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Abstract

The availability of sensitive, accurate and spe-
cific analytical methods for the measurement
of polymyxins in biological fluids has enabled
an understanding of the pharmacokinetics of
these important antibiotics in healthy humans
and patients. Colistin is administered as its
inactive prodrug colistin methanesulfonate
(CMS) and has especially complex pharmaco-
kinetics. CMS undergoes conversion in vivo to
the active entity colistin, but the rate of con-
version varies from brand to brand and possi-
bly from batch to batch. The extent of
conversion is generally quite low and depends
on the relative magnitudes of the conversion
clearance and other clearance pathways for
CMS of which renal excretion is a major com-
ponent. Formed colistin in the systemic circu-
lation undergoes very extensive tubular
reabsorption; the same mechanism operates
for polymyxin B which is administered in its
active form. The extensive renal tubular reab-

sorption undoubtedly contributes to the pro-
pensity for the polymyxins to cause
nephrotoxicity. While there are some aspects
of pharmacokinetic behaviour that are similar
between the two clinically used polymyxins,
there are also substantial differences. In this
chapter, the pharmacokinetics of colistin,
administered as CMS, and polymyxin B are
reviewed, and the therapeutic implications are
discussed.
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As discussed in Chap. 3, the polymyxins were
discovered in the 1940s. While the polymyxin
family of antibiotics comprises several members,

This article is dedicated to the memory of Alan Forrest, a only colistin (also known as polymyxin E) and
friend of many and an inspiring researcher and teacher. polymyxin B were developed for clinical use.
These two polymyxins differ from each other by
just one amino acid in the heptapeptide ring

R. L. Nation (D<)
Drug Delivery, Disposition and Dynamics, Monash

Institute of Pharmaceutical Sciences, Monash (Fig. 15.1) and they possess very similar in vitro
University, Melbourne, VIC, Australia antibacterial activity [1-3]. Since they are prod-
e-mail: roger.nation@monash.edu ucts of fermentation, they are multicomponent
A. Forrest (deceased) mixtures with the major respective components

Eshelman School of Pharmacy, University of North

bei listin A and B, and pol in B1 and
Carolina at Chapel Hill, Chapel Hill, NC, USA cing colistin A and B, and polymyxin B1 an

© Springer Nature Switzerland AG 2019 219
J. Liet al. (eds.), Polymyxin Antibiotics: From Laboratory Bench to Bedside, Advances in
Experimental Medicine and Biology 1145, https://doi.org/10.1007/978-3-030-16373-0_15


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16373-0_15&domain=pdf
https://doi.org/10.1007/978-3-030-16373-0_15
https://doi.org/10.1007/978-3-030-16373-0_3
mailto:roger.nation@monash.edu

220 R.L. Nation and A. Forrest
T-NH2
/(u)L-Dab —= D-Leu — L-Leu
Fatty acid —=(a)L-Dab —=L-Thr —=(a)L-Dab —» (o )L-Dab l
»,
7-NH3 7-NH; \ L-Thr =<—(a)L-Dab =——(a)L-Dab
7-NH, 7-NH2
SO,H
1
e
'f-iTH
,a@)L-Dab —>=D-Leu — L-Leu
Fatty acid —=(a)L-Dab —=L-Thr —=(a)L-Dab — (a,y )L-Dab . i
~N
T-NH Y-NH L-Thr <«— (a)L-Dab =<—(a)L-Dab
| |
CH
Sloz CEHz 'f-blqu ‘f—I:lH
H SOH (|3Hz (EHz
SO,H SO.H

Fig. 15.1 Structures of colistin A and B, and polymyxin
B1 and B2 are shown in the upper panel. In polymyxin B,
D-Phe (phenylalanine) replaces the D-Leu (leucine)
marked with the asterisk. The lower panel depicts struc-
tures of colistin methanesulfonate (CMS) A and B. All
five primary amines of colistin are shown as being meth-
anesulfonated, but it should be recognized that CMS is a
complex mixture containing numerous partially methane-

B2. Notwithstanding the similarities mentioned
above, colistin and polymyxin B differ substan-
tially in regard to the chemical form that is con-
tained within the parenteral and inhalational
products that are administered to patients [1, 4].
Polymyxin B is administered parenterally as its
sulfate salt; that is, patients directly receive the
active antibacterial entity. In contrast, colistin is
administered as the sodium salt of colistin meth-
anesulfonate (CMS, also known as colistimeth-
ate) (Fig. 15.1). It is now well established that
CMS is an inactive prodrug [5, 6], and it requires
conversion in vivo to colistin to unmask antibac-
terial activity [5, 7-9]. However, CMS is an
extremely complex mixture of up to ~30 meth-
anesulfonated derivatives for each colistin com-
ponent, and the composition of CMS
pharmaceutical products may vary from brand-
to-brand and even from batch-to-batch [10]. The
numerous chemical pathways for the de-
methanesulfonation process of the multiple CMS
components is likely to affect the overall time-

sulfonated derivatives [1]. In addition, recently it has been
shown that some primary amines may not be derivatized
while others may have two methanesulfonate groups
attached [128]. Fatty acid: 6-methyloctanoic acid for
colistin A and polymyxin B1; and 6-methylheptanoic acid
for colistin B and polymyxin B2. Thr: threonine; Dab:
a,y-diaminobutyric acid. a and y indicate the respective —
NH, involved in the peptide linkage

course for in vivo generation of colistin. Indeed,
in a study conducted in rats the time-course of
plasma colistin concentrations differed across
four brands of parenteral CMS [10]. As discussed
in this chapter, the difference in the chemical
forms of colistin and polymyxin B as adminis-
tered to patients has a major effect on the phar-
macokinetic profiles of the active forms of the
two polymyxins, with significant clinical phar-
macological implications [1].

The pharmacokinetic studies conducted on the
polymyxins during the twentieth century relied
on microbiological assays for quantification of
the drugs in biological fluids; unfortunately, such
methods are still used in some more recent stud-
ies. As discussed in Chap. 6, these methods have
general limitations in regard to assay perfor-
mance criteria such as selectivity (interference by
coadministered antibiotics), sensitivity (inability
to quantify low concentrations), accuracy and
reproducibility. Microbiological assays are espe-
cially problematic for quantification of ‘colistin’
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concentrations in biological fluids following
administration of CMS [8]. These assays are
incapable of differentiating the colistin present in
a biological sample at the time of its collection
from a patient and the colistin formed in vitro by
hydrolysis of CMS during the microbiological
assay. The resultant measured concentration of
‘colistin’ can substantially over-estimate the true
concentration present in the patient, especially in
the early hours after administration of a dose of
CMS when its concentration vastly exceeds that
of colistin (see below). Prior to 2015, the phar-
macokinetic information provided in all product
labels (summary of product characteristics
(SPCs)) for CMS parenteral products around the
world was still based upon the erroneous plasma
concentration versus time profiles that were gen-
erated with microbiological assays decades ago
[8, 11, 12]. Fortunately, in December 2014 the
European Commission accepted recommenda-
tions of the European Medicines Agency (EMA)
to modernize the SPCs in use across Europe [13].
It is regrettable that such a process has not yet
occurred in the USA and many other parts of the
world. In the present chapter, in general only
pharmacokinetic data from studies in which
appropriate sample handling and chromato-
graphic methods [8] (see also Chap. 6) were used
will be reviewed. Studies that do not satisfy these
criteria will only be mentioned to highlight the
importance of appropriate sample handling and
bioanalytical procedures.

In the present chapter, the pharmacokinetic,
and where possible the pharmacodynamic and
toxicodynamic, data for CMS/colistin and poly-
myxin B will be reviewed in turn. For each of the
polymyxins, initially data obtained following
intravenous dosing will be considered as this is
the most common mode of administration and the
route for which most information exists. Where
data are available, other routes, such as nebuliza-
tion delivery to the airways and intrathecal dos-
ing, will also be considered. As discussed in Chap.
7 in relation to disposition in animals and below
in regard to humans, there are major and clinically
important differences in the pharmacokinetics of
CMS and colistin. However, there is no substan-
tial difference in the pharmacokinetics of the

major components of the polymyxins (colistin A
and B; polymyxin B1 and B2) [14-18]. Therefore
the pharmacokinetics of the individual compo-
nents will not be considered in this review.

Colistin Methanesulfonate
and Formed Colistin

15.1

Doses of CMS below are expressed in terms of
both milligrams of colistin base activity (CBA)
and number of international units (IU). The con-
version factor between these two conventions is:
1 million IU is equivalent to ~33 mg CBA [19].

15.1.1 Intravenous Administration

Healthy Volunteers With a new drug, typically
the disposition in healthy volunteers is elucidated
early in the clinical development of the drug, and
this provides baseline information for comparison
with data obtained later in various patients groups.
There have been only three published reports in
which chromatographic methods were used to
define the disposition of CMS and colistin in
healthy volunteers [18, 20, 21]. The first two of
these studies were reported in 2011 while the third
study was reported in 2018, approximately
50-60 years after colistin, administered as its inac-
tive prodrug CMS, began to be used in patients.

