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Background. Although not much pharmacokinetic knowledge is available, polymyxin B is increasingly used
for treatment of infections caused by gram-negative bacteria that are resistant to all other antibiotics.

Methods. This study involved 8 patients who received intensive care after intravenous administration of a 60-
min infusion of polymyxin B at currently recommended doses. Blood and urine samples were collected, and
plasma protein binding of polymyxin B was determined. Concentrations of polymyxin B in plasma and urine
samples were measured by a specific high-performance liquid chromatographic method.

Results. Polymyxin B was well tolerated. The peak plasma concentrations at the end of the infusion varied
from 2.38 to 13.9 mg/L. For 4 patients from whom it was possible to collect urine samples over a dosing interval,
only 0.04%-0.86% of the dose was recovered in the urine in unchanged form. Plasma protein binding of polymyxin
B was higher in samples from patients (range, 78.5%-92.4%) than in plasma samples from healthy human subjects
(mean * standard deviation, 55.9% =% 4.7%). Unbound plasma concentrations of polymyxin B were in the vicinity
of or lower than the minimum inhibitory concentration of the pathogen.

Conclusion. To our knowledge, this is the first study to report plasma concentrations over time and urinary
recovery of polymyxin B in critically ill patients after intravenous administration. Polymyxin B is eliminated mainly
by nonrenal pathways, and the total body clearance appears to be relatively insensitive to renal function. Additional
investigations are required to assess the appropriateness of currently recommended doses of this drug for the

treatment of severe infections in critically ill persons.

Since the 1990s, the increasing prevalence of infections
caused by multidrug-resistant Pseudomonas aeruginosa,
Acinetobacter baumannii, and Klebsiella pneumoniae has
presented a major clinical problem worldwide [1-3].
In many cases, these pathogens are resistant to all cur-
rently available antibiotics except polymyxins [4, 5].
Unfortunately, there is a mismatch between the above-
mentioned medical need and antimicrobial develop-
ment; no novel class of antibiotics is being developed
in the drug discovery and development pipeline for
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these multidrug-resistant, gram-negative pathogens [3].
Therefore, clinicians have been forced to use polymyx-
ins as the last line of defense [4-8].

Polymyxins were commercially released in the late
1950s [9]. Subsequently, the frequency of use of these
agents decreased because of concerns about their po-
tential toxicity (e.g., nephrotoxicity and neurotoxicity)
and the availability of less toxic antibiotics [4-8]. In-
terestingly, recent clinical reports have demonstrated
the tolerability, safety, and effectiveness of intravenously
administered polymyxins [10-13]. There are 2 poly-
myxins used clinically, polymyxin B and colistin (pol-
ymyxin E), which have similar antibacterial spectra and
rapid bactericidal activity [14-16]. Unlike colistin,
which is administered parenterally and by inhalation in
the form of its inactive prodrug (colistin methanesul-
fonate sodium) [4], polymyxin B is administered as its
sulfate salt (i.e., the microbiologically active entity) [5,

6]. Similar to colistin, polymyxin B is a multicompo-
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nent antibiotic; polymyxin B1 and B2 are the forms that pre-
dominate [6].

Because polymyxins became available clinically before the
advent of contemporary drug-development procedures, there
are substantial gaps in knowledge of their pharmacology [4].
Recent progress in elucidating the pharmacology of the poly-
myxins has focused mainly on colistin [13, 17-21]. One ex-
ception was a prospective observational pharmacokinetic study
of the polymyxin Bl component after administration of pol-
ymyxin B to a small sample of 9 adult patients who apparently
were not critically ill [22]. In the product information for pol-
ymyxin B [23], no data are available on plasma concentration
over time after intravenous administration [5]. Although the
level of resistance to polymyxin B is currently low [24], resis-
tance has been reported recently [25], possibly because of use
of suboptimal dosing regimens arising from insufficient un-
derstanding of the pharmacokinetics and pharmacodynamics
of the drug [26]. Therefore, the aim of the present study was
to address the urgent need to investigate the clinical pharma-
cokinetics of polymyxin B among critically ill patients.

