

and its cationic properties at physiological pH, colistin

passes through physiological membranes poorly and is

mainly distributed within the extracellular space. Renal

clearance of colistin is very low, but the dosing regimen

should be adapted to the renal function of the patient

because CMS is partly eliminated by the kidney. Thera-

peutic drug monitoring of colistin is warranted because the

pharmacokinetics of colistin are very variable, and because

its therapeutic window is narrow. Resistance of bacteria to

colistin is increasing worldwide in parallel to its clinical

and veterinary uses and a plasmid-mediated resistance

mechanism (MCR-1) was recently described in animals

and humans. In vitro, bacteria develop various resistance

mechanisms rapidly when exposed to colistin. The use of a

loading dose might reduce the emergence of resistance but

the use of colistin in combination also seems necessary.

Key Points

Because colistin binds to laboratory materials, many

experimental issues are raised.

The dosing regimen of colistin methanesulfonate

should be adapted to the renal function of patients,

and the use of a loading dose is recommended.

Therapeutic drug monitoring of colistin is warranted.

Because the resistance of bacteria to colistin is

increasing, its use in combination seems necessary.

1 Introduction

Colistin, also called polymyxin E, belongs to the group of

polymyxin antibiotics (antibacterials). It is an old antibiotic

discovered in the 1940s but its clinical use was largely

abandoned in the 1970s mainly due to its nephrotoxicity.

However, the increase of multidrug resistance (MDR) in

Gram-negative bacteria (GNB), particularly Pseudomonas

aeruginosa, Acinetobacter baumannii and Klebsiella

pneumoniae, led to the re-emergence of its use during the

last few years [1]. Parenteral and nebulisation formulations

for colistin contain the sodium salt of colistin methane-

sulfonate (CMS), also called colistimethate, which is an

inactive prodrug. The aim of this review is to give an

updated summary on colistin with respect to its complex

pharmacokinetics and pharmacodynamics. A literature

search was conducted using PubMed where colistin or

colistin methanesulfonate were combined with key words

such as ‘‘chemistry’’, ‘‘bioanalysis’’, ‘‘pharmacokinetics’’
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or ‘‘pharmacodynamics’’ to identify relevant literature.

Additional references were identified from the references

lists of published articles.

2 Conventions Used to Describe Doses of Colistin

At the first International Conference of Polymyxins in

Prato, Italy, in 2013, it was stated that colistin doses should

be referred to using international units (IU) or mg of col-

istin base activity (CBA) in order to avoid medication

errors [2]. In Europe, India and few other countries, doses

of CMS are expressed in million international units (MIU),

but also in mg of CMS. By contrast, in North and South

America, Southeast Asia and Australia, doses are expressed

in mg CBA. In order to convert these different units, it

should be known that 1 MIU is equivalent to about 30 mg

of CBA, which corresponds to about 80 mg of CMS [2].

3 Chemistry

Colistin (commercially available as the sulfate salt) is a

decapeptide compound, corresponding to a complex mix-

ture of about 30 different compounds with two main

components, colistin A and colistin B, the proportion of

which can vary from batch to batch [3]. Colistin A and B

are large molecules with molecular weights of 1169 and

1155 g/mol, respectively. They are composed of a hydro-

philic cycloheptapeptide ring, a tail tripeptide moiety and a

hydrophobic acyl chain tail, being one carbon shorter for

colistin B than for colistin A (Fig. 1) [4]. Colistin is a

hydrophilic drug (logP = -2.4 [5]) but with an amphi-

pathic property due to the presence of both lipophilic and

hydrophilic groups [6]. Colistin exhibits basic properties

(acid dissociation constant [pKa] of about 10) due to the

unmasked c-amino groups of the five L-a,c-diaminobutyric

acid (Dab) residues present in the cyclopeptide ring and

tripeptide moiety (Fig. 1) [7]. Therefore, colistin is poly-

cationic at pH 7.4 [8].

Colistin is administered parenterally as a prodrug, CMS.

CMS differs from colistin by additional sulfomethyl groups

on each of the five Dab residues (Fig. 1). In vivo, CMS

undergoes hydrolysis to form a mixture of partially sul-

fomethylated derivatives that can eventually convert to

colistin [9]. CMS A and B molecular weights are higher

than for colistin (1635 and 1621 g/mol, respectively) due to

the five additional sulfomethyl groups. CMS is more

hydrophilic (logP = -12.1 [10]), and is supposed to be

less basic than colistin, but to our knowledge its pKa has

not been reported yet [11, 12]. At a physiological pH of

7.4, CMS is a polyanion [1].

CMS and colistin were shown to aggregate into micelles

at high concentrations in aqueous solution: their critical

micelle concentrations (CMCs) were 3.5 mmol/L (5.7 g/L)

and 1.5 mmol/L (1.8 g/L), respectively [13]. The conver-

sion of CMS into colistin was much faster when the con-

centration of CMS was below the CMC (60% over 48 h)

than when it was above the CMC (1% over 48 h) [13]. The

instability of CMS at low concentrations in pharmaceutical

formulations is of concern, particularly because active

colistin is much more toxic than CMS [14].

Fig. 1 Structure of colistin methanesulfonate and colistin. Sul-

fomethyl groups of colistin methanesulfonate are highlighted with

grey circles. Fatty acyl: 6-methyloctanyl for colistin A and

6-methylheptanyl for colistin B; a and c indicate the respective –

NH2 involved in the peptide linkage. Dab a ,c-diaminobutyric acid,

Leu leucine, Thr threonine
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4 Bioanalysis

It is important that bioanalytical methods discriminate

between colistin and CMS. Yet in old studies (overall

before the start of the twenty-first century), colistin con-

centrations were measured by microbiological assays that

could not discriminate between the two components

because CMS was converted into colistin during the

experimental time-course. By contrast, recent methods use

high-performance liquid chromatography (HPLC) or liquid

chromatography–tandem mass spectrometry (LC–MS/MS)

that separate CMS and colistin. Colistin concentrations are

generally calculated by summing the peak areas of the

major components, i.e. colistin A and B. The internal

standard is generally polymyxin B [15]. The measurement

of CMS concentrations implies a two-step method with

firstly the quantitation of colistin alone and secondly the

hydrolysis of CMS into colistin by sulphuric acid, and the

quantitation of the total colistin formed [15, 16]. CMS

concentration is then obtained by subtracting the concen-

tration of colistin measured before hydrolysis to that

measured after hydrolysis. This method does not allow the

discrimination of the different sulfomethyl derivatives and

therefore the reported CMS concentrations should be

interpreted as the summed concentrations of all these

derivatives. Therefore, the reported pharmacokinetic

parameters for CMS may best be considered as hybrid

parameters for CMS and partially sulfomethylated deriva-

tives [17].

For measuring plasma concentration, sample preparation

can include a simple protein precipitation using tri-

chloroacetic acid and methanol [18–21] and/or a solid-

phase extraction [15, 18–21]. After separation by chro-

matography, detection is carried out either by LC–MS/MS

[15, 21] or fluorimetry after derivatisation of colistin

[18, 19]. The reported limits of quantification for colistin

concentration in plasma are 0.03–0.04 mg/L with LC–MS/

MS [15, 21] and 0.1–0.3 mg/L by HPLC-fluorimetry

[18, 19]. It is of note that for measuring colistin concen-

trations in broth culture medium, urine, broncho-alveolar

liquid and other biological fluids (cerebrospinal fluid

[CSF], peritoneal, etc.) it has been recommended to spike

the samples with blank plasma in order to avoid matrix

effect and colistin binding to experimental materials

[15, 21, 22].

5 Mechanism of Action

Most investigations on the mechanisms of action of

polymyxins were carried out with polymyxin B, but the

similarities between the chemical structures of polymyxin

B and colistin suggest that their mechanisms of action are

identical [23]. The lipopolysaccharide (LPS) present at the

surface of the outer membrane of GNB prevents the pen-

etration of hydrophobic and/or large antibiotics (antibac-

terials) [24]. Due to its positive charge, colistin interacts

electrostatically with the negatively charged outer mem-

brane of GNB and competitively displaces calcium (Ca2?)

and magnesium (Mg2?) ions from the phosphate groups of

LPS [7, 25]. Binding of colistin on the outer membrane is

antagonised by divalent cations [26–28], resulting in a

decreased antibacterial activity. It is of note that CMS,

which differs from colistin by the addition of sulfomethyl

groups masking the amines responsible for the positive

charge, has a very weak antibacterial activity. Moreover, as

the outer leaflet of mammalian cell membranes is charged

neutral at physiological pH, colistin interacts less with

mammalian cells [29]. Destabilisation of LPS leads to the

disruption of the outer membrane, the loss of periplasmic

and cytoplasmic contents and eventually bacterial death

[24, 25, 30].