In the first of these studies [18], the disposition
of CMS and formed colistin was examined in 12
young (mean + SDj; 29.5 + 5.5 years) healthy male
volunteers (creatinine clearance 121 + 18 mL/min)
in France. The intravenous dose of CMS was 1
million IU (~33 mg CBA) and this was adminis-
tered as a 1-h infusion. CMS was predominantly
cleared by excretion into urine; the typical values
of the total and renal clearances of CMS were 148
and 103 mL/min, respectively; the latter was simi-
lar to the glomerular filtration rate (GFR) esti-
mated from the creatinine clearance values. As had
been reported from an earlier study in patients
with cystic fibrosis [22], the formation of colistin
in vivo was observed in healthy human volunteers
[18]. Maximum plasma concentrations of formed
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colistin were achieved at ~2 to 3 h after com-
mencement of the CMS infusion. The terminal
half-life of colistin (~3 h) was longer than that of
the prodrug (~2 h) indicating that the disposition
of formed colistin was rate-limited by its own
elimination, not its conversion from CMS; [18] the
same finding had been reported from an earlier
study in rats [7]. Population pharmacokinetic anal-
ysis (structural model had two compartments for
CMS and one compartment for colistin) was per-
formed, but subject factors (e.g. renal function)
influencing the disposition of CMS and colistin
were not identified. This is not surprising given the
small sample size and the fact that all subjects
were healthy young males. Both CMS and formed
colistin were recovered in urine; however, it was
recognized based upon earlier studies in rats [7,
14], that much of the recovered colistin was
formed from excreted CMS that underwent spon-
taneous hydrolysis in tubular and/or bladder urine.
After correcting for this post-excretion conversion
of CMS to colistin, the renal clearance of the latter
was only 1.9 mL/min. While plasma protein bind-
ing of colistin was not examined in this study [18],
subsequent studies have shown that colistin is
approximately 50% bound in the plasma of
humans [23]. Thus, the renal clearance value of
colistin (1.9 mL/min) [18] is much less than the
product of the unbound fraction in plasma and
GFR indicating extensive renal tubular reabsorp-
tion of colistin that is formed from CMS prior to
renal excretion. Very extensive renal tubular reab-
sorption of colistin following its direct administra-
tion to rats had been observed previously [14].
Based upon a urinary recovery of CMS and colis-
tin (the latter mainly formed within the urinary
tract) of approximately 70% of the administered
dose, the authors speculated that ~30% of the pro-
drug was converted to colistin within the body
prior to the renal excretion events [18]. This
assumes that the only clearance pathways for CMS
are conversion to colistin within the body and
renal excretion. However, this approach almost
certainly over-estimates the percentage conversion
of the prodrug within the body, prior to renal
excretion events. In an earlier study in rats in
which the area under the plasma concentration-
time curve of formed colistin after intravenous

administration of CMS [7] was compared with the
dose-normalized area after direct administration of
colistin [14] it was found that only ~7% of a dose
of CMS was converted to colistin within the body;
[7] other similar studies in rats concluded that
~2.5-12% of a CMS dose was converted systemi-
cally to colistin [24-26]. These figures for percent-
age systemic conversion (~2.5-12%) [7, 24-26]
are substantially lower than what would be pre-
dicted (~40%) based upon the urinary recovery (as
CMS and colistin) of ~60% of the dose in rats
intravenously administered CMS [7]. Thus, the
percentage of a CMS dose converted systemically
to colistin in the study in healthy young human
volunteers was very likely lower than the 30% pro-
posed by the authors [18]. Clearly, CMS is an
extremely inefficient prodrug in both rats and
humans with good kidney function.

In the second study in healthy human volun-
teers [20], the disposition of CMS and formed
colistin was investigated in 15 male Japanese
subjects (age 26.3 + 6.7 years; creatinine clear-
ance 125 = 29 mL/min/1.73 m?). CMS was
administered as a 0.5-h intravenous infusion of a
single dose (2.5 mg/kg CBA (~75,000 IU per
kg)); after a 7-day washout, 14 of the subjects
received the same dose twice daily for 2.5 days.
Non-compartmental pharmacokinetic analysis
was used for the plasma and urinary data from
both the single- and multiple-dose phases of the
study [20]. It is not clear why the authors chose to
extrapolate the area under the plasma
concentration-time curve (AUC) to infinite time
after both single and repeat dosing, because for a
drug exhibiting linear pharmacokinetics the AUC
to infinite time after the first (single) dose should
be the same as the AUC across a dosage interval
at steady state [27]. It is also not understood why
the accumulation (steady-state) ratios for CMS
and formed colistin were determined as the ratio
of the respective AUC over a 12-h dosing interval
on day 3 to the AUC to infinite time after the sin-
gle dose; [20] both AUCs should have been
determined over a 12-h interval following the
respective doses [27]. In the Japanese subjects,
~40% of the dose of CMS was excreted in urine
as CMS plus colistin [20]. The authors made the
same assumption as that discussed for the study
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conducted in France [ 18] and therefore concluded
that ~60% of each dose of CMS was converted to
colistin in the body. As discussed above, that
almost certainly over-estimates the actual extent
of systemic conversion.

More recently, the pharmacokinetics of CMS
and formed colistin in healthy Chinese subjects
after single and multiple intravenous doses of a
new product of CMS developed in China have
been reported [21]. A total of 12 subjects (6
female and 6 male; age 25.6 + 3.2 years; creati-
nine clearance 129 + 9.8 mL/min) received nomi-
nally 2.5 mg CBA per kg as a single dose infused
over 1 h; the same dose was administered twice
daily for 7 days to another group of 12 subjects,
again with an equal number of women and men
(age 25.4 =+ 3.2 years; creatinine clearance
133 + 13.8 mL/min). Because the maximum dose
to be administered at any time was 150 mg CBA,
the average (range) actual CMS doses in the sin-
gle- and multiple-dose studies were 2.36 (2.19—
2.50) mg CBA per kg and 2.35 (2.01-2.50) mg
CBA per kg, respectively. The plasma and urinary
data on CMS and colistin were subjected to non-
compartmental pharmacokinetic analysis. As for
the study in Japanese subjects [20], AUC from
zero time to infinity was determined for both the
single- and multiple-dose studies in the Chinese
subjects [21]. In the latter study, the accumulation
ratio was determined as the ratio of the AUC over
12 h on day 7 of the multiple-dose study to the
AUC over 12 h after the single dose in the other
group of subjects. As occurred in the other two
studies in healthy subjects [18, 20], the fraction of
CMS converted to colistin in the body in the
Chinese subjects was estimated as one minus the
fraction of CMS in the body that was excreted in
urine. Thus, the resulting estimate of ~37% for the
fractional conversion of CMS to colistin in the
Chinese subjects [21] very likely is an over-esti-
mate of the actual fraction of each CMS dose con-
verted systemically to colistin. Indeed, in
discussing their results, the authors suggested that
the fractional conversion of CMS to colistin may
increase by three to fivefold in renally impaired
patients [21], which is clearly not possible if the
fractional conversion in healthy subjects (i.e. with
normal kidney function) is actually ~37%.

Across all three studies in healthy subjects
[18, 20, 21] there were a number of similarities
[21]. In all studies: (a) the maximum plasma con-
centration of CMS occurred at the end of the
infusion of the prodrug while that of formed
colistin occurred 1-3 h later; (b) the maximum
plasma concentration of CMS was substantially
higher than that of colistin; (c) the terminal half-
life of formed colistin was longer than that of its
prodrug, indicating that the disposition of colistin
was rate-limited by its own elimination; (d) the
renal clearance of CMS (84-103 mL/min) was
substantially greater than that of colistin (1.9—
10.5 mL/min); (e) given that colistin is ~50%
unbound in human plasma [23] the very low renal
clearance of colistin in all three studies was con-
sistent with extensive net renal tubular reabsorp-
tion; and, (f) the conversion of CMS to colistin in
the body was far from complete, and the fraction
converted was very likely over-estimated in all
three studies.

The major difference across the three studies
in healthy volunteers is the dose-normalized
plasma concentration of formed colistin follow-
ing a single dose. In the studies in Japanese [20]
and Chinese [21] subjects, the CMS dose admin-
istered was approximately 150 mg CBA, and the
average maximum plasma colistin concentration
was 0.69 mg/L and 2.55 mg/L, respectively, rep-
resenting ~3.7-fold difference across these two
studies [21]. In the study conducted in France
[18], the single dose administered was only
33 mg CBA and the average maximum plasma
colistin concentration was 0.83 mg/L [21]. When
normalized to a dose of 150 mg CBA, the maxi-
mum plasma colistin concentration predicted

from the study in France would be
~3.8 mg/L. Thus, across the three studies the
range of plasma colistin concentrations

(0.69 mg/L to ~3.8 mg/L) differs by ~5.5-fold.
The possible reasons for the wide range of plasma
colistin concentrations achieved from the same
dose of CMS are: (a) brand-to-brand or batch-to-
batch variation in the composition of the CMS
products administered; [10] (b) differing extents
of unrecognized conversion of CMS to colistin
during sample collection, processing and analy-
sis; [5, 6, 28] and, (¢) inter-ethnic differences.
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Patients with Cystic Fibrosis Reed et al. [29]
were the first to report a study of the pharmacoki-
netics of ‘colistin’ in patients with cystic fibrosis
in which an HPLC method was used for quantifi-
cation of concentrations in biological fluids. The
report did not indicate that blood samples had
been collected and plasma harvested and stored
in such a way as to minimize ex vivo conversion
of CMS to colistin [30, 31]. In addition, unfortu-
nately their analytical method involved heating at
54 °C for 2 h during preparation of the samples
for HPLC analysis, conditions under which a
substantial portion of the CMS contained within
samples would undergo conversion to colistin
[28]. This likely accounts for the very high
plasma concentrations of ‘colistin’ and the very
low values of clearance and volume of distribu-
tion that they reported, relative to later studies
[22, 32]. Thus, the pharmacokinetic parameters
reported from the study by Reed et al. [29] may
not be reliable. This highlights the importance of
ensuring that sample handling procedures and
analytical methods do not lead to in vitro conver-
sion of CMS to colistin.

Li et al. conducted a study in which the phar-
macokinetics of CMS and formed colistin were
determined across a dosage interval at steady
state [22]. The study subjects were 12 patients (6
female; age 21.7 + 6.9 years (mean + SD); body
weight 56 + 9 kg) with cystic fibrosis, none of
whom had renal impairment. According to the
clinical protocol at the study site, patients weigh-
ing more than 50 kg received 2 million IU of
CMS (~66 mg CBA) whereas those less than
50 kg were administered 1 million IU (~33 mg
CBA) intravenously every 8 h, with each dose
infused over 15-60 min. Plasma concentrations
of CMS and formed colistin were quantified by
two previously validated HPLC assays [33, 34].
Thus, this study was the first to demonstrate the
in vivo conversion of CMS to colistin in humans
and report the time-course of both species in
plasma [22]. The total body clearance, volume of
distribution and half-life of CMS were
2.01 = 0.46 mL/min/kg, 340 + 95 mL/kg and
124 £ 52 min, respectively. Colistin had a signifi-
cantly longer mean half-life of 251 + 79 min; the

half-life of formed colistin was longer than that
of CMS in each of the 12 patients. Apparent
clearance of formed colistin was not reported in
this study. It was noted that the protocol-driven
dosage regimens employed resulted in plasma
colistin concentrations across a dosage interval
(maximum and minimum concentration ranges
of 1.2-3.1 mg/L and 0.14-1.3 mg/L, respec-
tively) that were low based upon emerging phar-
macodynamic data at the time [35]. On that basis
the authors suggested that dose-ranging studies
to examine higher daily doses should be consid-
ered [22]. The dosage regimens used in this study
(3—6 million IU per day, equivalent to ~100—
200 mg CBA per day) [22] would now be
regarded as low for patients without renal
impairment.

