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Background: Owing to the emerging problem of MDR bacterig, interest in ‘old” antibiotics such as colistin has re-
emerged. However, research on the dosing of colistin in patients undergoing renal replacement therapy (RRT),
such as prolonged intermittent renal replacement therapy (PIRRT), is scarce.

Objectives: The aim of this study was to evaluate single- and multiple-dose pharmacokinetics of colistin and its
prodrug colistin methanesulfonate in ICU patients with acute kidney injury (AKI) undergoing PIRRT.

Methods: We performed a prospective clinical pharmacokinetic single- and multiple-dose study. Eight ICU
patients with AKI undergoing treatment with PIRRT and receiving intravenous colistin were studied on day 1 and
days 5-9 of treatment, depending on the timing of dialysis. Six million IU (MIU) of colistin methanesulfonate was
administered 8 h prior to the PIRRT session followed by 3 MIU every 8 h. The study was registered under clinical-
trails.gov (NCT02556190).

Results: PIRRT removed a considerable amount of colistin and colistin methanesulfonate with a median dialyser
plasma CL of 70.1 mL/min (IQR 36.6-96.2) for colistin and 69.3 mL/min (IQR 56.3-318.7) for colistin methanesul-
fonate. The median amount of colistin in the total collected dialysate was 154 mg (IQR 105-175), corresponding
to about 50% of the daily dose. Median colistin peak concentrations accumulated from 5.79 mg/L (IQR 4.14-
8.79) on day 1 to 9.49 mg/L (IQR 8.39-10.41) on days 5-9. Cmax Was significantly and inversely correlated with
body weight.

Conclusions: PIRRT eliminates about half of the daily administered colistin dose. Even a 6 MIU loading dose of
colistin methanesulfonate may not ensure immediate sufficient colistin plasma levels in all critically ill patients.
However, we measured significant colistin accumulation, suggesting that the dose of colistin methanesulfonate
should be adjusted according to body weight and RRT intensity.

Introduction

Colistin, a polymyxin antibiotic first introduced in the 1950s, was
almost abandoned for decades owing to its nephrotoxicity and
neurotoxicity. Its inactive prodrug, colistin methanesulfonate,
which is hydrolysed to colistin in vivo, is administered for intraven-
ous use. About 79 mg of colistin methanesulfonate or 1 million TU
(MIU) convert into 33 mg of colistin. Colistin and colistin methane-
sulfonate both share a low V (colistin=0.17L/kg and colistin

methanesulfonate = 0.19 L/kg). Whereas colistin methanesulfo-
nate is excreted mainly via the kidneys, colistin is eliminated by
extra-renal pathways in healthy humans.! However, a dose adap-
tation with regard to the patient’s kidney function or the usage of
renal replacement therapy (RRT) is necessary.” A molecular weight
of 1743 Da for colistin methanesulfonate and 1163 Da for colistin,
as well as a protein binding of 55%, allow dialysability of both
substances.’ As shown in in vitro experiments, colistin has
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concentration-dependent bactericidal activity and works best
when the bacterial MIC is exceeded many times over.*

Colistin is a valuable treatment option for critically ill patients in
infections with MDR Pseudomonas aeruginosa and Acinetobacter
spp.” However, drug dosing in critically ill patients with concomi-
tant RRT-dependent acute kidney injury (AKI) has not been fully
evaluated.® Additionally, drug development is usually focused on
lean patients and dose adjustments in possibly obese and volume-
overloaded ICU patients are currently underrepresented,’ while in-
sufficient dosing may be an important contributing factor to the
high mortality rate of septic patients with RRT-dependent AKIL®

Prolonged intermittent renal replacement therapy (PIRRT), also
known as extended dialysis, is one of the RRT modalities used in
critically ill patients. This cost-effective RRT modality is increasingly
used on medical ICUs.° Antibiotic dosing during PIRRT requires
adapted dosing strategies but pharmacokinetic data regarding
antibiotic dosing is scarce, especially with respect to the dosage of
colistin in critically ill patients with AKI during PIRRT.*®

The aim of our study is to investigate single- and multiple-dose
pharmacokinetics of colistin in critically ill patients with AKT under-
going PIRRT to further dosing recommendations.