The endotoxin of GNB consists of the lipid A portion of

the LPS, which can be shed by bacteria during antimicro-

bial therapy and can be responsible for endotoxic shock

[31]. Colistin has an anti-endotoxin activity by binding to

and neutralising the LPS [31–35].

Colistin also acts by several other mechanisms [36],

such as an inhibition of vital respiratory enzymes (nicoti-

namide adenine dinucleotide [NADH]-quinone oxidore-

ductase) in the bacterial inner membrane [37].

6 Minimum Inhibitory Concentration
Determination

For the European Committee on Antimicrobial Suscepti-

bility Testing (EUCAST) and the Clinical and Laboratory

Standards Institute (CLSI), the reference method for min-

imum inhibitory concentration (MIC) determination of

Enterobacteriaceae, P. aeruginosa and Acinetobacter spp.

is the ISO (International Organization for Standardization)-

standard broth microdilution [38, 39]. Cation-adjusted

Mueller-Hinton broth (CAMHB) is used as the broth

medium, with no additives included (in particular no

polysorbate-80 or surfactants), the tray must be of plain

polystyrene and not treated before use, and sulfate salt of

colistin must be used [38, 39]. Addition of polysorbate-80

reduces the adsorption of colistin to polystyrene wells (see

Sect. 12.1.1), but is currently not recommended by

EUCAST and CLSI [40, 41]. The disc diffusion method

should be avoided because colistin poorly diffuses in agar

[42]. Moreover, the E-test method should be used with

caution because about 50% of the results were reported to
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be false when compared with the results of the broth

microdilution method [41, 43].

7 Antibacterial Activity

Susceptibility breakpoints for colistin published by

EUCAST are 2 mg/L for P. aeruginosa, Acinetobacter spp.

and Enterobacteriaceae [44]. For now, the susceptibility

breakpoint published by CLSI is 2 mg/L for both

P. aeruginosa and Acinetobacter spp. (resistance if MIC

C8 and 4 mg/L, respectively) [38], but this breakpoint

should be revised in 2017.

Colistin is active against several GNB including

Acinetobacter spp., P. aeruginosa, Klebsiella spp., Enter-

obacter spp., Escherichia coli, Salmonella spp., Shigella

spp., Yersinia spp. and Citrobacter spp. [40, 45]. By con-

trast, colistin is inactive on Gram-positive bacteria,

anaerobes and some GNB (Proteus spp., Providencia spp.,

Morganella morganii, Serratia spp. and Burkholderia

cepacia) [40, 45].

8 Resistance

Increasing use of colistin has led to the emergence of

colistin resistance worldwide and although resistance to

colistin is generally less than 10%, colistin resistance rates

are continually increasing [24]. Resistance to colistin has

been described in many GNB species such as A. bauman-

nii, K. pneumoniae and P. aeruginosa [24, 46].

Colistin resistance in GNB is most commonly related to

LPS modifications via diverse routes, of which several

involve two-component regulatory systems (TCSs) [24].

PhoPQ and PmrAB are two TCSs whose functions and

regulations overlap [47]. PhoPQ and PmrAB both include a

sensor kinase (PhoQ and PmrB, respectively), which senses

environmental signals such as low Mg2?, low pH or the

presence of antimicrobial peptides. Moreover, exposure to

colistin might also change the expression patterns of these

TCSs [48, 49]. Activation of these sensor kinases lead to

the phosphorylation of a response regulator (PhoP and

PmrA, respectively), which, once phosphorylated, typically

enhances their binding to promoters of regulated genes.

Hence, phosphorylation of PhoP enhances the transcription

of several genes, including pmrD, whose product binds to

and stabilises PmrA in its phosphorylated state. Phospho-

rylation of PmrA upregulates the transcription of enzymes

that are required for the addition of 4-aminoarabinose (L-

ara4N) and/or ethanolamine to the lipid A component of

LPS [6, 49–51]. These additions contribute to colistin

resistance by reducing the negative charge of the bacterial

membrane, and thereby decreasing the binding of

positively charged colistin [50, 52, 53]. These adaptive

mechanisms of resistance were generally of moderate level

[52].

Recently, a plasmid-mediated colistin resistance mech-

anism MCR-1 was described for an E. coli strain in animals

and human [54]. MCR-1 is a member of the phospho-

ethanolamine transferase enzyme family, with expression

resulting in the addition of an ethanolamine moiety to the

lipid A. Despite its relatively low level (MICs about

4–8 mg/L), this plasmid-mediated mechanism of resistance

causes concern about a possible spread of colistin resistance

into a range of enteric bacteria in humans and animals [55].

The phenomenon of colistin heteroresistance due to

mutations in the chromosomal genes, involved in mecha-

nisms such as lipid A biosynthesis (lpxA, lpxC, lpxD) or

addition of L-ara4N, have also been described in A. bau-

mannii and P. aeruginosa [53, 56–58]. This mechanism of

resistance was shown to be of high level (MIC[128 mg/L)

and was associated with a fitness cost for the bacteria

[53, 56, 58]. Mutant strains were stable but in some patients

the original susceptible isolate was able to re-emerge [53].

The reasons of this re-emergence were unclear, and could

be due to the presence of a dormant persister population

[59] or to the bacterial presence in locations inaccessible to

colistin. Moreover, resistance was lost in one patient via

the acquisition of a secondary mutation, which compen-

sated for the fitness cost of drug resistance [53].

9 Clinical Pharmacokinetics

9.1 Plasma Concentrations in Healthy Volunteers

After a 1 h intravenous (IV) infusion of 1 MIU of CMS to

healthy volunteers the CMS plasma concentrations reached

a mean maximal value of 4.8 mg/L at the end of admin-

istration [60]. Thereafter, CMS concentrations declined

biexponentially with a distribution half-life (t�a) of 0.5 h

and a terminal half-life (t�b) of 2.0 h (Fig. 2).

The time to maximal plasma concentrations (Cmax) of

the active compound colistin was 2 h after the start of the

infusion (1 h after the infusion stop), and the mean colistin

Cmax was 0.83 mg/L. Colistin plasma concentrations

declined monoexponentially with a t�b of 3.0 h. It is of

note that as the t�b of colistin was longer than that of CMS,

meaning that colistin elimination is not rate-limited by its

formation.

9.2 Clearance and Metabolism

CMS was two-thirds cleared by renal excretion in healthy

volunteers [60]. The renal clearance of CMS in healthy

volunteers was about 100 mL/min, which was close to the
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glomerular filtration rate (GFR; around 120 mL/min) [60].

However, as the unbound fraction (fu) of CMS in plasma is

unknown, tubular reabsorption and secretion of CMS were

not able to be estimated.

The non-renal clearance of CMS in healthy volunteers

was about 50 mL/min [60]. One of the non-renal pathways

for CMS clearance is its conversion into colistin by

hydrolysis and removal of the five sulfomethyl groups from

Dab residues. This hydrolysis leads to the formation of a

series of different sulfomethylated derivatives (25 = 32

possible different derivatives) and to colistin. Other non-

renal pathways, such as hydrolysis of peptide bonds, are

possible for CMS but have not yet been assessed (Fig. 3).

The colistin average concentration at steady state

(Css,avg) depends on both the fraction of CMS that is con-

verted into colistin and the colistin clearance (adapted from

Couet et al. [61]) (Eq. 1):

Css;avg ¼
CLconv

CLR þ CLNR

�
Dose

s� CLcoli
; ð1Þ

where CLconv is the conversion clearance of CMS into

colistin, CLR is the renal clearance of CMS, CLNR is the

non-renal clearance of CMS (=CLconv ? clearance due to

other non-renal pathways), s is the dosing interval and

CLcoli is the total clearance of colistin. As the fraction of

CMS eventually converted into colistin is unknown,

clearance and volume of distribution parameters for col-

istin are apparent parameters.

Colistin renal clearance was very low in healthy vol-

unteers (1.9 mL/min) due to extensive tubular reabsorption

[60]. The renal reabsorption of colistin may involve

organic cation transporters (OCTN1), peptide transporters

(PEPT2) and megalin, which is a low-density lipoprotein

receptor. The renal reabsorption process is sensitive to the

pH of urine [62–64]. Although renal excretion of colistin is

very low, urine concentrations of colistin after adminis-

tration of CMS can be high because of post-excretion

hydrolysis of CMS into colistin within the urinary tract.