More recently, the pharmacokinetics of intra-
venously administered CMS and the colistin
formed from it were determined in cystic fibrosis
patients as part of a study by Yapa et al. [32] to
elucidate the pulmonary and systemic pharmaco-
kinetics of inhaled and intravenous CMS. One of
the study arms involved administration of a sin-
gle intravenous dose of CMS (150 mg CBA,
equivalent to ~4.5 million IU) infused over
45 min. The six study subjects were male patients
with cystic fibrosis (age range 20-35 years; body
weight 56-85 kg; creatinine clearance 103—
148 mL/min/1.73m?). The mean + SD values for
clearance, volume of distribution and terminal
half-life of the administered CMS were
5.96 +1.07 L/h, 16.9 +4.68 L and 2.66 + 0.60 h,
respectively. When clearance and volume of dis-
tribution are normalized for body weight they are
in good agreement with the values reported sev-
eral years earlier by Li et al. [22], and the CMS
half-life values reported from both studies are
also similar. Across the 6 subjects, the plasma
concentrations of formed colistin increased
slowly to maxima of 0.40-0.77 mg/L within ~5 h
after commencement of the CMS infusion. The
time of the maximum colistin concentration was
later than had been observed in healthy volun-
teers [18] and the previous study in patients with
cystic fibrosis [22]; this may be the result of
brand-to-brand variability in the complex com-
position of CMS products with impact on the rate
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of in vivo conversion to colistin, as has been
observed in rats [10]. In the study of Yapa et al.
[32], the post-maximal colistin concentrations
declined with a longer half-life than that of CMS
in each subject (mean = SD 7.34 + 1.41 h). Of the
intravenous dose of CMS, 40.0% + 18.7% was
recovered as CMS and colistin in urine collected
over 24 h, with approximately half of the recov-
ered CMS dose (19.5% = 8.79%) in the form of
colistin. Based on evidence from other studies [7,
18, 28], most of the colistin recovered in urine
would have been formed within the urinary tract.
An important finding of the study of Yapa et al.
was that negligible concentrations of colistin
were measured in sputum samples collected
across the 12 h sampling period [32]. While care
is needed in the interpretation of this finding from
a single-dose study, it may have implications for
the ability to achieve colistin concentrations in
lung fluids sufficiently high to elicit an adequate
antibacterial effect in the many hours after initia-
tion of therapy; any binding of colistin to mucin
[36] or other components within the lung must
also be considered. This study also investigated
the potential targeting advantage that may be
achieved by inhalational administration [32], and
this will be discussed below.

In summary, the two evaluable studies in
patients with cystic fibrosis [22, 32] revealed
pharmacokinetics of CMS and formed colistin
that were remarkably consistent with each other
and also with the overall disposition profile that
has been observed in healthy volunteers [18].
Notable features were: a total clearance of CMS
similar to creatinine clearance and dominated by
renal excretion of CMS with subsequent ongoing
formation of colistin within the urinary tract;
relatively slow and variable formation of colistin
from CMS; a terminal half-life of CMS of
approximately 2—-3 h while that of formed colis-
tin was 1.5-2.5 times longer. All of these studies
had relatively small numbers of subjects with
quite homogeneous demographic and clinical
presentations. Thus, while the studies provide
essential information on the overall disposition
profiles of CMS and formed colistin in healthy
volunteers and patients with cystic fibrosis, they
were not designed to explore the full spectrum of

patient characteristics (e.g. renal function) that
may influence the exposure to colistin from a
given dosage regimen of CMS.

Critically-Ill Patients Li et al. [37] were the
first to report plasma concentrations of CMS and
formed colistin in a critically-ill patient. The
patient had developed multiple organ failure and
was receiving continuous venovenous hemodi-
afiltration. The product information for CMS
provided no guidance on dosage selection for
such a patient and so the patient was adminis-
tered 2.5 mg CBA (~76,000 IU) per kg every
48 h; this regimen had been proposed in a review
on antibiotic dosing in patients receiving contin-
uous renal replacement therapy [38], although
there was no supporting data for the colistin regi-
men proposed. The case report of Li et al. [37]
demonstrated that both CMS and colistin were
cleared by the extracorporeal system and that
plasma concentrations of colistin were substan-
tially lower than 1 mg/L (the minimum inhibitory
concentration (MIC) of the infecting organism)
for ~85% of the 48-h dosage interval.
Unfortunately, the patient succumbed. This report
highlighted the urgent need for pharmacokinetic
information to guide dosage regimens of CMS in
various categories of critically-ill patients.

Subsequently, Makou et al. [39] reported
plasma concentrations of formed colistin (CMS
was not quantified) across a CMS dosage interval
in 14 critically-ill patients (1 female, age range
18-84 years; body weight 60-85 kg; creatinine
clearance 46200 mL/min) who were receiving 3
million IU of CMS (~100 mg CBA) every 8 h.
The half-life of formed colistin was 7.4 = 1.7 h
(mean = SD). The maximum plasma colistin con-
centration within the dose interval ranged from
1.15 to 5.14 mg/L (2.93 + 1.24 mg/L) and the
corresponding range for the minimum
concentration was 0.35-1.70 mg/L
(1.03 £ 0.44 mg/L); 8 of the 14 patients had mini-
mum plasma colistin concentrations less than
1 mg/L. A similar study was conducted by
Imberti et al. [40] in 13 critically-ill patients (3
female, age range 20-70 years; body weight
55-110 kg; creatinine clearance 96215 mL/min)
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who were receiving 2 million IU of CMS (~66 mg
CBA) every 8 h. Blood samples were collected
across a dosage interval at least 2 days after com-
mencement of the regimen, and plasma was ana-
lysed for colistin concentration. The terminal
half-life of colistin was 5.9 + 2.6 h (mean = SD)
and maximum and minimum plasma colistin
concentrations were 2.21 = 1.08 mg/L and
1.03 £+ 0.69 mg/L, respectively. The authors of
both reports expressed concern about the rela-
tively low plasma colistin concentrations
achieved in their patients, all of whom had creati-
nine clearance greater than ~50 mL/min [39, 40].
Because of the small sample sizes in these stud-
ies, it was not possible to identify patient factors
influencing exposure to colistin. A study of simi-
lar size (15 critically-ill patients) was reported by
Karnik et al. [41]. The investigators collected
blood samples after the first dose and across a
dosage interval on the fourth day of therapy with
CMS. The resultant plasma colistin concentra-
tion versus time profiles were highly unusual.
The profiles for the two doses were very similar
with little evidence of accumulation that has been
observed in other studies [15, 31, 42]. The
reported maximal plasma colistin concentrations
were as high as 22-23 mg/L and occurred at the
end of the 30 min infusion of CMS, while the
median half-life of colistin after the first (2.7 h,
range 1.1-4.6 h) and day 3-4 dose (3.3 h, 1.2—
5.4 h) [41] was very short in comparison with
other studies in critically-ill patients [15, 31, 39,
42]. It seems likely that these findings were the
result at least in part of ex vivo conversion of
CMS to colistin artificially elevating the mea-
sured plasma colistin concentrations at early time
points after administration of a dose.

An important report by Plachouras et al. [15]
identified a major problem that may arise if CMS
regimens are commenced without administration
of a loading dose. The study involved 18
critically-ill patients (6 female, age range 40-83
years; body weight 65-110 kg; creatinine clear-
ance 41-126 mL/min). The CMS regimens
(either 3 million IU (~100 mg CBA) or 2 million
IU (~66 mg CBA) every 8 h) for these patients
were commenced without administration of a
loading dose. The result was a very gradual

increase in plasma concentrations of formed
colistin over several hours after the initial dose.
Indeed, the population estimate of the terminal
half-life of formed colistin in the critically-ill
patients was ~14 h; thus, in the absence of a load-
ing dose steady-state plasma concentrations of
colistin would not be achieved before ~2 days of
therapy. This raised concern about the possible
negative impact on antibacterial effect in the
early hours and days after initiation of a regimen.
In a subsequent study from the same group [42],
the pharmacokinetics of CMS and formed colis-
tin were evaluated following administration of a
loading dose of 6 million IU (~200 mg CBA) in
10 critically-ill patients (4 female, age range
32-88 years; body weight 60-140 kg; creatinine
clearance 25-192 mL/min). As expected, the
plasma concentrations of formed colistin across
the first 8 h after this loading dose were higher
than those observed in the earlier study by this
group [15]. However, even with a loading dose of
6 million IU, only three of the ten patients had
achieved a plasma colistin concentration of
2 mg/L by 8 h. A later study by this group exam-
ined the administration of a CMS loading dose of
9 million IU (~300 mg CBA) in 19 critically-ill
patients (8 female, age range 18-86 years, body
weight 50-120 kg, creatinine clearance
29-220 mL/min) [43]. The average maximum
plasma concentration of formed colistin after the
loading dose was 2.65 mg/L, with a time to maxi-
mum concentration of 8 h. It should be noted,
however, that a wide variation was observed in
the maximum plasma colistin concentration
(0.95-5.1 mg/L) after the loading dose of CMS.
Based on these [15, 42, 43] and other [31, 44]
studies CMS regimens should commence with a
loading dose [13], but even when this is done there
is still a delay of several hours in achievement of
plasma concentrations of colistin greater than
2 mg/L. It is evident that the enormously complex
chemistry of CMS [Chap. 3, 1] has the potential to
lead to variation across brands and even across
batches in the composition of partially methane-
sulfonated derivatives of colistin. This in turn may
impact the rate of in vivo conversion of CMS to
colistin, as has been observed in rats administered
different brands of parenteral CMS [10]. The same
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situation may apply to CMS in patients, and indeed
may account for the wide inter-patient variability
in the plasma concentrations of formed colistin
observed both after a loading dose and at steady
state [31, 43-45]. The need for a loading dose in
critically-ill patients would be greatest under cir-
cumstances where the rate of in vivo conversion to
colistin is slow. Unfortunately, there is no a priori
mechanism for determining the likely rate of in
vivo conversion among different brands and
batches of parenteral CMS.

