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Abstract

Acute kidney injury represents a common complication in critically ill patients affected by septic shock and in many cases
continuous renal replacement therapy (CRRT) may be required. In this scenario, antimicrobial dose optimization is highly
challenging as the extracorporeal circuit may cause several pharmacokinetic alterations, which add up to volume of distri-
bution and clearance variations resulting from sepsis. Variations in CRRT settings (i.e. modality of solute removal, type of
filter material, blood flow rate and effluent flow rate), coupled with the presence of residual and/or recovering renal function,
may cause dynamic variations in the clearance of hydrophilic antimicrobials. This means that dose reduction may not always
be needed. Nowadays, the lack of pharmacokinetic data for novel antimicrobials during CRRT limits evidence-based dose
recommendations for critically ill patients in this setting, thus making available evidence hardly applicable in real-world
scenarios. This review aims to summarize the major determinants involved in antimicrobial clearance, and the available
pharmacokinetic studies performed during CRRT involving novel antibiotics used for the management of multidrug-resistant
Gram-positive and Gram-negative infections (namely ceftolozane—tazobactam, ceftazidime—avibactam, cefiderocol, imipe-
nem-relebactam, meropenem—vaborbactam, ceftaroline, ceftobiprole, dalbavancin, and fosfomycin), providing a practical

approach in guiding dose optimization in this special population.

1 Introduction

Sepsis is the most common cause of acute kidney injury
(AKI) in critically ill patients [1], requiring the initiation of
continuous renal replacement therapy (CRRT) in approxi-
mately 70% of cases [2]. In this scenario, the mortality rate
may exceed 60% [3]. Given that septic patients undergoing
CRRT require prompt and optimized antimicrobial therapy,
the choice of appropriate antibacterial dosing is highly
challenging.

Several factors may affect the achievement of optimal
pharmacokinetic/pharmacodynamic (PK/PD) targets in
critically ill patients requiring CRRT, directly influencing
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antibiotic clearance (CL): physicochemical/PK properties
of selected antibiotics, acute pathophysiological variations,
CRRT settings, minimum inhibitory concentration (MIC) of
isolated pathogens, and site of infection [4-8]. In this sce-
nario, the ‘one dose fits all’ approach is completely unfeasi-
ble [8], potentially resulting in unnecessary dose reduction,
as recently found in the SMARRT trial [9].

The widespread diffusion of multidrug-resistant (MDR)
pathogens, both Gram-positive (e.g. methicillin-resistant
Staphylococcus aureus [MRSA], vancomycin-resistant
Enterococcus faecium [VRE]) and Gram-negative (e.g. car-
bapenemase-producing Enterobacteriaceae [CPE], MDR or
extensively drug-resistant (XDR) Pseudomonas aeruginosa,
Acinetobacter baumannii), represents a worrisome health
concern [10]. In recent years, several novel antibiotics have
been licensed for the management of MDR Gram-positive
(i.e. dalbavancin, ceftaroline, ceftobiprole) [11] or Gram-
negative (i.e. ceftolozane—tazobactam, ceftazidime-avi-
bactam, meropenem—vaborbactam, imipenem-relebactam,
cefiderocol) infections [12]. Additionally, some older agents
(i.e. fosfomycin) showed promising results in this setting
[13]. With the exception of dalbavancin, all of these novel
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Evidence assessing the pharmacokinetic behaviour of
novel antibiotics used in the treatment of multidrug-
resistant Gram-positive- and Gram-negative-related
infections in patients undergoing continuous renal
replacement therapy (CRRT) are limited. Most studies
investigated ceftolozane—tazobactam pharmacokinetics,
and no real-world evidence was found regarding the use
of cefiderocol or imipenem-—relebactam.

In most cases, a priori dose reduction of novel antibiotics
in patients undergoing CRRT seems to be an inappropri-
ate strategy rather than a real need.

Antimicrobial physicochemical/pharmacokinetic proper-
ties, CRRT settings, pathophysiological conditions, site
of infection, and minimum inhibitory concentration of
isolated pathogens should be carefully evaluated in dose
adjustment decision making.

A paradigm shift from a ‘drug-centred’ approach to a
‘patient-centred’ approach could be useful and manage-
able, especially in settings where antibiotic therapeutic
drug monitoring is unavailable.

agents share common physicochemical and PK properties,
namely low molecular weight, pronounced hydrophilicity,
limited volume of distribution (V) and protein binding, and
predominant renal CL (Table 1), making them prone to rel-
evant elimination via CRRT [4, 5].

