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Abstract

Background Colistin, administered as intravenous colistimethate (CMS), is still used in the critical care setting and
current guidelines recommend high dosage CMS in patients undergoing continuous renal replacement therapy
(CRRT). Due to the paucity of real-life data, we aimed to describe colistin pharmacokinetic/pharmacodynamic (PK/PD)
profile in a cohort of critically ill patients with infections due to carbapenem-resistant (CR) bacteria undergoing CRRT.

Results All consecutive patients admitted to three Intensive Care Units (ICUs) of a large metropolitan University
Hospital, treated with colistin for at least 48 h at the dosage of 6.75 MUI q12, after 9 MIU loading dose, and
undergoing CRRT were included. After the seventh dose, patients underwent blood serial sampling during a time
frame of 24 h. We included 20 patients, who had CR-Acinetobacter baumannii ventilator-associated pneumonia

and were characterized by a median SAPS Il and SOFA score of 41 [34.5-59.3] and 9 [6.7-11], respectively. Fifteen
patients died during ICU stay and six recovered renal function. Median peak and trough colistin concentrations were
16.6 mcg/mL [14.8-20.6] and 3.9 mcg/mL [3.3-4.4], respectively. Median area under the time—concentration curve
(AUC,_,,) and average steady-state concentration (Cg ,,4) were 193.9 mcg h/mL [170.6-208.6] and 8.07 mcg/mL
[7.1-8.7]. Probability of target attainment of colistin pharmacodynamics according to the fAUC,_,,/MIC target> 12
was 100% for MIC <2 mcg/mL and 85% for MIC=4 mcg/ML, although exceeding the toxicity limit of C 3-4 mcg/
mL.

ss, avg

Conclusions In critically ill patients with CR infections undergoing CRRT, recommended CMS dosage resulted in
colistin plasmatic levels above bacterial MICqy, but exceeding the safety Cg; ;4. limit.

Trial registration This trial was registered in ClinicalTrials.gov on 23/07/2021 with the ID NCT04995133 (https//
clinicaltrials.gov/study/NCT04995133).

fGennaro De Pascale and Lucia Lisi contributed equally to this work.

*Correspondence:
Gennaro De Pascale
gennaro.depascalemd@gmail.com

Full list of author information is available at the end of the article

. ©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
@ Sprlnger O pen sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
— the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will

need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-8255-0676
http://crossmark.crossref.org/dialog/?doi=10.1186/s13613-024-01384-1&domain=pdf&date_stamp=2024-9-24

De Pascale et al. Annals of Intensive Care (2024) 14:152

Page 2 of 8

Keywords Sepsis, Infection, Colistin, Colistimethate, Critical care

Background

Carbapenem-resistant (CR) gram-negative bacteria are
leading causes of hospital-acquired infections [1-4],
being Klebsiella pneumoniae, Pseudomonas aeruginosa
and Acinetobacter baumannii the most common species
associated with worse clinical outcomes and represent-
ing a worldwide research priority for the development of
newly effective molecules [5, 6]. Despite the recent intro-
duction of new potent, well-tolerated, molecules against
the above strains, old drugs, like polymixins, have still a
clinical placement, like in the empirical phase, as part of
combination strategy or as salvage therapy after first-line
agents failure [7]. Colistin (polymixin E) is the most com-
monly used molecule in this class, being administered in
the form of its prodrug, colistimethate (CMS), which is
either hydrolysed to colistin or metabolised via the renal
route [8]. Colistin is an amphiphilic antibiotic with homo-
geneous distribution within the extracellular body water
and exerts a rapid bactericidal activity by linking to the
lipopolysaccarides and disrupting the outer membrane of
Gram Negative bacteria [8]. Unfortunately, it is burdened
by a narrow therapeutic window due to its dose-depen-
dent nephrotoxicity and neurotoxicity [9—12]. In patients
with creatinine clearance (CrCl)>90 ml/min, a loading
dose of 9 million IU of CMS followed by =10.9 million IU
as maintenance daily dose is recommended to achieve a
plasma average level at the steady state (C ,,,) of 2 mcg/
mL [13]. Little is known about colistin pharmacokinet-
ics (PK) and pharmacodynamics (PD) during continuous
renal replacement therapy (CRRT) [14, 15] and current
guidelines [13], based on limited evidence, recommend
increasing the maintenance CMS dose to = 13.3 mil-
lion IU/day [16]. However, this dosing strategy has never
been prospectively assessed in a real-life setting. Indeed,
we conducted an open-label, prospective study aimed to
analyse the colistin PK/PD profile in critically ill patients
undergoing CRRT.