The three aforementioned studies reported by
the same group [15, 42, 43], involved collection
of plasma samples after the first dose and again
after the fourth to eighth dose administered every
8 h. The data from all three studies were pooled
and subjected to population pharmacokinetic
analysis [43]. The authors needed to invoke a dif-
ferent availability to account for the somewhat
higher concentrations of the A and B forms of
colistimethate and colistin measured in the third
study. Patients with creatinine clearance >80 mL/
min had a reduced ability to achieve maximum
plasma colistin concentrations above 2 mg/L at
steady state despite the administration of a main-
tenance dose of 9 million IU (300 mg CBA) per
day. Only 4 of 12 patients with creatinine clear-
ance >80 mL/min achieved maximum plasma
concentrations of 2 mg/L at steady state, and the
proportion of patients may have been even lower
if an average steady-state plasma concentration
(Cgsave) Of colistin of 2 mg/L had been consid-
ered. This confirmed an earlier report which first
indicated the difficulty of achieving such a colis-
tin concentration in patients with good renal
function [31].

Up until the end of 2016, the largest popula-
tion pharmacokinetic study of CMS and formed
colistin in critically-ill patients was that reported
by Garonzik et al. [31]. The study involved 105
patients (37 female, age range 19-92 years; body
weight 30-106 kg) with a wide range of renal
function. The report [31] presented an interim
analysis while the study proceeded to eventually
recruit 215 patients; the population pharmacoki-
netic analysis on the full cohort of patients was
reported in 2017 [46] and the results are dis-
cussed below.

Of the 105 patients in the interim population
pharmacokinetic analysis [31], 89 were not
receiving renal replacement therapy (creatinine
clearance range 3-169 mL/min/1.73 m?) while
16 patients were recipients of such support (12
patients receiving intermittent hemodialysis and
4 continuous renal replacement therapy [3 con-
tinuous veno-venous hemodialysis, 1 continuous
veno-venous hemofiltration]). The CMS dosage
regimen for each patient was at the discretion of
the respective treating physician (range of main-
tenance doses 75-410 mg CBA per day, equiva-
lent to ~2.3 to 12.4 million IU per day). Blood
samples for quantification of plasma CMS and
colistin concentrations were collected across an
inter-dosing interval on the third or fourth day of
the CMS regimen. The plasma CMS and colistin
concentrations achieved varied greatly across the
patients (Fig. 15.2); there was an approximate
20-fold range in the C,, of the active antibacte-
rial colistin (0.48-9.38 mg/L). Preliminary anal-
ysis of the data suggested that, in addition to the
daily dose of CMS, renal function was an impor-
tant contributor to the wide range of plasma
colistin concentrations (Fig. 15.3). The data in
this figure also indicate that in patients with cre-
atinine clearance greater than ~80 mL/
min/1.73 m?, administration of a daily dose of
CMS at or in the vicinity of the upper limit of the
recommended dose range (300 mg CBA (~9 mil-
lion IU) per day) [8, 13, 47] was not able to reli-
ably generate a plasma colistin Cg,, of
2 mg/L. This concentration may be regarded as a
reasonable target, based upon: [47] translation of
current evidence from pharmacokinetic/pharma-
codynamic  studies of colistin  against
Pseudomonas aeruginosa and Acinetobacter
baumannii in the mouse thigh infection model;
[23] and, as discussed in more detail below, on
the basis of pharmacokinetic/toxicodynamic
analyses in patients which indicate that the risk of
nephrotoxicity substantially increases above a
plasma colistin Cg,y, of ~2-3 mg/L [48, 49].
Unfortunately, in patients with creatinine clear-
ance >80 mL/min it may not be possible to sim-
ply increase the daily dose of CMS to compensate
for the low conversion to colistin because of the
increased risk of nephrotoxicity, which is the
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major dose-limiting adverse effect [8, 50]. It
should be noted that studies in the mouse lung
infection model revealed that these infections
were more resilient than those in the mouse thigh;
[23] accordingly a plasma colistin Cg,, of
2 mg/L may be insufficient for such infections.
Thus, combination therapy should be carefully
considered in patients with relatively good renal
function, especially if the MIC for the infecting
organism is towards the upper end of the current
breakpoint range and/or the patient is being
treated for a respiratory tract infection [31, 47].
As discussed in Chap. 11, uncertainty still sur-
rounds the effectiveness of colistin combination
therapy compared with colistin monotherapy.

In the study by Garonzik et al. [31], the influ-
ence of renal function on the overall disposition
of CMS and formed colistin was demonstrated
via population pharmacokinetic analysis (struc-
tural model with two compartments for CMS and
one compartment for colistin). Creatinine clear-
ance was an important covariate on the total
clearance of both CMS and colistin. It is easy to
understand the dependence of total clearance of
CMS on creatinine clearance because in animals
[7] and humans [18] with good renal function,
the prodrug CMS is mainly cleared by renal
excretion; and only a relatively small fraction of
a dose is converted to colistin [7, 18]. As a result,
it is not unexpected that the total clearance of
CMS declines with creatinine clearance. Animal
studies involving direct administration of colistin
have revealed that it is cleared predominantly by
non-renal mechanisms, with only a very small
fraction of the administered dose recovered in
urine in unchanged form; [14] this is very similar
to the disposition of polymyxin B in animals [17]
and patients [16, 51]. Thus, it may seem surpris-
ing that renal function would influence the
plasma C,,, of formed colistin achieved from a
given daily dose of CMS. This relationship
occurs because of the relatively complex overall
disposition of CMS and formed colistin
(Fig. 15.4, left panel). As discussed above, in
subjects with good kidney function only a small
fraction of each dose of CMS is converted to
colistin. Because CMS is cleared predominantly
by renal excretion, as renal function declines a

progressively larger fraction of each dose of
CMS is converted to colistin. Thus, the apparent
clearance of colistin (i.e. the actual clearance
divided by the fraction of the CMS dose con-
verted to colistin in a given patient) declines with
reduction in kidney function [31]. Accordingly,
creatinine clearance was the patient factor incor-
porated into the algorithm developed by the
authors to calculate the CMS daily maintenance
dose needed to generate a desired target plasma
concentration of formed colistin in a patient not
receiving renal replacement therapy. It should be
noted, however, that at a given creatinine clear-
ance there was a very large degree of inter-patient
variability (up to ~tenfold) in the apparent clear-
ance of colistin and consequently in the CMS
dosage requirements to achieve a desired steady-
state plasma colistin concentration, reflected by
the data in Fig. 15.3. The variability probably
arises because of the complexity of the chemical
composition, and the inefficiency, of CMS as a
prodrug (i.e. substantially less than 100% conver-
sion in vivo). These factors impact the fractional
conversion to colistin at a given creatinine clear-
ance [1]. This is consistent with a study in rats
which demonstrated that the time-course of
plasma concentration of formed colistin varied
across four different brands of parenteral CMS
[10]. The inter-patient variability in the plasma
colistin concentration achieved at a given creati-
nine clearance and daily dose of CMS compli-
cates the use of CMS, particularly since colistin
has a low therapeutic index [1].

Of the 89 patients not on renal replacement in
the above-mentioned report [31], all but two had
been prescribed a CMS maintenance dose of
300 mg CBA (~9 million IU) per day or less, and
48% had a rise in serum creatinine of >50% from
baseline; this is in keeping with nephrotoxicity
rates of up to ~60% in other studies [50, 52-55].
In population pharmacokinetic/toxicodynamic
analyses based upon 153 patients not receiving
renal replacement at the start of CMS therapy
(from the full cohort of 215 patients mentioned
above), the time-course of changes in renal func-
tion after commencing CMS have been examined
throughout the entire course of treatment [49].
Possible relationships with a range of factors,
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Fig. 15.4 Overview of the pharmacokinetic pathways for
colistin methanesulfonate (CMS) and colistin (left panel)
and polymyxin B (right panel). The thickness of the
arrows indicates the relative magnitude of the respective
clearance pathways when kidney function is normal. CMS
includes fully and all partially methanesulfonated deriva-
tives of colistin. After administration of CMS, extensive

Conversion
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including pharmacokinetic exposure to CMS and
colistin have been sought. As a component of
these analyses, risk factors for a colistin-
associated decline in kidney function have been
identified. A creatinine clearance >80 mL/min
and a plasma colistin Cy, ., > 1.9-2.3 mg/L were
identified as independent risk factors; the pres-
ence of both factors was at least additive [49]. In
a study involving 102 patients receiving CMS,
the pre-dose plasma colistin concentration on day
3 of CMS therapy was a predictor of acute kidney
injury on day 7 and at end of treatment (the only
two time-points considered). When the plasma
colistin concentration on day 3 was evaluated as
a categorical variable, the breakpoints that better
predicted acute kidney injury were 3.33 mg/L on
day 7 and 2.42 mg/L at end of treatment [48]. The
end-of-treatment breakpoint of 2.42 mg/L was
subsequently validated in a small study [56].
Sixteen of the critically-ill patients in the
report of Garonzik et al. [31] were recipients of
renal support at the time of initiating the CMS
regimen (12 intermittent hemodialysis and 4 con-
tinuous renal replacement). The results from
these patients revealed the substantial impact of
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renal excretion of the prodrug occurs with some of the
excreted CMS converting to colistin within the urinary
tract. In addition to renal clearance of CMS and conver-
sion to colistin, one or more ‘other clearance’ pathways
must exist for the prodrug, although the mechanisms
involved are not known [1]. (Reproduced with permission
from Nation et al. [1])