Elimination pathways of colistin are for the most part

unknown. Considering its peptidic structure, colistin should

be eliminated through hydrolysis but the enzymes involved

and their localisation are still unknown. Blood, liver and

kidneys are likely important sites for colistin elimination

because they contain large amounts of proteases and pep-

tidases; however, due to the ubiquitous availability of these

enzymes throughout the body, proteolytic degradation of

colistin should not be limited to classic elimination organs

[65]. It is of note that the cyclic structure of colistin helps

to protect colistin from proteolytic endopeptidases and the

hydrophobic acyl chain helps to protect against exopepti-

dases, thus explaining that the colistin half-life (t�) is

longer than that of many peptides [65].

9.3 Distribution After Systemic Administration

Due to their large molecular weights and electric charge

(polyanionic for CMS and polycationic for colistin) at

physiologic pH, CMS and colistin cross cellular mem-

branes and physiological barriers poorly. Indeed, volumes

of distribution of CMS and colistin in healthy volunteers

(14.0 and 12.4 L, respectively, apparent volume for col-

istin) have been shown to be consistent with a distribution

restricted to the extracellular space [60].

Fig. 2 Colistin methanesulfonate (open circles) and colistin (filled

circles) mean (±standard deviation) plasma concentrations observed

in 12 healthy volunteers after a single 1 h infusion of colistin

methanesulfonate 1 MIU (million international units) (data from

Couet et al. [60]). Conc. concentrations

Fig. 3 Overview of the elimination pathways for colistin methane-

sulfonate and colistin. The thickness of the arrows indicates the

relative magnitude of the respective clearance pathways when kidney

function is normal. Colistin methanesulfonate includes fully and

partially sulfomethylated derivatives of colistin (adapted from Nation

et al. [23]). CMS colistin methanesulfonate
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9.3.1 Protein Binding

Colistin has been reported to bind to a-1-acid glycoprotein

(AGP), whereas the binding to other plasma components

such as albumin, lipoproteins or globulins remains to be

elucidated [66]. Colistin is a large molecule that cannot

enter the cavity of AGP to form a tight complex and instead

a two-step process of binding has been proposed [66]. An

initial electrostatic attraction occurs between the positive

Dab residues of colistin and the negative sialyloligosac-

charides proximal to the binding cavity of AGP. The sec-

ond step consists of a stabilisation of the liaison by

insertion of the lipophilic tail of colistin into the

hydrophobic ligand binding cavity of AGP and/or binding

to lipidic substances, such as phospholipid, bound to AGP.

Therefore, both the positive charge and the amphipathic

properties of colistin seem necessary for its binding to AGP

in plasma. The importance of the charge is exemplified by

the fact that CMS, for which Dab moieties are masked,

does not bind to AGP [66]. It has been shown that colistin

binds to AGP with less affinity than for bacterial LPS, thus

suggesting that in vivo the affinity for LPS is strong enough

to dissociate and sequester the colistin from AGP [66].

Protein binding can be determined either by ultrafiltra-

tion or equilibrium dialysis [67]. However, the extensive

non-specific binding ([99%) of colistin to commonly used

membranes [68] requires these experiments to be imple-

mented with specific dialysis cells and membranes [67].

The assessment of colistin protein binding using a micro-

dialysis method raises the same problem of colistin adhe-

sion to experimental equipment [69].

In animals, plasma protein binding of 55% (fu = 45%)

has been reported for colistin in rats, dogs and calves

[68, 70]. In mice, the average percentage bound was around

91% (fu = 9%) in the total concentration range of

2–50 mg/L [67].

In critically ill patients, colistin binding to plasma

components was about 59–74% [71]. Across the

0.01–15 mg/L range of total concentrations, at 37 �C, the

bound fraction of colistin B was constant (average 57%),

whereas the bound fraction of colistin A was dependent on

the concentration. At 0.1 mg/L the average binding of

colistin A was 84% against 69% at 10 mg/L, meaning that

the fu of colistin A varied greatly as a function of the

concentration (average 16% at 0.1 mg/L and 31% at

10 mg/L). This greater binding of colistin A, also demon-

strated in rats [68], is most probably due to its longer fatty

acid chain, since it is the only difference with colistin B.

Whereas there is a difference in protein binding between

colistin A and colistin B, to our knowledge, no difference

in potency has been reported.

The level of plasma AGP can increase, depending on the

disease condition, particularly bacterial infection [72].

Therefore, protein binding of colistin is expected to be

higher in critically ill patients than in healthy volunteers.

This has not been reported yet; however, protein binding of

colistin was greater in infected mice than in healthy mice

[66]. Moreover, protein binding of polymyxin B, which is

chemically close to colistin, is greater in critically ill

patients than in healthy volunteers [73].

In airways, colistin binds to mucin, which may reduce

its antibacterial efficacy as illustrated by the [100-fold

increase of MICs when mucin is added to growth medium

[74].

9.3.2 Distribution Within Lung

Concentrations of CMS and colistin in epithelial lining

fluid (ELF) are generally determined from concentrations

measured in bronchoalveolar lavage (BAL) fluid after

correction for dilution. The dilution factor is estimated

based on the assumption that urea concentration is identical

in plasma and ELF, by measurement of urea concentrations

in plasma and BAL [22]. The determination of colistin

concentration in BAL fluid should take into account the

non-specific binding to the BAL material, which can be

particularly high at low concentrations (80% for colistin

concentrations\1 mg/L; unpublished data).

Intravenous (IV) Administration After repeated IV

administrations of 2 MIU CMS every 8 h to critically ill

patients, Imberti et al. [75] could not measure colistin in

BAL (limit of quantification = 0.1 mg/L). By contrast,

Boisson et al. [76] reported colistin concentrations in the

ELF at steady state ranging between 0.1 and 29 mg/L. For

their part, Yapa et al. [77] reported colistin concentrations

in sputum lower than 1 mg/L after a single IV adminis-

tration of CMS 5 MIU. No active transport has been

reported yet for the passage of the pulmonary barrier by

colistin. However, OCTN1 and PEPT2, which are involved

in the renal reabsorption of colistin, are also present in the

lung [78]. Moreover, the involvement of these proteins in

the pulmonary transport of active substances has already

been suggested: the uptake of anti-cholinergic drugs for

OCTN [79] and transport of bacterial peptides for PEPT2

[80]. In addition to their capability to pass through pul-

monary barrier, CMS and colistin distribution into lung

also depends on their binding to lung components. This

issue is not yet elucidated but it has been shown that col-

istin binds to mucin [74].

Inhalation Aerosolised colistin, administered as CMS, is

used to treat nosocomial pneumonia caused by MDR GNB

[76, 80–84]. After pulmonary administration of CMS, the

presence of colistin in plasma can either result from the

absorption of CMS followed by systemic conversion into

colistin or from the pre-systemic conversion of CMS into

colistin followed by its absorption [22]. When nebulised
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directly as colistin, the absolute bioavailability was shown

to be high (69%) in rats [85]. However, after nebulisation

of CMS to critically ill or cystic fibrosis (CF) patients,

colistin plasma concentrations were either below the limit

of quantification [77] or low (\0.73 mg/L) [76, 86], except

for one study for which concentrations up to 2 mg/L were

reported [87]. In critically ill patients, when nebulised as

CMS, only 9% of the dose reached the systemic circula-

tion: 1.4% as colistin converted presystemically and 7.6%

as CMS [76].

After aerosol delivery of CMS to critically ill patients

ELF colistin concentrations were much higher than those in

plasma (5- to 1000-fold) but varied considerably, from 1 to

1100 mg/L, depending on dose (1 or 2 MIU single dose or

every 8 h), time (1–8 h post-dose) and the study [76, 87].

In CF patients, CMS and colistin concentrations are

generally determined in sputum. In these patients, after

nebulisation of single 2 or 4 MIU doses of CMS, systemic

exposure to colistin was very low, whereas colistin con-

centrations measured in sputum ranged from 1 to 45 mg/L

[77, 86]. However, a conversion of CMS to colistin during

the preparation of sputum samples before bioanalytical

assay cannot be ruled out in one of these studies, due to a

relatively high concentration of trifluoroacetic acid used for

sample preparation [86].

Overall, these studies show that colistin systemic

exposure is low after CMS nebulisation, whereas colistin

concentrations in lung are high.