PATIENTS, MATERIALS, AND METHODS

Patients and ethics. The study protocol was approved by the
Ethics Review Board of Pontificia Universidade Catélica do Rio
Grande do Sul and Hospital de Clinicas de Porto Alegre, Brazil,
and the Monash University Standing Committee on Ethics in
Research Involving Humans, Australia. Informed consent was
obtained from the legal representatives of patients before entry
in the study. Eight critically ill patients (4 male and 4 female
patients) who were receiving intensive care and had ventilator-
associated pneumonia caused by P. aeruginosa or A. baumannii
entered this study. Clinical and demographic data for the 8
patients are presented in table 1. Criteria for exclusion were
age <18 years; death within 72 h after the initiation of treatment;
known hypersensitivity and/or allergy to polymyxin B, colistin,
or other polymyxins; and no indication for treatment with
polymyxin B by the attending physician.

Each dose of polymyxin B sulfate (Polymyxin B for Injection,
Eurofarma; 500,000 U per vial; 1 mg contained ~10,000 U)
was given as a 50-mL infusion over a 60-min period; the size
of each dose and the dosing interval for each patient are shown
in table 1. The decision to treat with polymyxin B and the
dosing regimen for each patient were at the discretion of the
attending physician. Renal function was monitored by daily
determination of serum creatinine level; estimated creatinine
clearance was calculated with use of the Cockcroft-Gault equa-
tion. Neurotoxicity was not systematically assessed, unless there
was any clinical indicator of such toxicity. After at least 2 days
of therapy had elapsed, blood samples (~4 mL) for pharma-
cokinetic analysis were collected in 4-mL heparinized Vacuette
containers (Becton Dickinson) before the start of a 60-min

polymyxin B infusion and at 60, 90, 120, 180, 360, and 720
min after the start of the infusion. The samples were imme-
diately centrifuged for 10 min (4000 g) at 4°C, and plasma
samples were stored at —80°C until analysis. Quantitative urine
analyses were completed over the dosing intervals for patients
3 (day 3), 5 (day 5), 6 (day 3), and 8 (day 4).

Determination of polymyxin B concentrations in plasma
and urine samples. The concentrations of polymyxin B in
plasma and urine samples were measured by a sensitive high-
performance liquid chromatographic (HPLC) method that was
developed in our laboratory. In brief, proteins were precipitated
by mixing plasma or urine samples (100 L) with an equal
volume of acetonitrile (100 pL), and after centrifugation (at
10,000 g for 10 min), the supernatant was transferred to a solid-
phase extraction C, cartridge (Sep-Pak; Waters), in which fluo-
rescent derivatives were formed using 9-fluorenylmethyl chlo-
roformate (Sigma). Elution of the derivatives was followed by
reversed-phase HPLC with detection by fluorescence at 315 nm
after excitation at 260 nm. The Shimadzu HPLC system con-
sisted of an LC-10AS pump, an SIL-10ADvp auto injector, and
an RF-10AXL fluorescence detector connected to a data pro-
cessing system (Class-VP, version 6.14SP1). A 50 X 4.6 mm
(internal diameter) Onyx Monolithic C,; column coupled with
a4 X 3.0 mm C,; guard column was used (Phenomenex). The
mobile phase was acetonitrile-tetrahydrofuran-water (50:30:
20), and the run time was 7 min. The concentrations of pol-
ymyxin B were calculated on the basis of the sum of the chro-
matographic peak areas of polymyxin Bl and B2 in the HPLC
assay. The mean recovery percentages ( + SD) achieved for pol-
ymyxin B in plasma samples were 103% =+ 12.4% at 0.50 mg/
L and 104% = 6.0% at 4.00 mg/L; the corresponding values
for urine samples were 89.7% =+ 15.9% and 93.8% = 9.0%. The
limit of quantification was 0.10 mg/L. Analysis of independently
prepared quality-control plasma (0.30, 3.00, and 15.0 mg/L)
and urine (0.20 and 2.0 mg/L) samples indicated good accuracy
(quality-control plasma and urine samples were within 9.3%
and 10.0% of the actual concentrations, respectively) and re-
producibility (coefficients of variation of 6.8% and 9.0%,
respectively).