these modalities on the plasma colistin concen-
tration achieved from a given daily dose of CMS
[31], in accord with other reports [37, 57-67].
The reason why renal replacement has such a
large impact is easily understood when one con-
siders that the rate of extracorporeal removal of a
drug (or prodrug) is equal to the product of the
intrinsic dialysis clearance (this is determined by
the physicochemical properties of the drug (or
prodrug) and the membrane) and the plasma con-
centration of the compound being delivered to
the extracorporeal circuit. Not surprisingly given
the similar molecular size of CMS and colistin,
the intrinsic dialysis clearances of the two are of
similar magnitude [37, 60, 63, 66]. However, the
plasma concentration of CMS is substantially
higher than that of colistin for a significant por-
tion of a dosage interval (Fig. 15.2). Thus, much
of the CMS/colistin that is removed by these
renal replacement modalities is in the form of the
prodrug, before it has had an opportunity to be
converted in vivo to the active form, colistin. An
additional reason for the impact of renal
replacement relates to the respective handling of
formed colistin in a functioning kidney versus
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that occurring in a renal replacement cartridge. In
the kidney, an extremely large fraction of colistin
filtered at glomeruli undergoes carrier-mediated
tubular reabsorption [14], whereas in an extracor-
poreal cartridge no such reabsorprtion mecha-
nism is in operation for colistin that diffuses into
dialysate. The clinical implication is that dosage
regimens for such patients must be carefully tai-
lored to the circumstances. By way of population
pharmacokinetic modeling, Garonzik et al. [31]
proposed daily doses of CMS to achieve a target
plasma colistin concentration in patients receiv-
ing intermittent hemodialysis. The dosage regi-
men algorithm included administration of a
supplemental dose of CMS at the completion of
dialysis to replace CMS and colistin lost during
the session. These authors also provided an algo-
rithm for the daily dose of CMS to achieve a
desired plasma colistin concentration in patients
receiving continuous renal replacement therapy
[31]. In contrast to the efficient extracorporeal
clearance of CMS and colistin via intermittent
hemodialysis and continuous renal replacement
[31], continuous ambulatory peritoneal dialysis
has been reported to contribute little to the overall
clearance of CMS and colistin; consequently it
has been suggested that daily doses of CMS
should not be increased to accommodate any
drug loss via this renal support modality [68].
Following on from the interim analysis and
dosage suggestions reported by Garonzik et al.
[31], the results of the population pharmacoki-
netic analysis on the complete cohort of patients
have been recently reported [46]. That analysis
included data from a total of 215 patients, 29 of
whom were receiving renal replacement therapy
on the pharmacokinetic study day. Briefly, the
characteristics for the 214 patients whose data
were fully evaluable were: age range 19-101
years; body weight 30—122 kg; Appache II score
4-43; creatinine clearance 0-236 mL/min; 29
were receiving renal replacement therapy (16
intermittent hemodialysis, 4 sustained low-
efficiency dialysis, 9 continuous renal replace-
ment therapy)). Protein binding was conducted
on plasma collected from 66 of the critically-ill
patients in the study by Garonzik et al. and Nation
et al. [31, 46]. The median and mean unbound

fraction in plasma was approximately 0.5. The
population pharmacokinetic analysis on the full
cohort [46] confirmed the finding from Garonzik
et al. [31] that the apparent clearance of formed
colistin was related to the renal function of the
patient. The impact of that relationship is shown
in Fig. 15.5 which portrays the daily dose of CBA
needed to achieve each 1 mg/L of plasma colistin
Cyave- The extensive inter-individual variability
that had been observed by Garonzik et al. [31] is
clearly evident in both panels of Fig. 15.5. The
relationship in the right-hand panel of Fig. 15.5
formed the basis of a renal function-based algo-
rithm to determine the daily dose needed to
achieve a desired plasma colistin C,,,. In devel-
oping the algorithm, the investigators needed to
minimize the proportion of patients who would
be likely to achieve plasma colistin concentra-
tions that may increase the risk of colistin-
associated nephrotoxicity [46]. Also reported
from the population pharmacokinetic analysis
were suggested daily doses for patients receiving
renal replacement therapy; those suggestions
included the need for any supplemental dosing
after intermittent forms of dialysis and the timing
of CMS dosing relative to the dialysis session
[46]. All of the daily dose suggestions updated
those that had been reported by Garonzik et al.
[31] The ability of the updated daily dose sugges-
tions to achieve a target plasma colistin
Cyave = 2 mg/L were evaluated for various creati-
nine clearance clusters, for patients not in receipt
of renal support. A plasma colistin Cg,y, of
2 mg/L. was chosen for the reasons discussed
above and also because the MIC of the infecting
pathogen may not be known at the time CMS
treatment is initiated. While it was possible to
achieve target attainment rates for a plasma colis-
tin Cg, 4, of >2 mg/L in 80-90% of patients with
creatinine clearance <80 mL/min, the attainment
rate was only ~40% in patients with higher cre-
atinine clearance. This highlighted the potential
importance of considering active combination
therapy, especially in patients with good renal
function. Target attainment rates for a plasma
colistin Cy, 4, of >2 mg/L with the proposed daily
dose suggestions for patients receiving renal sup-
port were 85—-89% [46].
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Fig. 15.5 Relationship between the dose of colistin base
activity (CBA) per day needed for each 1 mg/L of plasma
colistin Cy,, and creatinine clearance. Panels A and B

In summary, the study by Garonzik et al. [31]
and Nation et al. [46] lead to the proposing of the
first scientifically-based dosage regimens for var-
ious categories of critically-ill patients. The
authors reported an algorithm for determination
of a loading dose of CMS, based upon body
weight being a covariate on the volume of the
central compartment of CMS. Others have ques-
tioned whether it may be more appropriate to use
a non-weight based loading dose [69]. Following
on from the work of Garonzik et al. [31], Nation
et al. [46] proposed daily maintenance doses of
CMS for patients receiving or not receiving renal
support.

Results from the final population pharmacoki-
netic analysis on the data from 162 patients not in
receipt of renal replacement therapy have been
used to evaluate the recently updated daily dose
guidelines approved by the European Medicines
Agency (EMA) [13] and the US Food and Drug
Administration (FDA) [70], as reported [47]. The
EMA-approved daily doses had greatly superior
attainment rates for plasma colistin Cy e > 0.5,
>1, >2 and > 4 mg/L than did the dose sugges-
tions approved by the FDA [47]. The EMA-
approved dosing suggestions had been informed
by a thorough review of recent pharmacological
data [19], especially key studies discussed above
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show the relationship in linear-linear and log-linear forms,
respectively. (Reproduced with permission from Nation
et al. [46])

[31, 42], while those approved by the FDA had
not.

Little is known about the pharmacokinetics of
CMS and colistin in pediatric patients. An inves-
tigation involving three patients aged 1.5 months
(this patient was also studied during two other
courses of CMS at 2.5 and 5.5 months of age),
5.5 years and 14 years (1 female; body weight
range 6.2-40 kg) has been reported [71]. The
CMS dosage regimens across the five courses
were 0.06, 0.13, 0.2, 0.2 and 0.225 million IU/kg/
day, corresponding to ~2.0, 4.3, 6.6, 6.6 and
7.4 mg/kg/day of CBA. The daily dose was
divided and administered as 20-min infusions at
8 h intervals. After administration of at least 4
doses, blood samples were collected immediately
before and 30 min after the end of a CMS infu-
sion; cerebrospinal fluid samples were collected
concomitantly (results discussed in the following
paragraph). The authors noted that despite the
CMS daily doses being in the range of those cur-
rently recommended and even higher, the serum
colistin concentrations were greater than 2 mg/L
in only the 14-year old patient (mean pre-dose
and post-dose concentrations in this patient of
2.29 and 2.20 mg/L). Consequently, a key
observation from this study was that CMS daily
doses higher than previously recommended may
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be needed for pediatric patients to treat blood-
stream infections caused by Gram-negative bac-
teria, especially if the causative organism exhibits
borderline susceptibility to colistin [71]. The
observation of the likely need for higher than tra-
ditionally used body-weight-based doses of CMS
in neonates and in children is supported by results
of other studies [72, 73]. Unfortunately, plasma
colistin concentrations reported from another
study as occurring in seven pediatric patients [74]
were almost certainly spuriously high measure-
ments due to ongoing conversion of CMS to
colistin after samples were collected [75, 76].
Clearly, substantially more reliable information
on the pharmacokinetics of colistin in pediatric
patients is required to guide therapy.

There are very sparse data on the distribution
of colistin into extravascular sites where infec-
tion may exist. The available data suggest that
following intravenous administration of CMS,
the concentrations of colistin in cerebrospinal
fluid (CSF) [71, 77, 78] are only ~5% of concur-
rent plasma concentrations; very limited data
from the study in pediatric patients discussed
above suggest increased penetration in the pres-
ence of meningitis [71]. Similarly, the available
data indicate that following intravenous adminis-
tration of CMS, only relatively low concentra-
tions of colistin are achieved in sputum of patients
with cystic fibrosis [32] and in bronchoalveolar
lavage (BAL) fluid from critically-ill patients
[40, 79]. Care is required when interpreting the
BAL concentrations from one of the latter studies
[40] because the limit of quantification of the
assay (0.05 mg/L) was for the analysed matrix
(BAL) and there was ~100-fold dilution of the
epithelial lining fluid (ELF) in performing the
lavage procedure. Microdialysis studies in pigs
have revealed ELF concentrations of colistin sub-
stantially lower than concomitant unbound con-
centrations in plasma [80]. Binding of colistin to
mucin (and/or other components) in the airways
must be considered as this may serve to decrease
antibacterial activity [36]. As noted above, mouse
lung infections were shown to be substantially
more difficult to treat with colistin administered
systemically than were thigh infections in the
same species [23]. Thus, direct administration to

these sites may be advantageous.
Pharmacokinetics following intrathecal/intraven-
tricular and inhalation administration of CMS are
discussed below.