9.3.3 Distribution Within the Central Nervous System

IV Administration The passage across the blood–brain

barrier (BBB) by CMS and colistin is limited. Colistin

penetration into the CSF after repeated IV administrations

of CMS was demonstrated to be low (5%) in critically ill

patients [88]. The presence of meningeal inflammation

enhanced penetration in CSF (11%) [89]. In paediatric

patients the CSF/serum ratios were reported to be 34–67%

in the presence of meningitis (measurement before and

after IV CMS administration), whereas it was minimal in

the absence of meningeal inflammation [90]. Moreover, it

has been shown in mice that LPS can induce BBB dis-

ruption by decreasing the tight junction function; this effect

depends on the bacterial species and can increase colistin

uptake into the brain [91]. For now, the effect of trans-

porters on the passage of BBB by CMS or colistin has not

been reported.

Intrathecal–Intraventricular Administrations Colistin

concentrations in CSF are higher when patients are treated

by intraventricular or intrathecal CMS administration than

when they are treated intravenously. Imberti et al. [92]

reported CSF concentrations continuously above 2 mg/L if

the intraventricular CMS dose was greater than 0.06 MIU

every 24 h. Ziaka et al. [89] reported CSF concentrations

ranging between 0.6 and 1.5 mg/L when patients were

treated with combined IV CMS 3 MIU every 8 h and

intraventricular CMS 0.125 MIU every 24 h.

9.3.4 Distribution in Peritoneal Fluid

In one case report, after multiple administrations of CMS

2 MIU every 8 h, colistin distributed slowly into the peri-

toneal fluid of a patient with severe peritonitis, but colistin

concentrations in peritoneal fluid were close to that in

plasma at steady state [93].

9.4 Oral Route of Administration

Colistin absorption from the gastrointestinal tract is slight

or absent [94]. In simulated gastric fluid it has been shown

that colistin was rapidly degraded by rupture of peptide

bonds in the tail tripeptide moiety under the action of

pepsin [4], the formed metabolites keeping an antimicro-

bial activity. Colistin sulfate is sometimes used for peri-

operative decontamination of the digestive tract,

particularly for the suppression of extended-spectrum b-

lactamase-producing Enterobacteriaceae (ESBL-E). In this

indication, colistin sulfate is generally administered orally

following a dosing regimen of 100 mg every 6 h, in

combination with other anti-infective agents (e.g.,

amphotericin B, tobramycin) [94–99]. However, this

practice has been shown to select colistin-resistant bacteria

and its use is controversial [99–103].

9.5 Pharmacokinetics in Special Populations

9.5.1 Pharmacokinetics in Critically Ill Patients

Maintenance Dose After IV administration of CMS to

critically ill patients, the pharmacokinetics of CMS was

very variable (Fig. 4). The Cmax values were observed at

the end of infusion; thereafter, CMS concentrations

decreased in a mono- or bi-exponential manner, with a

mean t�b ranging from 1.9 to 4.5 h depending on the study

[103–106]. The mean plasma profile was comparable to

that observed in healthy volunteers, except when the renal

function of the patient was altered. Indeed, concentrations

of colistin are related to the renal clearance of CMS

(Eq. 1), which correlates with creatinine clearance

[104, 105]. For illustration, for patients with creatinine

clearance values of 120, 50 and 25 mL/min, the typical

renal clearances of CMS were about 100, 50 and 25 mL/

min, respectively. The main impact of this decrease of

CMS renal clearance when the renal function was impaired

was that the fraction of CMS converted into colistin

increased, e.g. 33, 50 and 67% for the three different values
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of creatinine clearance of 120, 50 and 25 mL/min, thus

resulting in greater colistin concentrations for patients with

altered renal function. Moreover, the volume of distribu-

tion of CMS was shown to be proportional to the body

weight, which after a single dose impacts on the Cmax of

CMS and colistin (to a lesser extent) and after repeated

administrations impacts on the fluctuation of concentra-

tions, i.e. the larger the volume of distribution is, the lower

the concentrations fluctuate [104, 105]. However, even

when considering individual renal function and body

weight, the pharmacokinetics of CMS were very variable

between patients after IV administration of CMS

[104, 105].

Concerning the pharmacokinetics of colistin after

administration of CMS to critically ill patients, some dis-

crepancies were observed between studies. Indeed, after a

first dose of 2 MIU of CMS, Grégoire et al. [105] observed

typical colistin Cmax values of about 2 mg/L, whereas after

a first dose of 3 MIU of CMS Plachouras et al. [106]

observed a colistin Cmax of 0.6 mg/L [106] (Fig. 5).

Moreover, the Cmax values were reached sooner for Gré-

goire et al. [105] (about 3 h) than for Plachouras et al.

[106] (maximum not reached at next administration, i.e.

8 h). These different time to Cmax values were related to

greater apparent volumes of distribution, resulting in longer

typical t� values for colistin (9–14 vs. 3 h) [103–106]. One

major consequence of a longer t�is that from Plachouras

et al. [106] at least 48 h is necessary to reach steady state,

whereas from Grégoire et al. [105] steady state should be

reached after as soon as 12 h. At steady state there were

Fig. 4 Colistin methanesulfonate and colistin plasma concentrations

observed (9) in 73 critically ill patients after first colistin methane-

sulfonate dose and at steady state. Reproduced from Grégoire et al.

[105] with permission of the American Society of Microbiology. CMS

colistin methanesulfonate, Conc. concentrations

Fig. 5 Colistin concentrations following a 3 MIU (million interna-

tional units) dose of colistin methanesulfonate infused over 60 min

every 8 h in a critically ill patient with a creatinine clearance of

82 mL/min and a body weight of 80 kg, predicted from Grégoire

et al. [105] (solid black line), Plachouras et al. [106] (dashed grey

line) and Garonzik et al. [104] (dashed black line). Reproduced from

Grégoire et al. [105] with permission of the American Society of

Microbiology. Conc. concentrations
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fewer discrepancies between studies: for a patient with a

clearance of creatinine of 82 mL/min, treated with CMS

3 MIU every 8 h, the typical colistin Css,avg was predicted

to be between 1.5 and 3.5 mg/L depending on the study

(Fig. 5) [103–106]. Plachouras et al. [106] were the first to

point out the difficulties in attaining a Css,avg of 2 mg/L for

patients with a creatinine clearance C80 mL/min [106].

Recently, Nation et al. [107] suggested the use of an

algorithm to calculate the CMS dose to administer

according to the creatinine clearance, and demonstrated

that less than 40% of the patients with creatinine clearance

above 80 mL/min attained a Css,avg[2 mg/L, even with a

maximal 12 MIU daily dose.

Loading Dose Plachouras et al. [106] suggested that

administration of a loading dose is necessary to achieve

effective colistin concentrations as soon as the first CMS

administration; two subsequent studies have assessed this

suggestion [71, 108]. In the first study, after administration

of 6 MIU of CMS to ten critically ill patients, colistin Cmax

values were on average 1.3 mg/L (range 0.3–2.6 mg/L) at

8 h following dosing and the mean colistin t� was 18.5 h

[71]. In the second study, following administration of a

9 MIU loading dose to 19 critically ill patients the Cmax

values of colistin were also very variable (mean 2.65 mg/L,

range 0.9–5.1 mg/L) and the mean colistin t� was 11.2 h

[108]. Colistin concentrations observed in this latter study

were therefore higher than expected from previous studies

performed by the same team [71, 106] but lower than those

predicted by Grégoire et al. [105]. Overall, these discrep-

ancies of colistin pharmacokinetics between studies were

attributed either to (1) a higher proportion of the A and B

forms in the more recent CMS formulations [108]; (2) the

use of different CMS brands; (3) the inclusion of patients

with different renal function; (4) CMS solutions for infu-

sions at concentrations below or above the CMCs of 5.7 g/

L (71,250 IU/mL); (5) in vitro conversion of CMS to

colistin after blood collection [109]; or (6) potential dis-

crepancies in the analytical methods (e.g. in the quantifi-

cation of partly sulfomethylated compounds and potential

hydrolysis during work-up) [108].