Methods

Patients and study design

This was a prospective, open-label, observational study
performed between 2021 and 2022 in three intensive
Care Units (ICUs) (total 62 beds) of a 1500-bed teach-
ing hospital in Rome, Italy. The study was conducted
in accordance with the Declaration of Helsinki and the
protocol was approved by the Catholic University’s Ethi-
cal Committee (EUDRACT 201-001019-95 ID-Study
3946). Written informed consent was obtained from
the patients’ legally authorized representative. This
manuscript was written according to the principles of

“Strengthening the Reporting of Observational Studies in
Epidemiology” (STROBE) [17].

All patients undergoing antibiotic treatment with high
dose CMS as an empirical or targeted therapeutic strat-
egy during continuous renal replacement therapy were
evaluated for inclusion. Inclusion criteria were: age>18
years, duration of treatment planned>48 h, documented
or suspected infection with a CR bacteria, stage 3 Acute
Kidney Injury (AKI) according to the KDIGO classifi-
cation [18], half-life of the CRRT filter<48 h. Pregnant
women, and patients with high probability of short-term
death according to the simplified acute physiology score
(SAPS II) were excluded.

According to current guidelines [13], CMS high dos-
age (HD) was administered intravenously (IV) at loading
dose (LD) of 9 MIU mg over 30-min, followed by 6.75
MIU over 30-min q12. On day 4, at steady state, phar-
macokinetic analyses of the study group were performed.
CRRT was delivered as continuous veno-venous hemo-
diafiltration (CVVHDF) with Prismaflex ST150 (Gam-
bro AB, Lund, Sweden) using the AN69 ST membrane
(acrylonitrile-sodium-methyl sulfonate surface treated;
surface area, 1.5m2) and regional citrate anticoagula-
tion. Dose intensity was prescribed according to current
guidelines [18], and with a ratio of dialysate to replace-
ment fluid of 1:1. The CRRT circuit and membrane were
changed every 72 h, as standard operating procedure in
our center.

Clinical and demographic data were recorded upon
enrolment. Sepsis was managed according to the Surviv-
ing Sepsis Campaign 2021 guidelines [19], Acute Respira-
tory Distress Syndrome (ARDS) was diagnosed according
to the Berlin definition [20]. Renal recovery was defined
as a reduction in peak AKI-KDIGO stage [21] and was
evaluated in patients without chronic kidney disease.

Sample collection and PK/PD analysis

Although colistin concentration-time profiles are stable
just on day 3, blood samples were collected after the
seventh dose (on day 4 of treatment) at TO (immedi-
ately before the initiation of CMS infusion) and 1 h, 2 h,
4 h,6h, 8h, 10 h and 12 h from the start of CMS infu-
sion. First order kinetic determined pharmacokinetic
parameters; maximum and minimum concentrations
(Chaxr Cmin) Were directly obtained from observed peak
and trough concentrations. The 0-12 h area under the
time—concentration curve (AUC,_;, ) was determined
by the linear trapezoidal rule. Colistin AUC,_,, was cal-
culated as AUC,,_;,x2. The average steady-state plasma
concentration (Cy ,,,) was obtained from the ratio of
colistin AUC _,, above T (i.e. the dosage interval). In all
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patients, distribution volume (Vd), drug clearance (CL),
and elimination half-life (t;,, ) were calculated after a
single 6.75 MIU intravenous dose at steady state. Accord-
ing to current guidelines [13, 22], the recommended
PK/PD therapeutic target has been considered the area
under the plasma concentration- time curve across
24 h at steady state above MIC (fAUC ;_,, hr) of ~12
mg_hour/L, that equates to a target C ,,,0f ~2 mg/L of
the total drug against susceptible strains (MIC<2 mcg/
mL). Higher concentrations were shown to increase both
the incidence and severity of AKI [13]. Colistin and CMS