Methods

Patients and study protocol

We enrolled eight adult anuric patients [two female and six male, median
age = 48years (IQR 35-63) and median BMI=20kg/m? (IQR 18-27);
Table 1] with an indication for colistin therapy during dialysis-dependent
AKI. Actual body weight (ABW) was assessed at ICU administration; ideal
body weight (IBW) and adjusted body weight (AjBW) were calculated using
the following equations: IBWpen = 50kg+ 2.3kg x [height (in) — 60],
IBWyuomen = 45.5kg + 2.3 kg x [height (in) — 60] and AjBW = IBW + 0.4 X
(ABW — IBW)."! Every patient received a loading dose of 6 MIU of colistin
methanesulfonate on day 1, followed by a dose of 3MIU every 8h. The
drug (Colistimethat-Natrium Infectopharm 1 MIU) was obtained from
Infectopharm Arzneimittel GmbH (Heppenheim, Germany). The choice of
the antibiotic drug treatment was based on clinical grounds and was at the
discretion of the treating physician.

The first dose of colistin methanesulfonate had been infused intraven-
ously over a period of 30 min, 8 h before RRT was started. PIRRT was per-
formed as haemodialysis in all patients using the GENIUS® batch dialysis
system (Fresenius Medical Care, Bad Homburg, Germany) with a polysul-
fone high-flux dialyser [F60S (surface areq, 1.3 m?), Fresenius Medical Care].
The technical details of the system are explained elsewhere.'? The pre-
scribed dialysis time was 8 h per session, blood and dialysis flow were set at
200 mL/min and the ultrafiltration rate was adjusted to the patient’s clinical
needs. Anticoagulation was performed either by heparin or citrate. Vascular
access was achieved by a double-lumen catheter inserted either into the in-
ternal jugular or the femoral vein.

Ethics

Written informed consent was obtained from each patient or the legal repre-
sentative of the patient. The study protocol was approved by the Hannover
Medical School Ethics Committee (project #6446) and was performed in ac-
cordance with the Declaration of Helsinki and German federal guidelines. The
study was registered under clinicaltrails.gov (NCT02556190).

Sampling and analysis

Blood samples were taken before the start of the infusion of the loading
dose and at the end of the infusion of the drug. The duration of the

Table 1. Patient characteristics of the study cohort, N =8

Age (years), median (IQR) 48 (35-63)
Female/male, n/n 2/6
Weight (kg), median (IQR) 63 (55-80)
BMI (kg/m?), median (IQR) 20 (18-27)
SAPS 11, median (IQR) 63 (52-71)
Discharge/death during hospital stay, n/n 2/6
Daily dialysis dose (L/day), median (IQR) 68.8 (62.6-85)
Treatment time (min), median (IQR) 430 (417-442)
Urine output (mL/day), median (IQR) 0 (0-42)

(

Volume of ultrafiltration (mL), median (IQR) 1744 (375-2047)
Pathogen detected, n (overall MIC range)
Pseudomonas spp.

Klebsiella spp.

6 (1-2 mq/L)
3(0.5-2 mg/L)

SAPS, Simplified Acute Physiology Score.

infusion was always 30 min. In addition, blood samples were taken 0.5,
1, 2, 4 and 6 h after the end of the infusion of the loading dose, directly
before the next infusion of colistin (8 h after the first infusion) and at the
end of the second infusion. Further samples were taken before the start of
PIRRT and 0.25,0.5, 1, 2, 4 and 6 h after the start of the PIRRT, as well as be-
fore the end of PIRRT. Moreover, a blood sample at the end of the third drug
infusion was taken. To determine the dialyser CL (CLgia), pre- and post-
dialyser blood samples were drawn 30 min after the start of PIRRT and to-
wards the end of the dialysis session. Lastly, we took a trough level after
24 h, as well as samples from the dialysate and ultrafiltration. For the col-
lection of the pre- and post-dialyser samples, ultrafiltration was stopped in
order to avoid measurement errors. The measurements mentioned above
were performed during the first colistin treatment day (single-dose
pharmacokinetics) as well as after five days of colistin therapy (multiple-
dose pharmacokinetics).