Dosing Suggestions Considering the pharmacokinetics

of both CMS and colistin, the CMS dose has to be adapted

to each patient’s renal function. In case of normal renal

function, all of the previous cited studies recommend a

maintenance dose of 9 MIU of CMS per day in two or

three injections [105, 106], which corresponds to the cal-

culated maintenance dose suggested by the algorithm of

Garonzik et al. [104]. It is of note that the most recent

publications all agree that CMS should be administered

twice daily [105–108]. The maintenance dose should be

adapted to the renal function of the patient. The European

Medicines Agency (EMA) suggests that for patients with a

creatinine clearance above 50 mL/min the daily dose

should be 9 MIU (up to 12 MIU in some cases, for patients

with good renal function), for patients with a creatinine

clearance between 30 and 50 mL/min the daily dose should

be between 5.5 and 7.5 MIU, and for patients with a cre-

atinine clearance between 10 and 30 mL/min the daily dose

should be 5 MIU [110, 111].

Concerning the loading dose, Garonzik et al. [104]

suggest it should be adapted to the patient’s body weight

without exceeding 10 MIU, whatever their renal function,

and to begin maintenance doses 24 h later. Karaiskos et al.

[108] demonstrated that a loading dose of 9 MIU followed

by the beginning of a maintenance dose 24 h later was safe

for their 19 critically ill patients with normal renal func-

tion. The Committee for Medicinal Products for Human

Use (CHMP) of the EMA proposed a loading dose of

9 MIU for patients above 60 kg and 6 MIU for patients

below 60 kg; doses up to 12 MIU may be required for

patients but the clinical experience with such doses is

limited [110]. The loading dose should apply to all patients

regardless of renal function. Recently, it was suggested that

the first maintenance dose be administered 12 h after the

loading dose [107].

9.5.2 Pharmacokinetics in Patients with Haemodialysis

In patients with highly impaired renal function, CMS is

poorly excreted in urine and therefore the fraction of dose

available for conversion to colistin is higher. As a conse-

quence, on days without a haemodialysis session, colistin

exposure was threefold greater in critically ill patients

requiring haemodialysis than in patients with preserved

renal function and treated with the same dosage [112].

Considering their molecular weights, CMS and colistin

fractions unbound in plasma can freely pass through dial-

ysis membranes. Moreover, colistin might also adsorb on

dialysis membranes, notably those used for continuous

renal replacement therapy, which could contribute to the

removal mechanism [113]. Indeed, during intermittent

haemodialysis sessions, CMS and colistin are efficiently

cleared [104, 113–116]. Mean clearance of CMS during

haemodialysis session was reported to be between 71 and

95 mL/min [104, 114, 116], and associated estimation of

inter-individual variability was sometimes low (26%

coefficient of variation) [114] but sometimes high (96%)

[104]. Mean clearance of colistin during haemodialysis

session was reported to be between 57 and 134 mL/min

[104, 114, 116]; inter-individual variability was estimated

to be moderate (15 and 44%) [104, 114].

Dosing Suggestions for Intermittent Renal Replacement

Therapy Previous data suggested that during a non-

haemodialysis day, the CMS daily dose should not exceed

3 MIU [104, 112], but recently Nation et al. [107] sug-

gested administration of 3.95 MIU per day to achieve the
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average steady-state colistin concentration of 2 mg/L.

During a haemodialysis day, it is suggested that a supple-

mental dose be administered at the end of the haemodial-

ysis session (30–50% of the daily dose) [104]. In each

study, CMS was administered twice daily [104, 107, 112].

During continuous venovenous haemofiltration (CVVH)

Garonzik et al. [104] reported mean CMS and colistin

removal clearances slightly lower than those measured

during intermittent haemodialysis (64 vs. 95 mL/min and

34 vs. 57 mL/min for CMS and colistin, respectively).

During continuous venovenous haemodiafiltration

(CVVHDF) Markou et al. [117] reported that extracorpo-

real clearance contributed to about 50% of total colistin

clearance; however, the total colistin clearance was lower

than that in patients with normal renal function, suggesting

that a dose reduction may be needed in critically ill patients

with CVVHDF. By contrast, Karvanen et al. [118] reported

that colistin concentrations obtained under CVVHDF and

receiving 2 MIU CMS every 8 h were lower than those for

corresponding patients without CVVHDF, and conse-

quently that CMS dosage should not be reduced for

patients undergoing CVVHDF. More strongly, Karaiskos

et al. [119] recommended an increased dose for patients

under CVVH with a loading dose of 12 MIU of CMS

followed by 13–15 MIU daily maintenance doses.

Dosing Suggestions for Patients Under Continuous

Venovenous Haemofiltration The last recommendations

published by Nation et al. [107] correspond with those

published by Karaiskos et al. [119] and suggest a mainte-

nance dose of 13 MIU daily divided into two doses. Con-

cerning the loading dose, even if a loading dose of 12 MIU

has been found more appropriate, clinical data of safety are

limited and it is recommended not to exceed 9 MIU

[107, 119]. Considering the large inter-individual vari-

ability, therapeutic drug monitoring (TDM) is advised for

patients undergoing CVVHDF [120].

9.5.3 Pharmacokinetics in Cystic Fibrosis (CF) Patients

The pharmacokinetics of colistin in CF patients have been

described after IV administration [77, 121] and after nebu-

lisation of CMS. Following IV infusion of CMS, plasmatic

pharmacokinetics for CMS were consistent between studies

[77, 121] and with healthy volunteers [60], i.e. the reported

values for clearance were about 100 mL/min, volume of

distribution about 18 L and t� about 2.5 h. Colistin phar-

macokinetics in plasma after infusion of CMS were also

characterised by a t� close to that in healthy volunteers

(4–7 h) [77, 121]. However, it should be noted that after a

single IV infusion with the same CMS brand (Colimycin�),

colistin (the active compound) exposure was 39% lower in

CF patients than in healthy volunteers, suggesting that col-

istin clearance could be higher in CF patients [122].

After single nebulisation of CMS 2 or 4 MIU to CF

patients, Yapa et al. [77] reported CMS and colistin con-

centrations in sputum that were higher (Cmax for colistin in

sputum ranging from 2.09 to 21.2 mg/L) than those

resulting from IV administration (Cmax\ 1.0 mg/L) [77].

Moreover, the systemic availability of CMS was low

(about 6%) and systemic exposures to CMS and colistin

were minimal. Ratjen et al. [86] reported colistin concen-

trations that were significantly higher (mean Cmax about

40 mg/L) than those reported by Yapa et al. [77] in sputum

following nebulisation of a single dose of 2 MIU of CMS,

but their bioanalytical method for quantitating colistin

might have promoted the conversion of CMS into colistin

and thus overestimate colistin concentrations in sputum.

Dosing Suggestion for CF Patients Local administration

of CMS by nebulization with or without IV administration

is suggested for this population. CF centres worldwide

have adopted different inhaled CMS dosing regimens (dose

and dosing interval), with current therapies ranging from

1 MIU of CMS twice daily to 2 MIU of CMS three times

daily [122–125].

9.5.4 Pharmacokinetics in Burn Patients

In burn patients, after IV administration of CMS 5 MIU

every 12 h, the typical t� of colistin was reported to be

6.6 h [126] and the clearance of colistin was comparable to

that of critically ill patients [103–106] and healthy volun-

teers [60, 127], suggesting that it was not affected by the

hypermetabolism in burn patients. The volume of distri-

bution of colistin was slightly greater than that reported in

healthy volunteers and either greater [105] or lower

[104, 106] than those reported in critically ill patients.

10 Adverse Events

Two main types of toxicity, nephrotoxicity and neurotox-

icity, are reported with the use of colistin. However, recent

studies have reported that the incidence of nephrotoxicity is

less common and severe than that reported in studies and

case reports published until 1983 [128]. The observed

nephrotoxicity was as high as 50% in old studies versus

15–25% in recent studies, although the definition of

nephrotoxicity was not standardised between the studies

[128]. However, in a recent study in patients with severe

sepsis or septic shock, there was an incidence rate of acute

kidney injury (AKI) of 44% following colistin adminis-

tration [129]. Risk factors for nephrotoxicity include

baseline renal impairment, age, severity of illness,

nephrotoxic agents, duration of therapy and daily dose by

ideal body weight [129, 130]. A residual concentration of

colistin[2.42 mg/L was also reported as a predictor for
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AKI [131]. In contrast, CF might be protective against the

development of nephrotoxicity [130].

Colistin-associated nephrotoxicity usually occurs within

the first 5 days of treatment and is reversible upon cessa-

tion of treatment [132, 133]. Renal insufficiency generally

manifests as a decrease in creatinine clearance but

haematuria, proteinuria, cylindruria or oliguria can also

occur [128]. The nephrotoxicity of colistin is certainly

related to its extensive renal tubular reabsorption due to the

numerous transporters located in the proximal tubules,

particularly the megalin (see Sect. 9.2) [64, 134]. Colistin

toxicity could be due to its accumulation in the endoplas-

mic reticulum and mitochondria of renal tubular cells,

resulting in a modification of the cell fate under oxidative

stress [135]. Coadministration of ascorbic acid at a daily

dose of 2–4 g in patients with severe sepsis was shown to

reduce the AKI risk to four times lower than that in patients

who did not receive ascorbic acid [129]. This effect could

be explained by a double kidney-protective effect toward

both colistin-induced and septic renal damage [129].