Table 1 Clinical characteristic of 20 patients enrolled
Baseline characteristics

Age, years 70 [65.3-75.3]
Gender, male 16 (80)

BMI 30.5[27-32.9]
SAPS I 41 [34.5-59.3]
Charlson Comorbidity Index 45 [2-5]
CHD 6 (30)

COPD 7 (35)
Diabetes 8 (40)

CKD 4 (20)
Immunosuppression 1(5)
Presenting Features & CRRT

VAP 20 (100)
Concomitant bacteremia 6 (30)

Septic Shock 13(80)

ARDS 18 (90)

SOFA 9[6.7-11]
BAL Acinetobacter spp. isolation 20 (100)
Colisitn MIC mcg/mL 101-1.5]
Serum albumin, g/dL 2.11[2-23]
Fluid balance, mL +651.5[323-797.5]
Hematocrit, % 28 [27-29]
Residual diuresis, mL/24 h 0

CVVHDF dose intensity, mL/kg/h 32.5[30-35]
CRRT duration, days 12.5[10-23.25]

Outcome measures & Therapy
MV duration, days

26 [21.25-37.25]

Vasopressors duration, days 6.5 [4.5-11.25]
Death in ICU 15(75)
Treatment failure 14 (70)

Renal Recovery* 6(37.5)
Nebulized colistin therapy 18 (90)
Intravenous colistimethate therapy, days 13[9.25-12]

Categorical variables are expressed in count (percentage); continuous variables
are expressed as median [interquartile range]

Abbreviations: BMI: body mass index; VAP: Ventilator Associated Pneumonia;
SAPS II: Simplified Acute Physiology Score II; CHD: Chronic Heart Disease;
COPD: Chronic Obstructive Pulmonary Disease; CKD: Chronic Kidney Disease;
MV: mechanical ventilation; ICU: Intensive Care Unit; ARDS: Acute Respiratory
Distress Syndrome; SOFA: Sequential Organ Failure Assessment; BAL:
bronchoalveolar lavage; BSI: Blood Stream Infection; MIC: Minimal Inhibitory
Concentration; CRRT: continuous renal replacement therapy; CVVHDF:
continuous veno-venous haemodiafiltration

*The rate of renal recovery was computed from the 16 patients without chronic
renal failure
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concentration were measured using and modifying the
Gobin assay [23].

Microbiological analysis

Bacterial isolates were identified by using matrix-assisted
laser desorption ionization-time of flight mass spec-
trometry (MALDI-TOF MS). MICs were determined by
a Micronaut AST system-based BMD, VITEK 2 AST-
N397 card, according to the manufacturer’s instructions.
EUCAST (version 11.0, 2021) clinical breakpoints were
used to interpret MICs. In pneumonia episodes, micro-
biological evidence of bacterial infection was achieved by
processing respiratory samples both for conventional and
fast-microbiology panel testing. Gram staining results
showed the presence of inflammatory cells in all sam-
ples, indicating that their collection had been performed
appropriately. Semiquantitative culture results were
obtained using calibrated loops to inoculate and streak
samples on both selective/differential [24].

Statistical analysis

All statistical analyses were performed using SPSS Statis-
tical Software version 28.01.0 (IBM, Armonk, NY, USA),
whereas data were graphed using GraphPad Prism ver-
sion 6.0 (GraphPad Software, San Diego, CA, USA). Kol-
mogorov—Smirnov test was used to value the variables
distribution. The data with a non-Normal distribution
were assessed with Mann—Whitney test and the median
and selected centiles’ (25th—75th) value were given
(interquartile range, IQR). Categorical variables are pre-
sented as proportions. Due to the PK/PD design of the
study, a sample size was not calculated, foreseeing the
recruitment of 20 patients during the study period.