Pharmacokinetic analysis. Because blood samples for
pharmacokinetic analysis were collected at least 2 days after the
initiation of therapy with polymyxin B, it was assumed that
the concentrations of polymyxin B in plasma were at a steady
state. The areas under the plasma concentration—versus-time
curves during a dosage interval for those patients for whom
the dosing interval was 12 h were calculated with use of the
linear trapezoidal rule (PK Functions for Microsoft Excel; De-
partment of Pharmacokinetics and Drug Metabolism, Aller-
gan). Total body clearance was determined as the dose divided
by the area under the curve. Urinary recovery of polymyxin B
was calculated as the amount of unchanged drug recovered in
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urine samples during the dosing interval divided by the dose;
this information, together with total body clearance, allowed
determination of renal clearance.

Binding of polymyxin B in human plasma. The binding
of polymyxin B in plasma in vitro was measured by equilibrium
dialysis. A Perspex dialysis cell unit contained 2 reservoirs (vol-
ume in each, 1 mL) separated by a semipermeable membrane
(Spectra/Por-2; Spectrum Laboratories). Pooled plasma sam-
ples (volume, 1 mL) from each patient (except patient 6 because
of insufficient sample volume) were dialyzed against the same
volume of isotonic phosphate buffer (0.067 mol/L; pH, 7.4) at
37°C. The binding of polymyxin B was also determined in
pooled human plasma samples from the Australian Red Cross;
polymyxin B (sulfate) was added to these plasma samples to
achieve a concentration of 8 mg/L. Samples of plasma and
buffer were removed from each equilibrium dialysis reservoir
after 12 h (shown in preliminary studies to be the time required
for equilibration) and were stored at —80°C until they were
analyzed as described above. The extent of protein binding was
calculated as 1 minus the ratio of polymyxin B concentration
in buffer to that in plasma and was expressed as a percentage.

RESULTS

No adverse events were reported during the study. Data on the
renal function of the patients are presented in table 1. The
plasma concentrations of polymyxin B over time for all patients
are shown in figure 1. The peak plasma concentrations at the
end of the 60-min infusion ranged from 2.38 to 13.9 mg/L.
The concentrations of polymyxin Bl were ~4-fold higher than
the concentrations of polymyxin B2 (data not shown). The
pharmacokinetic parameters of polymyxin B are summarized
in table 2. There was relatively little interindividual variability
in total body clearance (range, 0.27-0.81 mL/min/kg) and vol-
ume of distribution (range, 71-194 mL/kg). Urinary recovery
was extremely low, with each of the 4 patients for whom data
were available excreting <1% of the administered dose in urine

100

as unchanged (i.e., unmetabolized) polymyxin B (table 2). Con-
sequently, the renal clearance of polymyxin B was very low
(range, 0.00032-0.0039 mL/min/kg). In pooled plasma samples
from 3 healthy human subjects (from the Australian Red
Cross), the mean binding percentage (+SD) of polymyxin B
was 55.9% = 4.7%; the mean polymyxin B concentration
(£SD) in plasma samples at the end of dialysis was 3.80 =
0.27 mg/L. Binding of polymyxin B in the pooled plasma sam-
ples from the patients for whom pharmacokinetics were de-
termined is shown in table 2; the mean polymyxin B concen-
tration (£SD) in plasma samples at the end of dialysis had a
range of 1.29-4.57 mg/L.

DISCUSSION

To our knowledge, this is the first study involving critically ill
patients to report the plasma concentrations of polymyxin B
(i.e., polymyxin B1 and polymyxin B2) that were achieved with
currently used dosing regimens, as well as the corresponding
key pharmacokinetic parameters, including total body clear-
ance, urinary recovery, and the extent of plasma protein bind-
ing. An understanding of all 3 of these pharmacokinetic pa-
rameters is essential if we are to optimize the dosing regimen
of polymyxin B on the basis of well-established pharmacoki-
netic and pharmacodynamic principles [27].