However, in another study with moderately ill patients the

ascorbic acid did not offer a nephroprotective effect [134].

The incidence of neurotoxicity related to the use of

colistin is lower than that of nephrotoxicity [128]. The

most frequent neurological adverse effect is paraesthesia,

which in old studies was reported to occur in 27 and 7.3%

of patients receiving IV and intramuscular CMS, respec-

tively. Other neurological adverse events include mental

confusion, vertigo, ataxia and seizure, but the most dreaded

complication is neuromuscular blockade presenting as

respiratory muscle paralysis and apnoea [128, 136]. Like

renal toxicity, neurological toxicity is considered to be

dose dependent and is usually reversible after early dis-

continuation of the treatment [128].

Colistin aerosol therapy is generally well-tolerated, with

few reported adverse events such as throat irritation, cough

and bronchospasm [137, 138].

Intrathecal/intraventricular administration is also well-

tolerated. One of the adverse effects reported is chemical

meningitis (5/153 cases reported between 1972 and 2016)

with complete resolution after the discontinuation of the

intrathecal administrations, and there is no mention of

nephrotoxicity [139].

11 Therapeutic Drug Monitoring

Because the pharmacokinetics of colistin is very variable

between patients (Fig. 4), and because its therapeutic

window is narrow, TDM of colistin is warranted after IV

administration [140]. TDM of colistin requires a validated

bioanalytical method (see Sect. 4). Because CMS can

hydrolyse into colistin after sampling, it is recommended

that blood specimens be drawn just before the next dose

(trough), i.e. when the CMS concentrations are the lowest,

and to handle the samples quickly.

It has been reported that colistin Css,avg values should be

higher than 2 mg/L to be effective [107]. These plasma

concentrations of colistin should allow the pharmacoki-

netic/pharmacodynamic indices to reach target values

determined in the mouse thigh infection model (ratio of the

area under the unbound concentration–time curve to the

MIC [fAUC/MIC] of about 12) for bacteria with an MIC

lower than 2–4 mg/L [111], which correspond to the

EUCAST breakpoint for susceptibility [44]. However,

minimum plasma concentrations (Cmin) of colistin higher

than 2.5 mg/L have been associated with an increased risk

of nephrotoxicity [131, 141]. Therefore, to be effective and

avoid adverse events, Css,avg should ideally be between 2

and 2.5 mg/L. In practice, the clinically desirable range of

Css,avg is rather from 2 to 4 mg/L [107], but renal function

has to be monitored. Because it is preferable to draw the

samples just before the next dose and because the fluctu-

ations of plasma concentrations are relatively weak, this

therapeutic window can also apply to residual concentra-

tions. CMS dosing regimen has to be individualised

according to concomitant medications and to the risk/

benefit ratio for each patient.

12 Pharmacodynamics

12.1 In Vitro Pharmacodynamics

12.1.1 Experimental Issues

As the presence of Ca2? and Mg2? ions modifies the sus-

ceptibility of bacteria to colistin, their concentration into

broth should be controlled and CAMHB is generally used

for in vitro pharmacodynamic experiments with colistin

[41]. From an experimental point of view, the fraction of

colistin bound to CAMHB with initial colistin concentra-

tions of 10 and 30 mg/L was 5% [142]. Therefore, the

growth medium seems to not affect unbound concentra-

tions of colistin used for in vitro experiments.

The in vitro determination of bacterial susceptibility to

colistin poses numerous experimental problems. Several

studies reported potential non-specific binding of colistin to

experimental material [142–145]. Karvanen [146] charac-

terised the extent of the colistin loss in different types of

laboratory materials during simulated time-kill experiments

without bacteria. The type of material and the concentration

of colistin were the two main factors contributing to non-

specific binding of colistin: out of four tested materials

(glass, polypropylene, polystyrene and low protein-binding

polypropylene), none performed well enough to enable to

Clinical PK and PD of Colistin 1451



ignore binding to material at concentrations between 0.125

and 8 mg/L. The best performing material was low protein-

binding polypropylene with colistin loss between 45 and

10%. The relative loss due to binding increased when the

concentration decreased; for instance in CAMHB, when

using large polypropylene tubes, at 24 h the measured

colistin concentration represented 13 and 62% of the 0 h

concentrations of 0.125 and 4 mg/L, respectively. In poly-

styrene microplates the colistin losses were even larger, e.g.

the measured concentration represented 4% of the expected

8 mg/L concentrations [146]. The impact of this non-

specific binding on in vitro pharmacodynamic results is

unclear. However, it is recommended, when possible, that

low protein-binding polypropylene be used and colistin

concentrations are measured during the time course of the

experiments.

12.1.2 Pharmacokinetics/Pharmacodynamics of Colistin

Alone

For colistin, in vitro pharmacokinetic/pharmacodynamic

studies mainly focused on three Gram-negative pathogens:

P. aeruginosa, A. baumannii and K. pneumoniae.

Determination of the pharmacokinetic/pharmacody-

namic index that best predicted colistin efficacy on P.

aeruginosa was performed using a dynamic in vitro phar-

macokinetic model. fAUC/MIC was shown to be the

pharmacokinetic/pharmacodynamic index that most clo-

sely correlated with the killing of P. aeruginosa, with

target values for 2 log10 kill at 24 h of between 27.2 and

41.7 for reference strains (ATCC27853 and PAO1) [147].

In time-kill experiments, with a constant concentration of

colistin over time, colistinwas shown to be bactericidal on 21

P. aeruginosa strains at concentrations higher than

0.5 9 MIC, with complete killing happening very quickly

and bacteria becoming undetectable 4 h after treatment ini-

tiation. At concentrations equal to 0.5 9 MIC, a small initial

decrease in the concentration of colony forming units (cfu)

was observed, followed by regrowth at 24 h [148] (Fig. 6).

Time-kill experiments were also performed on the A. bau-

mannii ATCC19606 reference strain and on 16 clinical iso-

lates. Similar to what was observed with P. aeruginosa, low

concentrations of colistin produced an initial decrease in cfu/

mL followed by regrowth at 24 h [149]. In time-kill exper-

iments on reference and clinical strains of K. pneumoniae, a

regrowthwas also observed after an initial rapid killing, even

at a high colistin concentration (i.e. 64 9 MIC) [150].

Dynamic in vitro models allow mimicking of human

clinical regimens and evaluation of antimicrobial efficacy

at concentrations varying over time. In this way, the effi-

cacy of four different clinical dosing regimens of colistin

against A. baumannii were compared, but none were able

to eradicate the bacterial strain [151].

Population analysis profiles (PAPs) can be performed

during time-kill or dynamic experiments in order to explore

the heteroresistance phenomenon, characterised by the

presence of several subpopulations of bacteria with dif-

ferent susceptibilities to colistin. A dynamic in vitro

pharmacokinetic model was used to compare the efficacy

of colistin regimens with 8, 12 or 24 h dosing intervals

against P. aeruginosa [152]. No difference in bacterial kill

was observed between regimens, but PAPs suggested that

the 8 h dosing interval minimised the emergence of resis-

tance [152]. PAPs on A. baumannii strains showed that 15

of 16 clinical isolates contained a resistant subpopulation,

representing a small fraction of bacteria, at the start of the

experiment. This so-called ‘heteroresistance’ was observed

even though all strains were classified as colistin sensitive

according to their MIC values [149]. Heteroresistance was

also observed with reference and clinical K. pneumoniae

strains, even in strains categorised as colistin sensitive

based on their MIC [150].

Semi-Mechanistic Modelling Traditional analysis of

pharmacokinetic/pharmacodynamic experiments are

mostly qualitative, based on the variations of bacteria

counts at a given time. Analysis data with semi-mecha-

nistic mathematical models are useful to quantify the

phenomenon observed during time-kill or dynamic exper-

iments, such as bacterial resistance, antimicrobial efficacy

or inoculum effect. Moreover, once a model has been

developed it can be used to simulate different dosing

regimens.