The Clgiq Was calculated based on the plasma perfusion rate and ex-
traction ratio (Cq—C))/Cq, using the equation Clgiq = Qe X (Cq — C\)/Cq,
where Q. is the effective plasma perfusion rate of the dialyser [dialyser
blood flow rate x (1 — haematocrit)] and C, and C, are arterial and venous
dialyser plasma drug concentrations, respectively.

Samples were centrifuged immediately at 1500g for 15min at 4°C.
Plasma was separated and stored at —80°C until analysis.

Chemical assays

Colistin and colistin methanesulfonate concentrations were determined
separately by HPLC combined with tandem MS (LC-MS/MS),** as recently
used in its modified form** in the Institute of Clinical Pharmacology, Otto-
von-Guericke-University of Magdeburg, Germany.

Statistical analysis
Calculations were computed in R (R Core Team 2016), version 3.3.1 or
GraphPad Prism. AUC was calculated using the trapezoidal rule. All data are
reported as median and IQR unless stated otherwise. Non-continuous data
were compared performing a Wilcoxon-Mann-Whitney test; significance
level was set to P < 0.05.

Results

Four of the eight patients enrolled in the study died prior to the se-
cond study treatment. Two further patients died after receiving the
second study treatment. Two patients were discharged alive. All
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Figure 1. Time course of colistin (a) and colistin methanesulfonate (b) during single-dose pharmacokinetics. Arrows mark the colistin methanesulfo-
nate dosing intervals. Data from n = 8 represented by median (IQR). CMS, colistin methanesulfonate.

patients received a median dialysis dose of 68.8L/day (62.6-85)
during the study period. The median dialysis time during the study
was 430 min (417-442) per day. Median blood and counter-current
dialysate flow were 200 mL/min. Peck levels after the colistin meth-
anesulfonate loading dose of 6 MIU were 13.02 mg/L (8.7-19.24) for
colistin methanesulfonate and 5.79mg/L (4.14-8.79) for colistin
(Figure 1a and b). Additional pharmacokinetic key parameters are
givenin Table 2. After five to nine treatment days with 3 MIU of colis-
tin methanesulfonate every 8 h, colistin methanesulfonate peak lev-
els were 10.23 mg/L (8.12-12.32) and colistin peak levels 9.49 mg/L
(8.39-10.41) (Figure 2a and b). We found a total amount of 154 mg
(105-175) colistin in the collected dialysate per treatment. No sig-
nificant amounts of colistin methanesulfonate could be detected in
the spent dialysate. Colistin AUCq_54 was 104.7 mg-h/L (80.6-148.7)
on the first treatment day and 149 mg-h/L (106.9-189.2) in steady-
state. Plasma Clgiq was 70.1 mL/min (36.6-96.2) for colistin and
69.3 mL/min (56.3-318.7) for colistin methanesulfonate. A colistin
median trough concentration of 5.77 mg/L (4.15-7.68) was meas-
ured in the multiple-dose analysis. Figure 3 shows correlations of
single-dose colistin AUC as well as Crgx levels and ABW [Figure 3q,
r2auc=0.29 (P=0.17) and r2¢maex = 0.2 (P=0.03)], IBW [Figure 3b,
Pauc=031 (P=0.15) and r2¢mex=0.26 (P=0.01)] or ABW
[Figure 3c, r2auc=0.33 (P=0.13) and r2cmax=0.22 (P=0.02)].
While correlations of body weight and AUC were not significant in
this study, Crex Was significantly and inversely correlated with body
weight. Renal side effects could not be evaluated in this patient
population already suffering from AKI requiring RRT. However, no
patient regained kidney function during the study period.

