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The aim of this study was to investigate the pharmacokinetics of colistin in cerebrospinal fluid (CSF) af- 

ter intraventricular (IVT) administration of colistin methanesulfonate (CMS) for central nervous system 

(CNS) infections caused by multidrug-resistant Gram-negative bacteria. Ten patients with CNS infection 

were treated with CMS (active substance colistin equivalent to 10 0 0 0 0 units, every 24 h) by IVT admin- 

istration. After 3 days of treatment, the concentration of colistin in the CSF was determined by selective 

ultra-performance liquid chromatography (UPLC) at 2, 4, 6, 8, 12 and 24 h after CMS administration. A 

pharmacokinetic analysis was performed using Phoenix WinNonlin. Following IVT administration of CMS, 

the estimated colistin apparent CSF half-life ( t 1/2 ) was 10.46 ± 6.98 h, the average peak colistin concen- 

tration ( C max ) was 16.95 ± 7.39 μg/mL and the average time to peak concentration ( T max ) was 4.6 ± 0.97 

h. The measured trough concentration ( C min ; colistin concentration in CSF at 24 h after administration of 

CMS) was 1.12–8.33 μg/mL and the average C min was 2.91 ± 2.11 μg/mL. CSF concentrations of colistin 

were above the minimum inhibitory concentration (MIC) of 0.5 μg/mL at 24 h after IVT administration 

in all patients. Microbiological cure was observed in all patients. In conclusion, this is the first study of 

colistin pharmacokinetics in CSF after IVT administration alone in patients with CNS infection. It provides 

essential data for designing relatively safe and effective CMS dosing regimens. 

© 2021 Elsevier Ltd and International Society of Antimicrobial Chemotherapy. All rights reserved. 
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. Introduction 

Central nervous system (CNS) infection can occur as a serious 

omplication in patients undergoing craniotomy, which can be dif- 

cult to treat owing to the presence of the blood–brain barrier. 

oreover, the emergence of multidrug-resistant (MDR) bacterial 

trains has made the treatment of CNS infections increasingly dif- 

cult in recent years. 

According to the 2019 CHINET report ( http://www.chinets.com ), 

he detection rate of the Gram-negative bacteria Acinetobacter bau- 

annii and Klebsiella pneumoniae in the CNS from patients with 

ncephalic infection was 12.43% and 8.03%, respectively. Further- 

ore, these strains have varying degrees of resistance to third- 

nd fourth-generation cephalosporins, aminoglycosides and car- 
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apenems. Challenges for the treatment of infections caused by 

hese antibiotic-resistant pathogens rely on whether antibiotic con- 

entrations in the cerebrospinal fluid (CSF) can reach effective 

herapeutic antimicrobial concentrations. Recent studies provide 

igh-quality evidence for the effectiveness of intraventricular (IVT) 

r intrathecal administration of antibiotics to treat MDR Gram- 

egative bacterial infections [1–3] . 

Colistin, administered as its prodrug colistin methanesulfonate 

CMS), is a concentration-dependent bactericidal lipopeptide with 

 modest post-antibiotic effect [4] . In view of its potential nephro- 

oxicity and neurotoxicity, colistin was practically discarded by 

linicians in the 1970s but it regained the spotlight in the early 

0 0 0s following the surge in infections caused by MDR A. bau- 

annii, K. pneumoniae and Pseudomonas aeruginosa [5] . However, 

he CSF distribution of colistin following intravenous (IV) admin- 

stration is very low. The reported CSF-to-serum concentration ra- 

io is 0.07 [6] and the low CNS concentration is not enhanced by 

eningeal inflammation [7] . Consequently, IVT or intrathecal ad- 

inistration of colistin to patients with CNS infections, especially 
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atients with renal failure, has become an increasingly common 

ethod for the treatment of MDR bacterial infections. 

There are only two studies describing the pharmacokinetics 

PK) and pharmacodynamics (PD) of colistin after combined IV/IVT 

dministration [ 6 , 8 ]. Besides, the PK/PD of colistin following IVT 

dministration alone has never been reported. Moreover, the mini- 

um inhibitory concentration (MIC) breakpoints of colistin against 

. baumannii, K. pneumoniae and P. aeruginosa recommended by 

he Clinical and Laboratory Standards Institute (CLSI) differ from 

ctual MICs measured by antimicrobial susceptibility testing in our 

ork. To address the high morbidity and mortality of CNS in- 

ections caused by prevalent MDR bacteria, detailed data on the 

K/PD of colistin after IVT administration alone are required to de- 

ign suitable CMS dosing regimens for use in hospitals. 