Burn Patients Severely burned patients are very
vulnerable to nosocomial infections with Gram-
negative bacteria. Because burn injury can lead to
many changes in physiological status, including
blood flows, fluid distribution and glomerular fil-
tration rate [81], it is important to understand the
impact of such changes on the disposition of anti-
biotics. Lee et al. conducted a population phar-
macokinetic study in 50 patients who had burns
to 4-85% (mean = SD; 50.5 + 21.8%) of total
body surface area [82]. The patients (11 female;
age range 2680 years; body weight 50-98 kg;
creatinine clearance 23-309 mL/min, with 17
patients receiving continuous renal replacement
therapy of unspecified type; 18 patients with
edema) were administered 150 mg of CBA (~4.5
million IU) infused over 30 min every 12 h.
Blood samples were collected before and across
the 8 h following a CMS infusion, at least 3 days
after the first dose of CMS. The plasma concen-
tration versus time data for colistin (CMS was
not quantified) were subjected to population
pharmacokinetic analysis. The structural model
involved one compartment for colistin; in the
absence of plasma concentrations for the pro-
drug, a single compartment was assumed for
CMS. The terminal half-life of colistin for the
typical burn patient was 6.6 h, which is somewhat
shorter than that observed in critically-ill patients
[15, 31]. The identified covariates in the final
model for burn patients were the presence of
edema and, as in the study by Garonzik et al. in
critically-ill patients [31], creatinine clearance. It
was estimated that the fractional conversion of
CMS to colistin in an anephric burn patient was
approximately five times greater than in a patient
with a creatinine clearance of ~120 mL/min, con-
sistent with expectations (Fig. 15.4, left panel).
The final population pharmacokinetic model was
used in simulations for 1000 virtual burn patients
to estimate steady-state values for the area under
the plasma colistin concentration-time curve
across a day at steady state for a dosage regimen
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of 150 mg CBA as a 30-min infusion every 12 h.
Based upon the results of the simulation pre-
sented graphically in Figure 5 of the paper [82],
this dosage regimen would achieve a plasma
colistin C,, in a typical burn patient with a cre-
atinine clearance <70 mL/min of ~1.5 mg/L and
only ~1 mg/L in a patient with a creatinine clear-
ance of >70 mL/min. The authors suggested that
these relatively low concentrations may prompt
the need to consider escalating doses above the
currently approved dose that was used in this
study. That patients with burns may require
higher doses of CMS was supported by a recent
brief report describing data from eight patients
(median (IQR) age, weight, body mass index and
serum creatinine concentration were 62 years
(49-69 years), 69 kg (65-75 kg), 23.5 kg/m?
(21.8-26.4 kg/m* and 0.75 mg/dL (0.68—
1.36 mg/dL)) [83]. The patients received a
median CMS dose of 2.25 million U (2.00-3.00
million IU) (median ~74 mg CBA (IQR ~66—
100 mg CBA)) every 12 h, but the plasma colistin
concentrations were below the limit of quantifi-
cation of the assay (~0.1-0.2 mg/L). The possible
need for high doses in burn patients was exempli-
fied in a case report describing a patient with
burns who required a daily dose substantially
higher than the currently approved dose range
[84]. It is to be expected that renal function would
be an important determinant of CMS dose
requirements and that patients with augmented
renal function in particular would be candidates
for high doses. Data from two burn patients dur-
ing continuous venovenous hemofiltration sug-
gested efficient extracorporeal clearance of
colistin [85], similar to findings in critically-ill
patients as discussed above. However, it appears
that CMS, rather than colistin (sulfate), was used
to establish the calibration curve for colistin in
this study.

Future investigations in burn patients should
aim to provide additional information, including
relationships of bacteriological and clinical out-
comes and of nephrotoxicity with plasma colistin
concentrations.

15.1.2 Direct Administration
to the Lungs and Central
Nervous System

One of the most common reasons for administra-
tion of CMS/colistin is the treatment of pulmo-
nary infections such as ventilator-associated
pneumonia in an intensive care setting. While the
need to treat Gram-negative infections within the
central nervous system (CNS) is less common,
the critical and sensitive nature of this site poses
special challenges. The common goal in treating
these infections is the delivery of adequate colis-
tin concentrations to the respective infection site,
without exposing that site or systemic regions
(e.g. kidneys) to concentrations likely to cause
toxicity. As noted above, it is evident from the
data available that intravenous administration of
CMS results in relatively low colistin concentra-
tions in CSF and pulmonary fluids. In contrast,
direct administration to these sites leads to a very
substantial targeting advantage, with signifi-
cantly higher concentrations of colistin in the
region to which CMS is delivered relative to the
colistin concentrations reaching the systemic
circulation.

A pulmonary targeting advantage has been
demonstrated in six cystic fibrosis patients where
relative sputum versus plasma exposures (area
under the respective colistin concentration — time
curve) were determined after intravenous and
nebulization administration of CMS on different
occasions [32]. The systemic availability of CMS
was low (<10%) following nebulization of 2 and
4 million IU (~66 mg and 130 mg of CBA,
respectively) and the plasma colistin concentra-
tions were below the limit of quantification of the
assay (0.125 mg/L). It was not possible in the
study to perform bronchoalvealoar lavage and it
remains to be determined whether the findings
for sputum are representative of those for ELF. In
this context, the relative concentrations of colis-
tin in ELF and serum have been determined after
inhalation of CMS (1 million IU (~33 mg CBA)
every 8 h) in 20 mechanically ventilated critically-
ill patients [86]. Median (25-75% interquartile
range) colistin concentrations in ELF were 6.7
(4.8-10.1) mg/L, 3.9 (2.5-6.0) mg/L and 2.0
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(1.0-3.8) mg/L at 1, 4 and 8 h post-nebulization,
respectively. These concentrations were ~five-
fold higher than those achieved concurrently in
serum. The relative concentrations in the two bio-
logical fluids were not determined after intrave-
nous administration and therefore it is not
possible from this study to determine the target-
ing advantage of inhalational delivery. A recent
study in adult critically-ill patients has demon-
strated the ability of nebulized CMS to achieve
concentrations of colistin in ELF much higher
than concomitant concentrations in plasma, and
substantially higher than the ELF colistin con-
centrations achieved with intravenous adminis-
tration of CMS [79]. Similarly, a brief report has
described six ventilated neonates (median gesta-
tional age 39 weeks (range, 32-39 weeks)) with
ventilator-associated pneumonia who received a
single dose of nebulized CMS (not clear if the
dose was 120,000 IU/kg or 120,000 IU) [87].
Tracheal aspirate concentrations of colistin were
very much higher than those in plasma. The
results from these studies in cystic fibrosis [32]
and critically-ill [79, 86-88] patients, and in a
large animal model [89], suggest that inhalational
delivery of CMS (perhaps together with intrave-
nous administration) may be advantageous for
the treatment of lung infections. This would be
expected to allow attainment of higher colistin
concentrations in lung fluid/tissue and at the
same time lower systemic exposure to spare the
kidneys. Recent clinical studies and systematic
reviews and meta analyses reported in Chap. 11
and elsewhere [90-96] are suggestive of a benefi-
cial effect of nebulized CMS either together with
intravenous CMS or alone (including non-
inferiority to intravenous CMS but with lower
incidence of nephrotoxicity). A recent report of a
relatively small retrospective clinical study sug-
gested lack of benefit of inhaled CMS added to
intravenous CMS versus intravenous CMS,
although the study may have been confounded by
a very high proportion of patients in both groups
who were co-administered at least one other anti-
biotic [97]. Larger well-controlled studies are
required.

Assuming no or negligible publication bias,
there is a growing body of evidence that intrathe-

cal or intraventricular administration of CMS
(often in combination with intravenous therapy)
is a generally safe and effective treatment for
CNS infections (ventriculitis/meningitis) caused
by Gram-negative bacteria [98—104]. From a rel-
atively low dose of CMS administered via these
routes, it is possible to achieve CSF colistin con-
centrations substantially higher than can be
achieved by intravenous administration of a very
much larger dose [71, 77, 78]. Interestingly, there
is little information on the plasma colistin con-
centrations achieved from the relatively low
doses of CMS administered by the intrathecal or
intraventricular routes, but it would be expected
that the systemic exposure would be low. It is not
surprising that colistin-associated nephrotoxicity
is an extremely rare occurrence with intrathecal
or intraventricular administration [98, 100].
Importantly, administration of CMS via these
routes gives rise to concentrations of colistin in
CSF that could never be safely achieved with
intravenous administration alone.

15.2 Polymyxin B

At the outset, it is important to recognize that
there has been only one report of a pharmacoki-
netic/pharmacodynamic study on systemically
administered polymyxin B (against Klebsiella
pneumoniae) in an animal infection model [105],
and there has not been a prospective pharmacoki-
netic/toxicodynamic study in patients to identify
the association between plasma polymyxin B
concentration and risk of nephrotoxicity.
However, recently Lakota et al. proposed a tenta-
tive plasma polymyxin B concentration range of
2-4 mg/L [106] based upon animal pharmacoki-
netic/pharmacodynamic data for colistin against
P. aeruginosa and A. baumannii [23] and poly-
myxin B against K. pneumoniae [105] to define
the lower end of the range, and a pharmacoki-
netic/toxicodynamic meta-analysis of retrospec-
tive nephrotoxicity data gleaned from the
literature to define the upper end of the range
[106].

Studies on the disposition of intravenously
administered polymyxin B in healthy humans
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with analysis of concentrations in plasma by
chromatographic methods have not been per-
formed. There is also a lack of information on
pharmacokinetics of polymyxin B after adminis-
tration to patients via routes other than intrave-
nous (e.g.inhalation, intrathecal, intraventricular).
Thus, the focus of the review below will be the
pharmacokinetics of polymyxin B following
intravenous administration in patients, most of
whom were critically ill. The review will only
include studies in which investigators used chro-
matographic methods for the analysis of drug
concentration in biological fluids.

15.2.1 Intravenous Administration

The first reports on the disposition of polymyxin
B in the modern era were in 2008 [16, 107]. The
study by Kwa et al. [107] was conducted in nine
adult patients (one female; age range 16-70
years; body weight 46-80 kg), all of whom were
described as being among the general patient
population and having normal renal function;
patients with cystic fibrosis were excluded. The
dosage regimens were at the discretion of the
attending physicians and ranged from 0.75 to 2
million units (~75-200 mg of polymyxin B base)
per day; each dose was infused over 2—6 h. Sparse
blood sampling was performed (19 samples from
the 9 patients) and serum was analysed for the
concentration of one of the components (poly-
myxin Bl) of the material administered. The
resulting data were subjected to population phar-
macokinetic analysis (one-compartment struc-
tural model) that yielded a typical half-life and
clearance of 13.1 h and 2.2 L/h, respectively. The
latter value may have over-estimated the clear-
ance because only polymyxin Bl was
quantified.