Discussion

Our study provides prospective data, including the total amount of
the eliminated drug and pharmacokinetics of colistin during PIRRT
in critically ill patients with AKI. The pharmacokinetic data
obtained show the following findings: (i) colistin and colistin meth-
anesulfonate were significantly removed during PIRRT (corre-
sponding to about 50% of the daily administered dose as colistin
methanesulfonate 9MIU is equivalent to colistin base activity
300 mg/day); (ii) even after a loading dose of 6 MIU of colistin
methanesulfonate, therapeutic plasma levels of colistin could not
be achieved in all patients within the first 8 h of therapy; (iii) body
weight showed an inverse correlation to the achieved single-dose
peak plasma concentrations (Figure 3), suggesting that colistin
prescription needs to be adjusted to body weight in critically ill
patients; and (iv) there was an accumulation of colistin as indi-
cated by a rise in colistin peak levels after several days of colistin
treatment with 3MIU every 8h, which might lead to adverse
events. However, no side effects could be detected in our study.
EUCAST determines the MIC for colistin-susceptible pathogens
as <2mg/L.*> Therefore, an average steady-state concentration
of 2.5 mgl/L, resulting in an AUCq_», target of 60 mg-h/L, was sug-
gested as a dosing target in recent population pharmacokinetic
modelling.'® However, recent evidence suggests that fAUC/MIC
correlates best with the efficacy of colistin therapy, yet the target
fAUC/MIC varies, ranging from 10 to 50 depending on the patho-
gen species to treat.'” In an ideal setting, the pharmacokinetic/
pharmacodynamic target should be high enough to allow effective
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Figure 2. Time course of colistin (a) and colistin methanesulfonate (b) during multiple-dose pharmacokinetics. Arrows mark the colistin dosing inter-
vals. Data from n = 4 represented by median (IQR). CMS, colistin methanesulfonate.

treatment of the infection without leading to long-term residual
renal failure.

Side effects of colistin therapy mainly include a decrease in kid-
ney function as well as neurotoxicity. Whereas a recent study
showed a substantial increase in AKI risk in critically ill patients
treated with colistin,'® data from critically ill patients treated with
high doses of colistin showed high clinical cure rates of up to 82%
and low renal toxicity after a 9 MIU loading dose and a 9 MIU daily
maintenance dose.’”

The elimination of colistin and colistin methanesulfonate by RRT
has been understudied, considering how long the drug has been in
clinical use. A recent study of 10 patients undergoing intermittent
haemodialysis (IHD) showed significant elimination of about 30%
of the 5MIU administered colistin methanesulfonate during one
4h dialysis.?® Garonzik et al.'® published pharmacokinetic calcula-
tions that underline the need for up to 6-fold higher doses in
patients undergoing continuous RRT, compared with IHD patients.
The colistin CL in patients undergoing continuous veno-venous hae-
modiafiltration can be up to 137 mL/min?*?? and may result in fail-
ing dosing goals when 2 MIU of colistin methanesulfonate are given
every 8 h.?* Recently, a study of eight critically ill patients with THD
showed significant colistin elimination and recommended a dose of
4.5 MIU on IHD days.”* However, although increasingly applied, clin-
ical data on patients receiving PIRRT, a relatively recent RRT method,
are absent owing to the high vulnerability of this patient population.

Our data suggest a significant inverse correlation of body
weight and peak concentrations on the first prescription day

(Figure 3), which implies a risk of insufficient drug dosing in obese
or volume-overloaded ICU patients if a fixed (‘one size fits all’) dos-
ing approach is followed. Presumably, Cax is best correlated with
the IBW [r2¢cmax = 0.26 (P=0.01)], whereas AUC, in our study, was
not significantly correlated with body weight [ABW, r2,uc =0.29
(P: 017), IBW, rZAUC =0.31 (P: 015), and AJBW, rZAUC =0.33
(P=0.13)]. As overdosing in obese patients is described when the
absolute body weight is used, other forms of weight adjustment
should be explored.?> AjBW or IBW guidance in dosing recommen-
dations may be preferable. However, it remains unclear how to
best adapt drug dosing of colistin to the body mass of critically ill
patients. The number of patients in this study does not allow a firm
conclusion other than that the ‘one size fits all’ approach seems
imprudent.

When separated into high and low body-weight groups, our
patients did not show a significant difference in AUC/MIC, the pre-
ferred therapy target for colistin (median AUC/MICheqvy, 91.6; AUC/
MICiow, 149.7; P=0.1). However, two high-body-weight patients
did not achieve an AUC/MIC goal of up to 50, while in some patients
in the low body-weight group the AUC/MIC was seven times as
high (Figure S1, available as Supplementary data at JAC Online).