. Materials and methods 

.1. Study design and treatment schedule 

Study participants comprised patients with CNS infections from 

ovember 2018 to February 2019 fitted with an external ventricu- 

ar drain (EVD) in the neurosurgical intensive care unit of Shang- 

ai Tenth People’s Hospital (Shanghai, China). Concentrations and 

harmacokinetics of colistin after IVT treatment were evaluated in 

en patients (age range, 18–58 years; 9 male and 1 female) with 

NS infection by multi-drug resistant K. pneumoniae (5 patients) 

r A. baumannii (5 patients). Colistin MICs were measured by 

he broth microdilution method. Antimicrobial susceptibility test- 

ng showed susceptibility to colistin as follow: K. pneumoniae (col- 

stin MIC < 0.5 mg/L) and A. baumannii (colistin MIC < 0.5 mg/L). 

he characteristics of the study participants are shown in Table 1 . 

SF biochemical characteristics were evaluated before and every 2 

ays following CMS administration. To ensure that treatment con- 

inued until patients were cured, the following criteria were used: 

hite blood cell count in CSF of < 20 cells/L for three consecutive 

ests, and two consecutive CSF negative cultures. All of the clinical 

rocedures were approved by the hospital ethics committee, and 

ritten informed consent was obtained from all family members 

f participants. 

Patients received IVT administration of CMS (Forest Laborato- 

ies UK Ltd., Dartford. UK) at doses of 100 000 units/24 h. The se- 

ected dose of CMS was diluted in 5 mL of 0.9% saline solution and

as injected into the ventricle through the EVD, after which the 

VD was flushed with 2 mL of 0.9% saline solution. Solutions were 

repared just before administration. The EVD was clamped for 2 h 

ollowing IVT administration. After 3 days of treatment, CSF sam- 

les were collected from the EVD at 2, 4, 6, 8, 12 and 24 h after

MS administration. At each sampling time, 2 mL of CSF was dis- 

arded prior to collection of the sample. All samples were stored 

t –80 °C before analysis. Potential nephrotoxicity was evaluated 

y daily measurement of serum creatinine, and clinical symptoms 

ere monitored by the clinician following CMS administration. 

.2. Measurement of colistin concentrations 

Colistin concentrations in the CSF were determined by a pre- 

iously described method. Briefly, after addition of H 2 SO 4 (20 μL, 

.25 mol/L), the CSF sample (150 μL) was incubated for 30 min 

t 80 °C. The spiked samples (50 μL) were then centrifuged at 12 

 0 0 × g for 5 min at 4 °C after addition of cold acetonitrile (100

L) and ibuprofen (50 μL, 2.5 μg/mL) mixed by vortexing for 30 

, then 100 μL of supernatant was transferred into injection vials 

sed for ultra-performance liquid chromatography–tandem mass 

pectrometry (UPLC-MS/MS) detection. 

The concentration of colistin (sum of colistin E1 and colistin 

2) in the CSF was measured using the method reported by Gobin 
2 
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t al. [9] with minor modifications. Chromatographic analysis was 

erformed on an Agilent 1290 UPLC System (Agilent Technologies, 

avage, MD, USA), including a G7120A binary pump, G7167B high- 

erformance well-plate autosampler and G7116B column temper- 

ture controller. Chromatographic separation was achieved on an 

gilent Zorbax SB C18 column (4.6 × 100 mm, 3.5 μm). Mass spec- 

rometry (MS) detection was performed on an Agilent 6470 Triple 

uad Mass Spectrometer (Agilent Technologies) with the Agilent 

etStream electrospray source interface (AJS-ESI). 