A recent study reported the pharmacokinetics of polymyxin
Bl in the general patient population [22]. The study comprised
9 patients and involved collection of random blood samples
(1-3 samples per patient were collected 3—22.5 h after receipt
of polymyxin B). Because only serum concentrations of pol-
ymyxin Bl were measured, as noted by the authors [22], the
concentrations of polymyxin B were underestimated.

We observed that concentrations of polymyxin B1 in plasma
exceeded those of polymyxin B2 by ~4-fold, which is very
similar to the relative proportion of these 2 components in the
polymyxin B administered to the patients (data not shown).
Thus, it is apparent that there are no major differences in key

-
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Plasma concentration of
polymyxin B (mg/L)
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Figure 1. Concentrations of polymyxin B in plasma over time in 8 patients
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Table 2. Pharmacokinetic parameters of polymyxin B in critically ill patients.

Total body Volume of
AUC,_,,, clearance, Urinary distribution,  Plasma protein

Patient mg X h/L  ml/min/kg recovery, % ml/kg binding, %
1 NC 78.5

2 51.4 0.40 130 90.3

B 36.5 0.46 0.86 113 86.2

4 61.7 0.27 71 92.4

5 20.6 0.81 0.04 181 86.3

6 NC 0.06

7 NC 87.5

8 28.7 0.58 0.62 194 80.6

NOTE. AUC, area under the curve; NC, not calculated because samples were collected
during only the first 12 h of the 48-h dosing interval.

pharmacokinetic parameters, such as total body clearance, be-
tween these 2 major components of polymyxin B. The plasma
concentrations of polymyxin B shown in figure 1 should be
considered in relation to the MICs of the pathogens (0.5-2 mg/
L) (table 1). Although the total (i.e., bound plus unbound)
plasma concentration of polymyxin B at the end of the 60-min
infusion exceeded these MICs, it is important to also consider
the extent of plasma protein binding. Because polymyxin B in
the plasma of these patients was relatively highly bound (bind-
ing percentage, 78.5%-92.4%) (table 2), the unbound plasma
concentrations were only a small proportion (7.6%—-21.5%) of
the total plasma concentrations shown in figure 1. Therefore,
the maximal unbound plasma concentrations of polymyxin B
were only in the vicinity of or lower than the MICs and the
breakpoint (2 mg/L) against P. aeruginosa and Acinetobacter
species [28]. It is likely that the suboptimal exposure to pol-
ymyxin B led to the poor clinical outcomes observed in this
group of patients (A.P.Z,, J.L, R.L.N,, S.V.S,, ALB,, LL., ER,
M.M.B,, and L.Z.G., unpublished data). Clearly, systematic clin-
ical pharmacokinetic and pharmacodynamic studies are ur-
gently required to optimize clinical use of polymyxin B (used
alone or in combination), to maximize antibacterial activity
and minimize the potential for development of resistance.

It is interesting to note that the percentage of protein binding
in plasma samples from critically ill patients (range, 78.5%—
92.4%) was substantially higher than that observed in plasma
samples from healthy human subjects (mean * SD, 55.9% =
4.7%). The plasma concentration of «;-acid glycoprotein, an
acute-phase reactant that is important for the binding of many
basic drugs [29], is higher in critically ill patients [30] and in
patients with sepsis [31], and this may explain the higher pro-
tein binding percentage observed in the patients. However, the
protein(s) involved in the plasma binding of polymyxin B is
currently unknown, and this is being investigated in our
laboratory.

Although no clinical experimental data could be retrieved
from the literature, a review in the 1970s [32] indicated that,
within the first 12 h after injection of polymyxin B sulfate, the
amount of drug recovered in urine was very low; thereafter,
excretion increased, and with continued administration, ~60%
of the dose was recovered in urine. It is not clear exactly how
this percentage of urinary recovery was calculated and how it
took account of the continued administration. In addition, it
should be noted that nonspecific microbiological assays were
used in those studies [32], which were conducted almost 50
years ago; such assays are problematic, especially when poly-
myxin B is coadministered with antibiotic(s) that is active
against the test strain. In contrast, a specific HPLC assay was
used in the present study. Less than 1% of the dose was re-
covered in unchanged form in the urine samples collected dur-
ing a dosing interval at least 3 days after the first dose of
intravenous polymyxin B. The low urinary recovery of un-
changed polymyxin B occurred because the renal clearance was
very low (mean * SD, 0.0022 + 0.0018 mL/min/kg; n = 4) in
relation to total body clearance (table 2).