Six of our patients suffered from MDR Pseudomonas infection.
As the breakpoint concentration of 2 mg/L was barely achieved by
some of our patients after the loading dose of 6 MIU, the adminis-
tration of 9 MIU, as recommended by some authors,'? should be
considered even in dialysis-dependent patients with severe infec-
tions, especially in cases where Pseudomonas spp. with high MIC
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Figure 3. Correlations of single-dose colistin AUC (mg-h/L; left-hand
y-axis) as well as Cayx levels (mg/L; right-hand y-axis) and ABW (a), IBW
(b) or AjBW (c).

and/or lung infection have been identified. However, achieving an
early therapy goal may be difficult in colistin therapy, as conversion
of colistin methanesulfonate into active colistin can be slow in crit-
ically ill patients, with maximum concentrations occurring up to
7 h after the dose.*®

Our study has some important limitations. First, we treated our
patients in different PIRRT intensities according to their individual
needs e.g. volume removal, which reflects the diversity of today’s
ICU population but, similarly to body weight, may affect the achieved
colistin plasma levels. A methodological shortcoming is the fact that
owing to the fast conversion of colistin methanesulfonate into colis-
tin, which is reported to continue outside of the blood compartment,
the measured amount of colistin in the total spent dialysate that is
actually eliminated as colistin methanesulfonate and converted into
colistin outside of the patient is unknown. However, as colistin, and
not colistin methanesulfonate, is identified as the active bactericidal
drug,”® the relevance of this shortcoming is disputable. Population
pharmacokinetic studies in critically ill patients with the objective to
improve PIRRT dosing recommendations are difficult owing to the

Table 2. Pharmacokinetic key data of our study population

Colistin methanesulfonate, Colistin, median

median (IQR) (IQR)
Single dose (day 1, n = 8)
Crnax1 (Mg/L) 13.02 (8.7-19.24) 5.79 (4.14-8.79)
Crnaxa (Mg/L) 5.91(3.11-7.59) 7.32 (4.31-9.69)
Crnaxs (Mg/L) 5.21(1.48-10.77) 5.66 (3.98-8.72)
( (

AUCo-24 (Mg-h/L) 56.5 (16.5-105.6) 104.7 (80.6-148.7)
Multiple dose (days 5-9, n = 4)

Crnax1 (Mg/L) 10.23 (8.12-12.32) 9.49 (8.39-10.41)

(
Crnax2 (Ma/Ll) 8.99 (6.64-11.68) 9.05 (8.6-9.62)
Craxz (Mg/L) 7.68 (4.89-9.24) 8.13(7.73-8.26)
AUCo-24 (Mg-h/L) 64 (58.2-73.2) 149 (106.9-189.2)
CLdiql (ML/min) 69.3 (56.3-318.7) 70.1 (36.6-96.2)
Drug amount in NA 154 (105-175)

dialysate (mg)

NA, not available.

limited size of comparable studies.?” Additionally, all of our patients
had anuric AKI stage 3, according to the AKI network classification,
and remained dependent on dialysis during the study. Therefore,
possible nephrotoxicity, resulting in delayed renal recovery, cannot
be estimated in this study.

Our data in critically ill patients undergoing PIRRT suggest that
a sufficient loading dose (i.e. 6-9 MIU of colistin methanesulfonate
in patients with a body weight higher than 70kg and pathogens
with high MIC values) should be administered in critically ill patients,
as advised by other studies with intensified loading dose regimens.?®
As the advised steady-state colistin AUCq 54 of 60 mg-h/L*® was
exceeded owing to the accumulation of colistin during the study
period, which correlates with the high colistin peak and trough
concentrations measured in our patients, a reduced mainten-
ance dose (i.e. 1.5-2 MIU every 8 h) should be used. We recom-
mend an IBW or AjBW and RRT intensity-adapted dosing
regimen, while additional data is needed to determine the exact
influence of these parameters on colistin plasma levels.
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