Results

The clinical characteristics of the 20 enrolled patients
are reported in Table 1. Median SAPS II score was 41
and the most relevant comorbidities were chronic heart
disease, chronic obstructive respiratory disease, chronic
renal failure and diabetes. All included patients were
affected by CR-Acinetobacter baumannii ventilator asso-
ciated pneumonia (VAP). Most patients needed invasive
mechanical ventilation due to ARDS and received high
dose vasopressors due to septic shock. The total median
duration of mechanical ventilation, vasopressors and
CRRT were 26 days, 6.5 days and 12.5 days, respectively.
Five (75%) patients died, and 35% of survivors had renal
recovery.

Concomitant bacteraemia was detected in 30% of the
cases and the median duration of CMS treatment was
13 days [9.25-12]. All patients received a combination
therapy with either cefiderocol (2 g q8-6 h), tigecycline
(100 mg of q12 after a 200 mg loading dose), fosfomy-
cin (8 g q8) or ampicillin-sulbactam (9 g q8); 18 out of
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Table 2 Colistin PK/PD profile and CRTT settings
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Colistin PK/PD parameters

Cinae Mcg/mL

Crnins Mcg/mL

Cos vy MCg/ML

b h

vd, L

Clyon L/h

Cleggn L/h

%Clyon L/h

%E

AUC,_,, mcg h/mL
fAUC,_,, mcg h/mL
fAUC,_,,/0.5 mcg/mL =12
fAUC,_,4/1 mcg/mL =12
fAUC,_,4/2 mcg/mL=12
fAUC,_,4/4 mcg/mL =12
fAUC,_,4/6 mcg/mL>12

16.65 [14.77-20.64]
3.93 [3.29-4.37]

8.07 [7.1-8.69]

20.89 [14.45-22.84]
126.37 [79.57-139.17]
2.08 [1.94-2.37]
1.21[0.88-1.35]

49.2 [39.25-64.2]
17.65 [14.98-21.67]
193.86[170.6-208.65]
58.16 [51.18-62.6]
20(1)

20(1)

20 (1)

17 (85)

1(5)

Categorical variables are expressed as count (percentage); continuous variables are expressed as median [interquartile range]

*Measure on the sampling day

Abbreviations: CMS: colistimethate; C,,: average steady-state concentration;. C,
Curve; Vd: distribution volume; t; ,: half-life; CL: clearance; %E: % filter extraction
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Fig. 1 Time concentration curves of colistin (A) and colistimethate (B) in 20 patients enrolled

20 received concomitant nebulized CMS (5 MIU ¢8) [24].
The median CVVHDF dose was 32.5 ml/kg/h, and all
patients were anuric; on the sampling day, median cumu-
lative fluid balance, serum albumin and hematocrit were
+651.5 mL, 2.1 g/dL and 28%, respectively.

An one-compartment model with first-order dispo-
sition processes adequately described colistin concen-
tration-time curve, although significant interindividual
variability was observed. Median V4, t,,, and Cl;o were
126.37 L, 20.89 h and 2.08 L/h, respectively (Table 2).
Median [IQR] values of C,,, C.;, and Cg ,,, were
16.65 [14.77-20.64] mcg/mL, 3.93 [3.29-4.37] mcg/mL
and 8.07 [7.1-8.69] mcg/mL, respectively. Furthermore,
C of colistin was significantly lower in patients who

s, avg
recovered renal function compared to the ones that had

no renal recovery (7.48 [6.35, 8.05] vs. 8.31 [7.35, 9.13]
mcg/mL, respectively; p=0.026), while no differences
were observed for C_;,, C . and according to patient
survival. Figure 1 shows the mean*SD time—concentra-
tion profile at different time points of plasma CMS and
colistin concentrations, compared with most frequently
observed MIC values (0.5-1 — 2—4). Median [IQR] values
of AUC,_,, and fAUC,_,, were 193.86 [170.6—208.65]
mcg h/mL and 58.16 mcg h/mL [51.18-62.6], respec-
tively. The probability of target attainment of colistin
pharmacodynamics according to the fAUC,_,,/MIC
target of 12, according to increasing MIC values, is
shown in Fig. 2. This dosing schedule allowed to attain
the PD target (fAUC,_,,/MIC212) for 100% of isolates
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Fig. 2 Probability of target attainment according to different MIC values

with MIC=2 and 85% with MIC=4 mcg/mL, although
exceeding the toxicity limit of Cy, ,,, 3—4 mcg/mL.
Discussion

Our study showed that high-dose CMS (9 MIU as loading
dose, followed by 6.75 MUI q12) in critically ill patients
with CR-Acinteobacter baumannii VAP undergoing
CVVHDF resulted in higher than recommended C ,,,
for germs with MIC<2 mcg/mL, although allowing to
attain the PD target (fAUC,_,,/MIC212) in all treated
patients.