MS/MS was set in the positive ion detection mode using mul- 

iple reaction monitoring (MRM). The transitions of colistin E1 

nd colistin E2 were m/z 391.1 → 101.1 and m/z 386.4 → 101.1, re- 

pectively. Ibuprofen (as an internal standard, IS) was detected by 

ransition of m/z 207 → 161. The MS working parameters were set 

t: capillary voltage, 40 0 0 V; gas temperature, 330 °C; drying gas 

ow, 11 L/min; nebuliser pressure, 40 psi; sheath gas temperature, 

50 °C; and sheath gas flow, 11 L/min. The transitions voltage for 

olistin E1, colistin E2 and the IS were both 70 V, and the collision

nergies of the analytes and IS were 17, 17 and 10 eV, respectively. 

gilent MassHunter WorkStation v.B.07.00 was used for data acqui- 

ition. 

Due to the sensitivity and selectivity of the LC-MS/MS method, 

o endogenous elements interfered with the analyses. The matrix 

ffects of colistin were conducted with five replicates at three qual- 

ty control concentrations (0.5, 8.0 and 40 μg/mL).The data showed 

o significant matrix effects in the CSF (range 87.2–106.6%). The 

ntraday and interday precision of colistin were all < 10%, while 

he accuracy ranged from 94.45–112.42%. The calibration curves 

howed good linearity ( r > 0.995) in the concentration ranges from 

.25 μg/mL to 50 μg/mL, indicating that the LC-MS/MS method 

as satisfactory for the assay. 

.3. Cerebrospinal fluid pharmacokinetic analysis 

Concentrations of colistin E1 and colistin E2 were determined 

y the accompanying calibration curve of each analysis batch. Phar- 

acokinetic parameters including T max [time at which the peak 

olistin concentration ( C max ) was observed], t 1/2 (elimination half- 

ife) and AUC 0–24 (24-h area under the CSF concentration–time 

urve) were calculated by a one-compartmental model [8] us- 

ng the WinNonlin 7.0 PK program (Pharsight Corp., Princeton, NJ, 

SA). C max (maximum concentration of colistin), C min (trough con- 

entration of colistin at 24 h) and C 12h (concentration of colistin at 

2 h) were measured based on the concentration–time curve. 

. Results 

.1. Clinical results 

The duration of IVT treatment with CMS ranged between 16 

ays and 35 days ( Table 1 ). Microbiological cure was observed in 

ll patients, and all patients were discharged to rehabilitation to 

eceive further treatment. None of the patients developed seizures, 

enal failure or allergy to colistin. 

.2. Colistin cerebrospinal fluid concentrations and pharmacokinetic 

nalysis 

The CSF concentration curve of colistin after IVT administration 

f CMS at different time points is shown in Fig. 1 . After 3 days

f IVT administration of CMS, CSF samples were collected and the 

harmacokinetic parameters of colistin are shown in Table 2 . The 

stimated half-life ( t 1/2 ) of colistin in CSF was 10.46 ± 6.98 h and

he AUC 0–24 of colistin was 183.4 ± 84.94 h 

•μg/mL. The concen- 

ration of formed colistin reached C max (16.95 ± 7.39 μg/mL) at 

 max (4.6 ± 0.97 h) and then decreased gradually to C (7.13 ±
12h 

3 
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Fig. 1. Cerebrospinal fluid (CSF) concentration curve for colistin after intraventric- 

ular (IVT) administration of colistin methanesulfonate at different time points. The 

CSF concentration curve of colistin is presented as the mean ± standard error of 

the mean (SEM). 
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.68 μg/mL). The measured trough concentration values (concen- 

ration of colistin at 24 h, C min ) ranged between 1.12 μg/mL and 

.33 μg/mL, and the average C min was 2.91 ± 2.11 μg/mL. More- 

ver, C min values were continuously above 0.5 mg/L (the MIC for K. 

neumoniae and A. baumannii shown by antimicrobial susceptibil- 

ty testing) in all patients. The average C max /MIC and AUC 0–24 /MIC 

atios after IVT administration of CMS were 33.9 and 366.8, respec- 

ively. 