Zavascki et al. [16] studied the pharmacoki-
netics of polymyxin B in eight critically-ill
patients (four female; age range 42-86 years;
body weight 50-80 kg; creatinine clearance <10
to 246 mL/min). The physician-selected dosage
regimens of polymyxin B ranged from 0.5 mg/kg
(~5000 units’kg) every 48 h to 1.25 mg/kg
(~12,500 units/kg) every 12 h. At the time, it was

the practice at the clinical site to use lower daily
doses in patients with poorer kidney function;
three patients with the lowest creatinine clear-
ances (<10, <10 and 26 mL/min) were dosed
every 48 h and the remainder were dosed every
12 h. Each dose was infused over 60 min, and
after at least 2 days of therapy seven blood sam-
ples were collected from each patient across a
dosage interval including samples at the end of
the 1-h infusion and at 0.5, 1 and 2 h thereafter.
The two patients with creatinine clearance
<10 mL/min were receiving intermittent hemodi-
alysis; they were studied on a non-dialysis day.
Importantly, for four patients it was possible to
quantitatively collect urine over the dosage inter-
val. The samples of plasma and urine were anal-
ysed for the concentration of polymyxin B with
the resultant data subjected to non-compartmental
pharmacokinetic analysis. Peak plasma concen-
tration at the end of the short-term infusion
ranged from 2.38 to 13.9 mg/L. There were sev-
eral key findings from the pharmacokinetic anal-
ysis. First, after the infusion ceased the plasma
polymyxin B concentrations declined in a multi-
exponential manner indicating that more than
one pharmacokinetic compartment was involved
in the disposition of polymyxin B. Second, not-
withstanding the diverse renal functions in the
patients, there was remarkably little inter-
individual variability in the total body clearance
(range, 0.27-0.81 mL/min/kg) and volume of
distribution (71-194 mL/kg) of polymyxin
B. Third, urinary recovery of unchanged drug
was extremely low, with each of the 4 patients for
whom data were available excreting <1% of the
administered dose in urine. The same very low
urinary recovery (<1%) has been observed in rats
for polymyxin B [17] and colistin [14], each after
administration of the respective sulfate salt.
Fourth, consideration of the relative magnitudes
of the calculated glomerular filtration clearance
of polymyxin B and the ultimate overall renal
clearance indicated that very extensive renal
tubular reabsorption must have been occurring in
the patients. Again, a similar conclusion was
reached for the renal handling of colistin in rats
[14]. Fifth, and arguably most important from a
clinical pharmacokinetic perspective, even
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though the renal clearance of polymyxin B varied
~12-fold among patients, consistent with the
wide range of creatinine clearance values, there
was very little variability (~threefold range) in
the total body clearance of polymyxin B. This
arose because renal clearance was only a very
small component (<1%) of the total body clear-
ance. The study by Zavascki et al. [16] was the
first to imply that dose adjustment based upon
renal function (as may be appropriate for CMS)
may not be required for polymyxin B, a proposi-
tion supported by the pharmacokinetic data from
a single case report 3 years later involving a
patient with renal insufficiency [108].
Subsequently, Sandri and coworkers reported
on a larger study on the pharmacokinetics of
polymyxin B in critically-ill patients [51]. That
study involved 24 patients, including 2 receiving
continuous venovenous hemodialysis (CVVHD)
for whom greater detail was reported separately
[109]. The 24 patients were typical of the inten-
sive care setting (11 female; age range 21-87
years; total body weight 41-250 kg; lean body
weight 29-99 kg; creatinine clearance in the 22
non-CVVHD patients 10-143 mL/min). One
patient was extremely obese (250 kg); the next
heaviest patient was 110 kg. The study design
was similar to that described in the earlier report
from the same group as discussed above [16]; in
the study of Sandri et al. eight blood samples
were collected across the dosage interval from
each patient, with even more intensive sampling

Fig. 15.6 Plasma
concentration — time
profiles of polymyxin B
in 24 critically-ill
patients. Concentrations
from the two patients
receiving continuous
venovenous
hemodialysis [109] are
shown by filled symbols
[51]. (Reproduced with
permission from Sandri
etal. [51])

Plasma concentration (mg/L)
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shortly after the end of the polymyxin B infusion
[51]. The plasma polymyxin B concentration —
time profiles resulting from the physician-
selected dosage regimens are shown in Fig. 15.6.
These data were well described in a population
pharmacokinetic analysis  (two-compartment
structural model). The concentration-time pro-
files from all patients (i.e. on and not on renal
replacement therapy) were successfully described
simultaneously with one set of population phar-
macokinetic parameter estimates because only a
small amount was removed by CVVHD (12.2%
and 5.62% for the two patients). The apparent
small effect of extracorporeal clearance on total
body clearance and hence dosage requirements
of polymyxin B contrasts with the situation for
CMS/colistin [31, 37,57, 59, 62]. This difference
may be explained by the fact that in the latter case
a substantial amount of the CMS/colistin removed
by the cartridge is in the form of the prodrug
which circulates in plasma at concentrations that
are generally higher than those of colistin across
the early stage of a dosage interval. Sandri et al.,
the authors of the population pharmacokinetic
study on polymyxin B, reported that the median
unbound fraction in plasma was 0.42 [51].
Urinary excretion data for polymyxin B were
available for 17 non-CVVHD patients. The
median percentage of the polymyxin B dose
excreted in urine was 4.04% (range 0.98—17.4%).
Thus, renal clearance was only a very small com-
ponent of the total body clearance. While renal

0.1



238

R.L.Nation and A. Forrest

clearance of polymyxin B is a minor elimination
pathway, it is important to understand the renal
handling mechanisms because of the very high
probability of a link with the propensity to cause
nephrotoxicity. Application of physiological con-
cepts to the polymyxin B renal clearance data
revealed extensive renal tubular reabsorption
[51], consistent with previous findings for poly-
myxin B in critically-ill patients [16].

In the study reported by Sandri and cowork-
ers, the population estimate of polymyxin B
clearance not adjusted for body weight was
1.87 L/h and that scaled by body weight was
0.0276 L/h/kg [51]. In view of the minor contri-
bution of renal clearance to total clearance, it was
not surprising that the population pharmacoki-
netic analysis did not identify creatinine clear-
ance as a covariate of the total body clearance of
polymyxin B (Fig. 15.7). The use of unscaled
(i.e. absolute) clearance (left panel of the figure)
resulted in the obese patient being an outlier. In
the population pharmacokinetic analysis, linear
scaling of polymyxin B clearance by total body
weight reduced the unexplained between subject
variability. Allometric scaling of polymyxin B
clearance by total body weight, and linear and
allometric scaling by lean body weight were also
considered, but they resulted in only marginal
improvement. To simplify application in the
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Fig. 15.7 Individual polymyxin B clearance estimates
versus creatinine clearance. Polymyxin B clearance was
either unscaled (L/h, left panel) or scaled by total body
weight (L/h/kg, right panel). Open circles represent
patients not receiving continuous venovenous hemodialy-

clinic, the results from the model with linear scal-
ing by total body weight were adopted. After lin-
ear scaling of clearance by total body weight, the
parameter estimates for the two patients receiv-
ing CVVHD, including the patient with 250-kg
total body weight, were within the range of esti-
mates from the other patients (Fig. 15.7, right
panel). It is evident that neither the unscaled nor
the scaled polymyxin B clearance values were
related to creatinine clearance. Notwithstanding
the very wide range of total body weights and
creatinine clearance values there was only
approximately threefold variation in the total
body weight scaled clearance values of poly-
myxin B (Fig. 15.7, right panel). Accordingly, the
population pharmacokinetic model yielded a
between subject variability in clearance (coeffi-
cient of variation 32.4%) that was remarkably
low in this diverse group of critically-ill patients
[51]. The authors went on to perform Monte
Carlo simulations for a number of clinically rel-
evant dosage regimens scaled by total body
weight.

In 2017, Thamlikitkul et al. reported pharma-
cokinetic data on polymyxin B in 19 patients
(creatinine clearance range 15-110 mL/min)
[110]. At least 48 h after initiating polymyxin B,
four blood samples were collected across a dos-
age interval.  The  resulting  plasma
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sis (CVVHD), the filled diamond represents the CVVHD
patient who weighed 250 kg, and the filled triangle the
lean CVVHD patient [51]. (Reproduced with permission
from Sandri et al. [51])
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concentration-time data were subjected to two
forms of analysis: a standard two-stage approach
which involved a one-compartment model being
used to describe the data; and a maximum a pos-
teriori Bayesian approach (which used the results
of Sandri et al. [51] as Bayes priors) resulting in
a two-compartment model providing the best fit
to the data. The primary subsequent analysis
involved comparison of the dose-normalized
plasma exposure to polymyxin B in 5 patients
with creatinine clearance >80 mL/min with that
of the 14 patients with creatinine clearance
<80 mL/min; there was no difference in exposure
(P > 0.4) [110], consistent with results reported
previously [16, 51, 108].

In a paper published in 2018 Manchandani
et al. reported a population pharmacokinetic
study in 35 patients (12 female; age range 25—-89
years; body weight 36—112 kg; creatinine clear-
ance 15-175 mL/min) [111]. Each polymyxin B
dose was infused over 1-3 h, and four blood sam-
ples were collected over one dosage interval at
steady state (prior to the dose, at 1-2h and §-12h
after the end of the infusion, and prior to the next
dose). Population pharmacokinetic analysis was
conducted and a one-compartment model was
chosen as the best-fit model. The population esti-
mate of polymyxin B clearance was 2.5 L/h, a
value similar to those reported from earlier stud-
ies [16, 51, 107, 110], and the inter-patient vari-
ability was similar to that reported by Sandri
et al. [51]. In the study reported by Manchandani
and coworkers, aside from one patient who pre-
sented as an outlier, the polymyxin B clearance
estimates for the remaining 34 patients were
within an approximate four to fivefold range
across the creatinine clearance spectrum repre-
sented in this patient population. While creati-
nine clearance was found to be a statistically
significant covariate of polymyxin B clearance,
the magnitude was regarded as clinically insig-
nificant [111]. Volume of distribution of poly-
myxin B was poorly predicted by actual body
weight, but given the small number of samples
collected from each patient, the timing of the
samples and the resultant application of a one-
compartment model it is possible that the volume
estimates were subject to bias.