Several variables may influence colistin plasma con-
centration as demographic (e.g. body mass), clinical
(e.g. kidney function) and therapeutic (e.g. RRT modal-
ity, membrane, mode and dose) variables [25]. In order
to account for CRRT removal of colistin, the 2019 inter-
national guidelines for the optimal use of polymyxins
[13] recommend administering a daily dose of 440 colis-
tin base activity (CBA), corresponding to =13,3 MIU
or =1173 mg of CMS in patients who are exposed to
this extracorporeal organ support. This recommenda-
tion derives from PK data indicating the need of a 10%
increase in daily dose per 1 h of CRRT, with the aim of
obtaining the target C ,,, 2 mcg/mL [13, 26]. In patients
with renal failure, plasma concentrations of CMS, under-
going a considerable removal during CVVHDF with a
significant lower conversion to the active drug, are higher
than those of formed colistin. Additionally colistin has
an extensive carrier-mediated tubular reabsorption in
the kidney, which is not achievable with extracorporeal
device currently used in clinical practice. The need for
optimizing colistin use in such patients was identified
after the first reports of drug under-exposure when using
drug dosages according to the residual renal function [27,
28]. A subsequent study on five patients [29], used higher
dosages of CMS until 2 MIU ¢8, showing suboptimal
Css, avg (€1 meg/mL), a fAUC,_,,/MIC lower than the
effective PD target, a membrane extraction ratio of 68%
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and a CLypp above 4 L/h. Similarly, another PK/PD anal-
ysis on three patients confirmed high removal of colistin
during CRRT, ranging between 45% and 60%, with the
effluent clearance accounting for about 40% [30].

Interestingly, more recently, when CMS 4.5 MIU q12
were administered to eight critically ill patients receiv-
ing CRRT [31], median C,,, values for CMS and colistin
were 12.6 mg/L and 1.72 mg/L, respectively. The authors,
documenting a 62% Cleyyypp formulated a pharmacoki-
netic model where a LD of 12 MIU followed by a main-
tenance dosage of 6.75-7.5 MIU q12 would be needed
to achieve a target C; ,,, 0f 2-3 mcg/mL [31]. On top of
that, in 2017 Nation and co-workers developed a guid-
ance algorithm for colistin use in critically ill patients and
indicated that a daily CMS dose of about 13 MIU daily
would allow to achieve 80% of target attainment rate
(Cs, avg 2 2 mecg/mL) with less than 30% of risk to over-
come the safety limit of C; ,,, = 4 mcg/mL [15].

Said that, some authors, when using high CMS daily
administration schedules during CRRT, observed steady-
state concentrations above 10 mcg/mL, especially in
presence of residual renal function and when high-dose
CMS was administered for a prolonged course [32—34].
Further, in the latest and largest investigation on this
topic, ten critically ill patients requiring CRRT and
receiving CMS 3 MIU g8 were prospectively studied [35].
The authors found that CRRT clearance accounted for
41% an 28% of total CMS and colistin clearance, being
significantly influenced by haematocrit levels, and docu-
mented therapeutic colistin values of both AUC,,_,, (569
[404-741] mcg h/mL) and C; ,,, (443 [3.01-7.24] mcg/
mL), although on the upper limit of the safety target.