Fig. 6 Typical observed profile from one experiment for static time-

kill curves for Pseudomonas aeruginosa exposed to colistin. Time-

kill curve experiments for wild-type (ATCC27853) P. aeruginosa

with concentrations ranging between 0.042 and 12 mg/L (minimum

inhibitory concentration [MIC] = 1 mg/L). Reproduced from

Mohamed et al. [155] with permission of the American Society of

Microbiology. cfu colony-forming units
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These pharmacokinetic/pharmacodynamic models have to

describe the bacterial resistance to colistin. Resistance of P.

aeruginosa and A. baumannii has been modelled either by

splitting the bacterial population into several growing sub-

populations with different susceptibility to colistin [153, 154],

or with one sensitive subpopulation that adapts itself in the

presence of colistin and gradually becomes resistant to it, but

that can also switch to a non-growing ‘persistent’ form [155].

Mechanistic models can take into account some other

aspects of the colistin mechanism of action, such as the

inoculum effect and the competitive binding between

cations (i.e. Ca2? and Mg2?) and colistin on the bacterial

LPS [153, 154].

These models enable characterisation of the suscepti-

bility of a specific strain to colistin (e.g. concentration of

drug producing 50% of maximum effect [EC50] = 1.16 mg/

L for P. aeruginosa ATCC27853 [155]), the bacterial

growth rate (e.g. mean turnover time of 75 min for A.

baumannii ATCC19606 [154]) or the adaptation develop-

ment rate (first-order adaptation rate constant of 7.2 h-1 for

A. baumannii ATCC19606 [154]).

Based on a pharmacokinetic/pharmacodynamic model,

recommendation of a flat fixed loading dose followed by 8-

or 12-hourly maintenance doses with an infusion duration

of up to 2 h was made for patients infected with P.

aeruginosa [155]. In A. baumannii infection, these simu-

lations suggested that with current regimens used in the

clinical setting, polymyxin B administration was better

than colistin administered as CMS because of more rapid

target concentration attainment [154].

12.1.3 Pharmacokinetics/Pharmacodynamics of Colistin

in Combination

In order to counteract the growing number of colistin-re-

sistant strains, recent studies have shifted from studying

colistin monotherapy to studying colistin activity in com-

bination. Multiple methods have been used to evaluate the

efficacy of combinations. Chequerboards and E-tests have

been used for initial screening but, given the problems

encountered with colistin E-tests (see Sect. 12.1.1), results

obtained with this method are not covered in this review.

Interesting combinations have been more thoroughly

studied using time-kill experiments, with data resulting

from these experiments being analysed with traditional

methods or mathematical modelling.

Chequerboards Chequerboard results reported in the

literature are summarised in Table 1. Chequerboard studies

were interpreted by calculating the Fractional Inhibitory

Concentration Index (FICI). Thresholds for FICI were

usually as follows: FICI B0.5 indicated synergy, FICI

between 0.5 and\4 indicated indifference/additivity and

FICI C4 indicated antagonism [23, 155–171].

The most studied species was A. baumannii (n = 670) and

the most tested antibiotic family were b-lactams (n = 370).

From this review of the literature, the global rate of synergy

between colistin and various antibiotics was 29% (280/965).

When synergy was not elicited, the different combinations

were at least additive or indifferent, except for some very rare

cases of antagonism. Therefore, these chequerboard results

support the use of colistin in combination, even if no partic-

ular antibiotic class seems to be synergistic with colistin.

Time-Kill Experiments In time-kill experiments, com-

binations were considered synergistic when they led at

least to a 2 log10 cfu/mL decrease compared to the most

active monotherapy at 24 h.

Colistin was shown to be synergistic with imipenem,

doripenem, vancomycin, rifampicin (rifampin), trimetho-

prim and trimethoprim/sulfamethoxazole against A. bau-

mannii strains [167, 171–174]. The addition of sulbactam

improved the efficacy of the doripenem–colistin combina-

tion [173].

Table 1 Chequerboard results

Drug class Bacteria species References

Klebsiella pneumoniae Pseudomonas aeruginosa Acinetobacter baumannii

b-Lactam – 18/125 63/245 [161, 164, 165, 183, 184]

Carbapenem 3/8 1/1 63/124 [156, 158, 161, 167]

Ciprofloxacin – 14/26 – [183]

Fosfomycin – 19/87 – [157]

Glycopeptide 1/12 0/4 38/111 [157–160, 162, 169, 171, 172, 174]

Linezolid – – 6/40 [162]

Daptomycin – – 2/2 [170]

Rifampicin 8/8 – 10/45 [158, 172, 184]

Tigecycline 6/8 – 18/95 [158, 166, 184]

Trimethoprim 2/8 0/8 8/8 [174]

Fractions are given as the number of strains with a Fractional Inhibitory Concentration Index (FICI) B0.5/total number of strains tested
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Against K. pneumoniae strains, colistin was shown to be

synergistic with aztreonam, fosfomycin, meropenem,

rifampicin, trimethoprim, trimethoprim/sulfamethoxazole

and vancomycin [168, 174]. The same was true for aztre-

onam, fosfomycin and rifampicin in triple-antibiotic com-

binations with meropenem and colistin [168].

Colistin was shown to be synergistic with trimethoprim,

trimethoprim/sulfamethoxazole and vancomycin against

one colistin-resistant strain of P. aeruginosa [174].

Traditional time-kill criteria for evaluating synergy (e.g.

Dlog10 cfu/mL at 24 h) have the same limitations as FICI

to show a synergy when one of the tested drugs is already

effective against the studied strain, because it is hard to

improve an already important effect. This could explain

why synergy was more often observed against strains that

were resistant to one antibiotic of the combination than

against sensitive strains. Moreover, time-kill studies found

synergistic combinations more often than chequerboards.

This could be either because the time-kill experiments are a

more powerful tool to demonstrate synergy or because

time-kill experiments focused on more resistant strains.

Indeed, the number of strains tested by chequerboards was

generally greater than that tested by time-kill experiments

because chequerboards are quicker and cheaper.

Semi-Mechanistic Modelling Built on a previously

developed pharmacokinetic/pharmacodynamic model for

colistin against P. aeruginosa [153], a model for the col-

istin–doripenem combination effect on P. aeruginosa was

developed from time-kill and PAPs data [163]. In this study,

multiple dosing regimens and inocula were tested. Results

suggested that colistin monotherapy, even at a high dose,

should be avoided due to rapid amplification of resistant

subpopulations. In contrast, the results suggest that the col-

istin–doripenem combination would be efficient. The impact

of the combination on the different subpopulations charac-

terised by the PAPs was also assessed.

Based on another previously developed pharmacoki-

netic/pharmacodynamic model of colistin on P. aeruginosa

[155], a model of the colistin–meropenem combination

effect on P. aeruginosa was developed from time-kill data

[175]. This pharmacokinetic/pharmacodynamic model

suggested that the combination at clinically achievable

concentrations would be efficient to treat infections with

meropenem-resistant P. aeruginosa.

12.2 In Vivo Pharmacodynamics

Only a few in vivo pharmacodynamic studies have been

performed with colistin alone or in combination. Studies of

colistin monotherapy focused on the determination of the

best pharmacokinetic/pharmacodynamic index and its tar-

get value. Studies of colistin combination therapy used

Dlog10 cfu/mL at different timepoints to assess synergism.

12.2.1 Colistin Alone

The pharmacokinetic/pharmacodynamic index that best

predicted in vivo colistin efficacy was determined in mice

thigh and lung infection models with three P. aeruginosa

strains and three A. baumannii strains. Initially, two studies

reported in vivo pharmacokinetic/pharmacodynamic index

target values [176, 177], but errors in the determination of

the in vivo fu of colistin led the experiments to be repeated

[67]. In this next study, fAUC/MIC was the pharmacoki-

netic/pharmacodynamic index that most closely correlated

with the killing of bacteria. In the thigh infection model,

target values for 2 log10 kill were between 7.4 and 13.7 for

P. aeruginosa strains and between 7.4 and 17.6 for A.

baumannii strains. In the lung infection model the target

values for efficacy were much higher. It was possible to

achieve 2 log10 kill in lung for only two-thirds of P.

aeruginosa and one-third of A. baumannii strains (target

values of fAUC/MIC between 36.8 and 105) [178].