Although studies investigating urinary recovery of colistin in
humans (after administration of its sulfate salt) are not available
in the literature, in rats, the urinary recovery was <1% [18];
this value was similar to the one observed for polymyxin B in
humans in the present study. Interestingly, the urinary recovery
of colistin methanesulfonate sodium (a polyanion, nonactive
prodrug of colistin) can be >60% after intravenous adminis-
tration [13]; both colistin and polymyxin B are polycations,
which probably explains the difference in renal handling be-
tween polymyxin B and/or colistin and colistin methanesul-
fonate sodium [4]. Thus, it is evident that nonrenal elimination
is the predominant clearance pathway for both polymyxin B
and colistin. Although renal clearance is only a very small con-
tributor to the total body clearance of polymyxin B, it is im-
portant to recall that nephrotoxicity is arguably of the most

1302 « CID 2008:47 (15 November) ¢ Zavascki et al.

220z Ainr 90 uo Jasn (YONI) 18oued op [euotoeN oinysul AQ G868YH/86Z L/0L/LF/aI01E/pIo/wod dnoolwapede//:sdiy woly papeojumo(



concern of the potential adverse effects. Therefore, it is im-
portant to understand the mechanisms involved in the renal
handling of this drug. On the basis of knowledge of the glo-
merular filtration rate (creatinine clearance) and the renal clear-
ance and plasma unbound fraction of polymyxin B, it is possible
to determine whether net tubular secretion or reabsorption
occurred. The renal clearance of polymyxin B in the patients
was only 0.49%-2.33% of the anticipated clearance of poly-
myxin B by filtration at the glomerulus (calculated as the prod-
uct of the unbound fraction of polymyxin B in plasma and
creatinine clearance on the day of sample collection). Therefore,
there must be very extensive net reabsorption of polymyxin B
from tubular urine back into blood, which is a phenomenon
that has also been observed for colistin in rats [18]. Extensive
tubular reabsorption of polymyxin B (and colistin) may con-
centrate the drug inside tubular cells and, at least in part, ex-
plain the potential for nephrotoxicity.

The renal clearance of polymyxin B varied substantially (~12-
fold) among patients, which was consistent with the very wide
range of renal function in the patients in this study (range of
creatinine clearance in patients for whom total body clearance
and renal clearance of polymyxin B were determined, 20-240
mL/min). The total body clearance, however, was relatively sim-
ilar in these patients (~3-fold the range). This is explained by
our finding that the urinary recovery of polymyxin B was <1%
of the administered dose. Under these circumstances, the total
body clearance would be expected to be relatively insensitive
to variations in renal function. Recommendation of polymyxin
B dosing regimens for patients with various degrees of renal
impairment must await additional pharmacokinetic data ob-
tained from studies involving larger numbers of patients.

The limitations of this study need to be considered. As noted
above, the number of patients was small, and additional studies
involving critically ill patients are needed. In addition, clinical
and ethical considerations precluded the collection of more
blood samples during the dosing interval or extension of the
collection period beyond 12 h. Notwithstanding these limita-
tions, our study has yielded important new information on the
plasma concentrations of polymyxin B that were achieved in
critically ill patients who were receiving the currently used dos-
ing regimens [23], the relatively low importance of renal versus
nonrenal clearance and the resulting insensitivity of total body
clearance to renal function, and higher plasma protein binding
in critically ill patients.

In summary, our study indicates that the currently recom-
mended dosing regimens of intravenous polymyxin B may lead
to suboptimal antibiotic exposure against multidrug-resistant,
gram-negative bacteria. This highlights the urgency to further
investigate the clinical pharmacokinetics and pharmacodynam-

ics of polymyxin B to optimize the use of this last-line
antibiotic.
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