The observed literature heterogeneity may have several
explanations. First the proposed algorithm for high CMS
daily dosage derives from a small population pharmaco-
kinetic analysis on 29 patients including different RRT
modalities, intensity, and residual renal function [14, 15].
Moreover, a risk of dosage confusion exists between CMS
reported as IU or mg, and formed colistin reported as mg
of CBA, without the correct universal conversion of CMS
1 MIU : CBA 30 mg : CMS 80 mg [22]. Moreover, the
real unbound colistin fraction, which is variable accord-
ing to the elevation of its major carrier, the alpha- 1-acid
glycoprotein, may present a huge inter-patient variability,
being responsible of the observed unpredictable pharma-
cokinetic profile [36].

In our study, all patients underwent CVVHDEF with
a similar daily dose and since this technique uses diffu-
sion across a concentration gradient (e.g. hemodialysis)
in addition to hemofiltration across a pressure gradient,
the equivalences of the two modes with respect to CMS/
colistin clearance are unknown. Additionally none of our
patients had residual renal function and almost all were
also receiving high dose nebulized CMS (5 MIU g8),
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delivered through vibrating mesh nebulizers, potentially
contributing to the higher than expected steady-state
colistin levels [24]. In our study we cannot ascribe the
observed high C ,,, to a partial tubal reabsorption, but
we used in all the patients the novel AN69 ST membrane,
which allows much higher clearance through elimina-
tion at both membrane surface (adsorption, rapidly satu-
rated) and in its bulk (transmembrane removal, less easily
saturated). In addition, we cannot exclude a partial plas-
matic absorption after CMS nebulization although recent
results from PK studies documented colistin concentra-
tions <1 mcg/mL after aerosolization of either 3 MIU and
5 MIU CMS [37, 38].

In a recent post-hoc analysis of a large PK/PD study
[12] the authors observed that for colistin Css, avg
between 2.25 and 6.75 mcg/mL more than the majority
of patients had >50% loss in baseline creatinine clearance
and a value of 3 mcg/mL has been identified as the maxi-
mal tolerability threshold for Css, avg. Although no data
are available on renal toxicity of high colistin concentra-
tions in patients undergoing CRRT, in our population six
(37.5%) out of the 16 patients without chronic renal dis-
ease in our population had renal recovery, stimulating a
research question about colistin potential effects on the
ability of patients to recover from sepsis-induced AKI.

We showed that the recommended CMS dosage
resulted in high and potentially toxic colistin levels in
patients undergoing CRRT. In our study, C; ,,, of colistin
was significantly lower in patients that had renal recov-
ery compared to the ones that did not recover renal func-
tion, although this is an observational finding and does
not imply causation. In contrast, the observed concen-
trations could be useful for less susceptible bacteria with
an MIC=4 mcg/mL or difficult-to-treat infections (i.e.
pneumonia), in the initial empirical therapy phase, pend-
ing the susceptibility profile of the new and less toxic
molecules. Moreover, the availability of colistin therapeu-
tic drug monitoring could potentially be of help reducing
the risk of achieving toxic colistin levels.

Our study has several limitations. First, we measured
only total colistin and derived the unbound fraction
from the available literature data. Second almost all the
patients were receiving concomitant nebulized CMS as
part of A.baumanni VAP treatment, whose adsorption
fraction cannot be measured. Third we did not evalu-
ate the potential neuro-toxicity of the observed colistin
concentrations, since all the patients were deeply sedated
and most were administered muscle relaxants [39, 40].
Fourth, we did not collect ultrafiltrate samples and vol-
ume, as well as pre-filter and post-filter blood samples,
that would have been useful to evaluate the total (adsorp-
tion and transmembrane removal) colistin clearance [14]
of the AN69-ST membrane.
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Finally, we cannot draw any conclusion on CMS high
dosage clinical value, not having any control group. How-
ever this is the largest study where colistin PK/PD has
been investigated in patients receiving CRRT and where
guidelines-recommended CMS dosage (=13.5 MIU/
day) has been prospectively evaluated in the critically ill
setting.

Conclusions

The use of recommended high dose colistimethate in
critically ill patients undergoing CRRT resulted in steady-
state average concentrations above colistin MICy, of
commonly isolated bacteria, but exceeding the recom-
mended safety threshold. Apart from the early phase of
empirical therapy, lower CMS daily dosages should be
adopted in the clinical practice, especially when colistin
therapeutic drug monitoring or alternative drugs are not
available.
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