12.2.2 Colistin in Combination

A murine thigh infection model was used to evaluate

combinations of colistin and several antibiotics against

extensively drug-resistant (XDR) A. baumannii [179] and

against K. pneumoniae and E. coli [180]. Efficacy was

evaluated with bacterial counts in thigh at 24 h. Rifampi-

cin, fusidic acid and meropenem combined with colistin

were synergistic against XDR A. baumannii [179]. By

contrast, colistin and tigecycline in association were

antagonist against several strains of K. pneumoniae and

E. coli [180].

Colistin monotherapy and its combination with tigecy-

cline were compared in a mice sepsis model infected by

carbapenem-resistant K. pneumoniae [181]. Colistin and

tigecycline monotherapies significantly reduced bacterial

counts in liver and lung tissues, but the combination ther-

apy was not superior to these monotherapies.

Readers especially interested in clinical combinations of

polymyxins are referred to Lenhard et al. [182] for a more

detailed review.

13 Conclusion

Pharmacokinetic and pharmacodynamic studies on colistin

are difficult to carry out because it binds to many types of

laboratory materials. Colistin renal clearance is very low

due to intensive tubular reabsorption. However, the dosing

regimen of colistin should be adapted to the renal function

of the patient because CMS is partly eliminated by the

kidney. Moreover, because the pharmacokinetics of col-

istin are very variable, and because its therapeutic window
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is narrow, TDM of colistin is warranted. Resistance of

bacteria to colistin is increasing worldwide in parallel to its

clinical and veterinary uses. In vitro, when exposed to

colistin, bacteria develop resistance mechanisms rapidly. In

these cases, pharmacokinetic/pharmacodynamic models

can be used to quantify the loss of colistin efficacy and

determine optimal dosing regimens. The use of a loading

dose might reduce the emergence of resistance but the use

of colistin in combination also seems necessary. Some

pharmacokinetic/pharmacodynamic studies of colistin in

combination have already been conducted, but further

investigations are necessary.
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Colistin Pharmacokinetics in 
Pediatrics

To the Editor—Mesini et  al have re-

cently published an article relying on 

colistin area under the time-concentra-

tion curve (AUC) in children, leading 

to dosing regimen recommendations 

[1]. Measured colistin concentrations 

are surprisingly high and uncontrolled 

degradation of the infused prodrug 
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(colistin methanesulfonate [CMS]) may 

be suspected, but this is impossible to 

assess as CMS concentrations are not re-

ported. Yet there is no doubt that AUC 

estimate based on 2 concentrations is 

inappropriate.

First, drug concentration measured at 

the end of an infusion is considered to 

correspond to peak concentration (C
max

). 

�is would be true for the infused CMS, 

but not for colistin, which is formed pro-

gressively in the body from CMS hydrol-

ysis, leading to a delayed peak as shown 

on many occasions in adult patients [2–4] 

or healthy volunteers [5]. Second, the for-

mula used to estimate AUC
0-24h

 uses 3 pa-

rameters that are all inappropriate. Peak 

concentration values (C
max

) are erroneous 

for reasons just mentioned. �en, since 

CMS was administered twice daily, trough 

concentrations (C
min

) measured 12 hours 

a�er infusion would provide an estimate 

of AUC
0-12h

 but not AUC
0-24h

 as considered 

by the authors for dosing recommenda-

tions. Last, the elimination rate constant 

Kel may be estimated from 2 data points 

only if these were obtained during the 

terminal elimination phase, which is not 

the case here as the so-called C
max

 concen-

tration was actually determined at a time 

when colistin concentrations were still in-

creasing with time and therefore not dur-

ing the decay phase.

Based on these comments, dosing rec-

ommendations derived from this article 

should be considered with great care.
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Reply to Magréault et al

To the Editor—We thank Magréault 

and colleagues for their comments [1] that 

allow us to better specify our approach to 

colistin plasma determination.

We know that colistimethate degradates 

spontaneously in plasma and this could 

modify the results of liquid chromatog-

raphy–mass spectrometry. However, within 

1 hour from sampling, this degradation is 

negligible, as documented by Gobin and 

coworkers [2]. Indeed our procedure for 

colistin plasma determination provides 

that plasma samples are stored at –30°C 

within 30 minutes from sampling and 

until they are analyzed [3]. �is eliminates 

the risk of overestimation by spontaneous 

degradation.

As for the equation used for area under 

the concentration-time curve (AUC) cal-

culation, we know that it represents a 

simplification as more samples could be 

needed to have a precise AUC, whereas 

actual computation from 1 or 2 samples 

requires sophisticated mathematical 

methods that can be difficult to apply in 

the everyday clinical practice. However, 
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DESCRIPTION
A 54-year-old patient with haemophilia and 
hepatitis C virus infection experienced acute left 
prosthetic joint infection due to Klebsiella pneu-
moniae and Staphylococcus aureus following 
unipolar exchange in September 2015. As the 
outcome was not favourable with bloody discharge 
despite haemophilic factor substitution, a new 
local debridement was performed in May 2016 
and multidrug-resistant Enterobacter asburiae 
(only susceptible to imipenem, colistin, amikacin 
and fosfomycin) and Corynebacterium striatum 
(only susceptible to vancomycin, rifampin and 
linezolid) grew in cultures. As explantation was 
considered too risky due to the potential bleeding, 
systemic intravenous treatment was proposed with 
imipenem (3 g/day), vancomycin (2.5 g/day) and 
fosfomycin (12 g/day). After 3 months of therapy, 
the bloody discharge persisted. One month after 
discontinuation of antibiotics, the patient presented 
a large �bourgeon charnu� with impressive bloody 
discharge (figure 1A). X-ray revealed trochanter 
osteolysis, without prosthesis loosening (figure 1B). 
Prosthesis explantation was performed, and a 
commercial articulated spacer was inserted. We 
used the COPAL G+V, which delivers locally a high 
amount of gentamicin and vancomycin. To have an 
activity against the Gram-negative pathogen, we 
decided to add 6 MUI of Colimycine to each dose 
of cement even if few data were available on this 
practice.1 A total of five doses were required to do 
the articulated spacer (figure 1C), leading to a total 
local dose of 30 MUI of colimycin. Additionally, the 
patient received as empirical therapy meropenem 
(6 g/day) and daptomycin (700 mg/day). Colistin 
(the active form of Colimycine) concentrations were 
measured locally from suction drainage fluid and in 
plasma (to ensure that there is no systemic diffu-
sion) using liquid chromatography. High concen-
trations of colistin were measured locally during 
several days, 32 times (at day 1) and 5 times (at day 
4) above the E. asburiae colistin minimum inhibi-
tory concentration (MIC=0.125 mg/L). Cultures of 
per operative samples yielded the same E. asburiae, 
but not the Corynebacterium. Colistin concentra-
tion in plasma was below the limit of quantification 
set at 0.04 mg/L. Colistin was then administered 
systemically at day 5, taking over the local admin-
istration. The outcome was initially favourable, but 

debridement and spacer explantation were required 
several weeks later as haematoma with bloody 
discharge occurred. Superinfection with Entero-
coccus faecalis and Candida albicans was detected 
and treated. The E. asburiae was never found again. 
Nine months later, a small intermittent haemor-
rhagic discharge was still observed, making pros-
thesis reimplantation impossible.

Articulated spacers are currently used in patients 
with knee prosthesis infection, as they are associ-
ated with significant improvement of clinical results 
and knee functionality after reimplantation.2 More-
over, in prosthetic joint infections, there is growing 
evidence concerning the potential efficacy of antibi-
otic-loaded spacer that provides a high local concen-
tration of antibiotic.3 Commercially or locally 

Gentamicin–vancomycin–colistin local antibiotherapy 
in a cement spacer in a 54-year-old haemophilic 
patient with relapsing plurimicrobial severe prosthetic 
joint infection
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Figure 1 Local (A) and radiological (B) aspects before 
prosthesis explantation; radiological aspect of the 
antibiotic-loaded articulated spacer, after prosthesis 
explantation (C); colistin concentrations in the suction 
drainage fluid and in plasma (D). MIC, minimum 
inhibitory concentration.

Learning points

 Antibiotic-loaded spacer delivers high 
concentrations of colistin locally, without 
systemic diffusion.

 Combination of local antimicrobials could be 
useful for the treatment of multidrug-resistant 
prosthetic joint infection.
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made gentamicin or vancomycin spacers are usually used in this 
indication. Facing polymicrobial prosthetic joint infection with 
multidrug-resistant pathogens, it could be useful to use a combi-
nation of antibiotics in the spacer. Gentamicin and vancomycin 
are synergistic against staphylococci and might also prevent 
superinfection with these pathogens. Here, awaiting the culture 
results, the addition of colimycin in the spacer allowed high local 
concentrations of colistin, with no potential of systemic toxicity.
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