. Discussion 

CNS infections are a serious complication of craniotomy. An- 

imicrobial treatment of CNS infections should be based not only 

n antimicrobial susceptibility but also on antimicrobial concen- 

rations in the CNS owing to the existence of the blood–brain 

arrier. Carbapenemase-producing bacteria are even more complex 

nd difficult to treat. Consequently, CNS infections caused by MDR 

athogens may contribute to prolonged courses of treatment, high 

osts and high mortality. Previous studies have suggested the ef- 

cacy of IVT administration of CMS in CNS infections [ 2 , 3 , 8 ]. As

redicted, this treatment was also effective in our cohort of pa- 

ients with CNS infections, and microbiological cure was achieved 

n all patients. No renal injury, allergy to colistin or neurotoxic- 

ty (such as seizures, hypotonia, diaphragmatic paralysis or cauda 

quina injury) was observed following IVT administration of CMS 

n our patients. However, the use of sedative drugs and low serum 

reatinine levels may have led us to underestimate the neurotoxi- 

ity and nephrotoxicity of colistin. 

As the inactive prodrug of colistin, CMS forms colistin by spon- 

aneous hydrolysis in solution. Colistin is supplied as a mixture of 

t least 30 polymyxins. Colistin A (polymyxin E1) and colistin B 

polymyxin E2) account for more than 85% of this mixture [10] . In 

his work, quantification of colistin in CSF focused on the two ma- 

or components. 

Colistin is a concentration-dependent antibiotic and the 

UC/MIC ratio is the best predictive index of efficacy [ 11 , 12 ].

t is recommended that an area under the plasma colistin 

oncentration–time curve across 24 h at steady state (AUC 0–24 ) 

f ~50 h 

•μg/mL is required, which equates to a target average 

teady-state plasma concentration ( C ss , avg ) of ~2 mg/L [13] . Follow- 

ng IVT administration of CMS in this study, the measured trough 

oncentration values ( C min ) ranged between 1.12 μg/mL and 8.33 

g/mL, and the average C min was 2.91 ± 2.11 μg/mL. Moreover, in 

his study isolated pathogens and antimicrobial susceptibility test- 
4 
ng showed the colistin MICs for K. pneumoniae and A. bauman- 

ii were < 0.5 mg/L. When patients received CMS at doses of 100 

 0 0 units/day, the CSF concentrations of colistin were continuously 

bove 0.5 mg/L in all patients. The C max /MIC and AUC 0–24 /MIC ra- 

ios after IVT administration of CMS were ≥16.64 and ≥184.18, re- 

pectively, and the average C max /MIC and AUC 0–24 /MIC ratios after 

VT administration of CMS were 33.9 and 366.8. 

However, according to the European Committee on Antimicro- 

ial Susceptibility Testing (EUAST) and the CLSI, the MIC break- 

oints for K. pneumoniae and A. baumannii are 2 μg/mL. If we 

eference these susceptibility breakpoints, although the average 

 min was 2.91 ± 2.11 μg/mL, the C min was < 2 μg/mL in four pa-

ients. The C max /MIC and AUC 0–24 /MIC ratios after IVT administra- 

ion of CMS were ≥4.16 and ≥46.05, respectively, and the average 

 max /MIC and AUC 0–24 /MIC ratios after IVT administration of CMS 

ere 8.48 and 91.7. Based on these data, a lower dosage of CMS 

ay be adequate for a MDR pathogen with a low MIC. 

Clearance of colistin ranged from 0.173 IU/(h 

•μg/L) to 1.365 

U/(h 

•μg/L), showing great variation. Several factors could con- 

ribute to this variability, such as the efficiency of CMS conversion, 

ormation and absorption by the CSF, obstruction of CSF flow (e.g. 

ompartmentalisation of ventricles), etc. In this work, the concen- 

ration of CMS was not measured, so the efficiency of CMS conver- 

ion could not be evaluated. Patients in the study were fitted with 

n EVD to control intracranial pressure. The external CSF drainage 

as not uniform, varying from 46 mL to 228 mL, which would un- 

erstandably affect the disposition and clearance of colistin. How- 

ver, no dramatic correlation was observed between the amount of 

SF drained and colistin clearance. 

In conclusion, our findings suggested that IVT administration 

f CMS in patients with CNS infection caused by the MDR Gram- 

egative bacteria provided an effective concentration of colistin in 

he CSF. Following IVT administration of CMS at a dose of 100 000 

nits/day, CSF concentrations of colistin were continuously above 

he MIC in our patients. This study provides the first pharmacoki- 

etic data for IVT administration alone and is essential for the de- 

ign of CMS dosing regimens for use in hospitals. 
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