Kubin et al. [112] and Miglis et al. [113] pub-
lished companion papers in 2018 reporting the
population pharmacokinetics of polymyxin B in
patients, other than those with cystic fibrosis.
Both studies involved sparse blood sample col-
lection (samples collected primarily for therapeu-
tic drug monitoring (TDM)) with an average of
three blood samples per patient. The study by
Kubin and coworkers included 43 patients while
that of Miglis et al. included data for 52 patients,
but 43 of those patients were from the study of
Kubin et al. (i.e. 83% of the patients reported in
the second study were also included in the first
study). Interestingly, even though the data from
the 43 patients in the study of Kubin et al. were
used to develop the base model described in
Miglis et al., the former study found that a one-
compartment model satisfactorily described the
data while a two-compartment model proved
superior in the study by Miglis et al. [112, 113].
A finding in common across both reports was that
actual body weight was not a covariate of poly-
myxin B clearance; the commonality of findings
is not surprising given the very large degree of
overlap in the patient populations across the two
studies. The mean population estimates of poly-
myxin B clearance reported by Kubin et al.
(2.37 L/h) and Miglis et al. (2.63 L/h) were simi-
lar to those reported previously [51, 110, 111].
However, it was noticeable that the inter-patient
variability in polymyxin B clearance was sub-
stantially greater than in the earlier studies; even
after disregarding an outlier, the report by Miglis
et al. suggests there was >tenfold inter-patient
variability in the clearance of polymyxin B [113].
It is possible that this difference across studies
arose because of the sparse sampling used by
Miglis et al.; the resultant inability to accurately
define area under the plasma concentration-time
curve very likely resulted in biased estimates of
clearance [112]. The sparse blood sampling
approach was also used by the same group to
undertake a pilot pharmacokinetic study in nine
adult patients with cystic fibrosis [114]. In that
study, patients had a median of two blood sam-
ples collected during polymyxin B therapy for
the purpose of TDM. The authors commented
that while the pharmacokinetic parameters in the
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estimates versus
creatinine clearance;
data pooled from four
reports. (The figure was
prepared using data from
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patients with cystic fibrosis were similar to those
without this condition, substantial care is required
in regard to interpreting this and other findings
because of the small number of patients and the
sparse blood sampling [114].

It is instructive to consider the relationship
between polymyxin B clearance and creatinine
clearance using data pooled from studies
reviewed above (Fig. 15.8) [16, 51, 108, 109]. It
is evident from these studies and more recent
investigations [110, 111, 113] that polymyxin B
total body clearance is not influenced by renal
function to a clinically important extent. It is also
evident from Fig. 15.8 that polymyxin B clear-
ance is subject to a remarkably low degree of
inter-individual variability across the wide range
of creatinine clearance values examined. These
two characteristics contrast sharply with those
for the apparent clearance of formed colistin after
administration of CMS, as discussed above. The
clinically insignificant effect of kidney function
on the total clearance of polymyxin B is behav-
iour expected of a drug that is excreted in urine to
only a minor extent; see Fig. 15.4 (right panel)
for a diagrammatic representation of the overall
disposition of polymyxin B. Therefore, based on
currently available data, in contrast to informa-
tion provided in package inserts for polymyxin
B, daily doses should not be based on renal func-
tion. A reduction in daily dose in a renally-
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impaired patient will potentially have negative
impact on microbiological and clinical responses
[51, 108, 115].

15.3 Commentary
and Conclusions

From the foregoing, it is clear that while very sig-
nificant progress has been made in understanding
key features of the clinical pharmacology of
colistin and polymyxin B, there is still much to be
learned. Large clinical population pharmacoki-
netic, pharmacodynamic and toxicodynamic
studies have been performed on colistin, but there
are much sparser data for polymyxin B and large-
scale studies are urgently needed. There is a
dearth of pharmacokinetic information for both
polymyxins in important groups, including obese
patients, those with burns, and neonates and chil-
dren. There is also need to delineate the role of
inhaled polymyxin in treatment of pneumonia,
and of when and how to implement polymyxin
combination regimens [12].

Even at this stage, it is very evident that while
both clinically used polymyxins share similar
characteristics in some areas (e.g. similar in vitro
antibacterial activity against important species of
Gram-negative bacteria (Chap. 3) [2, 3], propen-
sity to cause damage to renal tubular cells (Chap.
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18) [52, 116]), they differ substantially in some
important aspects of their clinical pharmacology.
The difference in in vivo behaviour arises because
colistin is administered as an inactive prodrug
(CMS) that is predominantly renally cleared
before significant conversion can occur, while
polymyxin B is administered directly as its sul-
fate salt (Fig. 15.4).

The potential clinical pharmacological conse-
quences of the different disposition profiles have
been discussed previously [1] and therefore they
will be presented only briefly here. Firstly, the
generally slow, incomplete and variable (due to
batch-to-batch variability in CMS) in vivo con-
version to colistin often impedes the ability to
achieve desired plasma concentrations of colistin
in the first several hours of therapy, even with a
loading dose [10, 31, 42, 43]. This may have a
negative impact on prognosis given the link
between delayed initiation of appropriate antibi-
otic therapy and patient outcome [117, 118]. As
noted earlier, the need for a loading dose would
be greater if administering a parenteral product
of CMS that is subject to very slow in vivo con-
version to colistin; unfortunately, the rate of con-
version of the product available in a given hospital
is generally not known by the clinicians caring
for a patient. Because polymyxin B is not admin-
istered as a prodrug it is possible to more rapidly
attain plasma concentrations that are likely to be
effective [51]. Second, in patients with creatinine
clearance greater than ~80 mL/min, the avid
renal clearance of CMS competes very success-
fully with the pathway for conversion to colistin
(Fig. 15.4), and therefore it is not possible to reli-
ably achieve plasma colistin concentrations of
>2 mg/L in such patients, even with daily doses
at the upper limit of the current prescribing infor-
mation (Fig. 15.3) [31, 43, 46, 47]. This is not the
case with polymyxin B [16, 51]. Third, because
the apparent clearance of colistin is related to cre-
atinine clearance, the daily maintenance dose of
CMS may require adjustment based upon renal
function [31, 43, 46, 47]. Based upon current evi-
dence, this is not appropriate for polymyxin B
because its total body clearance is not dependent
on creatinine clearance to a clinically significant
degree [16, 51, 108, 110, 111]. Fourth, based

upon studies with intensive blood sampling
across a dosage interval to define the area under
the plasma concentration versus time curve, there
is substantially greater inter-individual variabil-
ity in the apparent clearance of colistin at a given
creatinine clearance (up to ~tenfold variability)
[31, 46] than there is in the clearance of poly-
myxin B across a very wide range of creatinine
clearance values (only ~threefold variability in
the clearance of polymyxin B) [51]. This point
together with that immediately above means that
it is substantially easier to predict a daily mainte-
nance dose to achieve a desired steady-state
plasma concentration for polymyxin B than it is
for colistin. Fifth, both colistin and polymyxin B
have low therapeutic indices and as such TDM is
likely to be beneficial [12]. Some laboratories are
already providing a TDM service to assist in opti-
mization of dosage regimens [37, 84, 119, 120].
There is an even stronger case for TDM (and ide-
ally adaptive feedback control (AFC) [121]) with
CMS/colistin because of the very substantial
variability in the overall pharmacokinetic profile.
However, that variability will render difficult the
successful implementation of AFC for colistin. In
addition, TDM is inherently more difficult for
CMS/colistin, because of the critical need to
ensure that all sample collection, handling and
assay procedures do not lead to ongoing in vitro
conversion of CMS to colistin [30]. Thus, appli-
cation of TDM and AFC is expected to be more
straightforward for polymyxin B than for CMS/
colistin; indeed, early work towards the applica-
tion of AFC for polymyxin B has already occurred
[106]. Sixth, CMS/colistin and polymyxin B dif-
fer in the concentrations of the active antibacte-
rial that can be achieved in urine. This occurs
because CMS is extensively excreted into urine
and then it undergoes partial conversion to colis-
tin within the urinary tract as a result of instabil-
ity of CMS in an aqueous environment; [7, 18,
122] in contrast, polymyxin B undergoes mini-
mal excretion into urine [16, 51] (Fig. 15.4).
Thus, polymyxin B would appear to have
superior pharmacokinetic characteristics for
infections where it is important to rapidly and
reliably achieve and then maintain a desired con-
centration in plasma. Interestingly, a meta-analysis
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of five recent clinical studies [52, 53, 123-125]
which compared relative rates of nephrotoxicity
associated with CMS/colistin versus polymyxin B
revealed that the risk was lower for polymyxin B
[126], probably related to the administration of
colistin as a prodrug [127]. CMS may be the pre-
ferred polymyxin for the treatment of urinary tract
infections [1]. The relative safety and effective-
ness of CMS and polymyxin B delivered directly
to sites such as the lungs and CSF needs to be
evaluated. CMS may be less irritating to mem-
branes lining the lungs and to the meninges, and
there may be ongoing conversion to colistin from
the prodrug ‘trapped’ in these regions due to its
slow absorption into the systemic circulation and
eventual delivery to the kidneys. It would be
advantageous for clinicians in all parts of the
world to have access to parenteral products of
both CMS and polymyxin B, so that they can
choose between the two in particular circum-
stances [12]. Head-to-head comparisons of the
two polymyxins against various types of infec-
tions are needed, and such studies should evaluate
both efficacy and toxicity endpoints. A compila-
tion of high priority aspects requiring attention to
optimize the clinical use of the polymyxins has
been formulated [12]. It is hoped that progress on
addressing these areas will be made with good
speed. In the meantime, it is pleasing that interna-
tional consensus guidelines for the optimal use of
the polymyxins have been published [129]. The
information used to formulate the dosing regi-
mens of colistin and polymyxin B recommended
in those guidelines was from key studies reviewed
in the present chapter.
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