Despite growing use in critically ill patients, the lack of
PK data during CRRT nowadays limits evidence-based anti-
biotic dosing recommendations for novel agents [14]. Fur-
thermore, several studies reported CRRT as an independent
predictor of clinical failure and the development of resist-
ance to ceftolozane—tazobactam and ceftazidime—avibactam
[15-17], and this could potentially be associated with anti-
biotic underexposure and failure to achieve optimal PK/PD
targets. Consequently, implementation of a tailored approach
in patients requiring CRRT and treated with novel agents
represents an urgent clinical need. Addressing this need
would allow the provision of adequate antimicrobial expo-
sure that is mandatory for both improving clinical outcome
and minimizing resistance development [18].

The aim of this review was to summarize relevant PK
features of novel agents in critically septic patients requir-
ing CRRT, performing a comparison with PK parameters
retrieved in healthy volunteers. Additionally, we provide a
critical reappraisal of their applicability in different clinical
scenarios, to guide clinicians in the choice of the best dosage
against MDR infections.
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2 Methods

A literature search was conducted using PubMed/MEDLINE
(search performed on 5 March 2021) in order to retrieve
prospective or retrospective observational studies, popu-
lation PK studies, or case series/reports investigating the
PK behaviour of novel agents in critically septic patients
requiring CRRT. The antibiotics cefiderocol, ceftaroline,
ceftazidime—avibactam, ceftobiprole, ceftolozane—tazobac-
tam, dalbavancin, fosfomycin, imipenem-relebactam, and
meropenem—vaborbactam were included, and the following
search string was specifically created: (‘ceftolozane’ OR
‘ceftolozane-tazobactam’ OR ‘ceftazidime-avibactam’ OR
‘avibactam’ OR ‘imipenem-relebactam’ OR ‘relebactam’
OR ‘“cefiderocol’ OR ‘meropenem-vaborbactam’ OR ‘vabor-
bactam’ OR ‘fosfomycin’ OR ‘ceftaroline’ OR ‘ceftobiprole’
OR ‘dalbavancin’) AND (‘renal replacement therapy’ OR
‘continuous renal replacement therapy’ OR ‘hemofiltration’
OR ‘haemofiltration’ OR ‘hemodiafiltration’ OR ‘haemodia-
filtration’ OR ‘hemodialysis’ OR ‘haemodialysis’ OR ‘crrt’
OR ‘rrt” OR ‘cvvh’ OR ‘cvvhd’ OR ‘cvvhdf’ OR ‘continu-
ous venovenous hemodialysis’ OR ‘continuous venovenous
haemodialysis’ OR ‘continuous venovenous hemofiltration’
OR ‘continuous venovenous haemofiltration” OR ‘continu-
ous venovenous hemodiafiltration’ OR ‘continuous veno-
venous haemodiafiltration). Studies investigating selected
agents in non-critically ill patients or ex vivo models, or
lacking quantitative data on PK parameters, were excluded.

For each included study or case report, the following data
were extracted: study design, demographic characteristics
(age, sex, weight), antibiotic dose and modality of infusion,
site of infection, isolated pathogen and relative MIC, CRRT
modality (continuous venovenous haemofiltration [CVVH],
continuous venovenous haemodialysis [CVVHD], or con-
tinuous venovenous haemodiafiltration [CVVHDF]), CRRT
settings (type of filter, effluent flow rate, ultrafiltrate rate
[Quf], dialysate rate [Qd], blood flow rate [Qb], pre/post-
dilution, and net removal), residual diuresis, clinical out-
come, and PK parameters (peak concentration [C,,,], trough
concentration [C,;,I, V4, total CL, CRRT CL, half-life [#,],
area under the concentration-time curve [AUC], and siev-
ing coefficient [SC] or saturation coefficient [SA]). In stud-
ies where PK parameters were not fully provided, variables
were calculated using the following equations: half-life was
calculated as t,, = 0.693/k,,, where k is the elimination rate
constant; CL,, was calculated as dose/AUC; and V was
calculated as CL,/k;.

Optimal antibiotic exposure was arbitrarily defined as
the achievement of aggressive PK/PD targets, which were
considered a fourfold 100% of time of the dosing interval in
which the unbound concentration is maintained above the
MIC (100%fT., 4 « mic) for B-lactams [19] and fosfomycin
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[20], and an fAUC/MIC > 111.4 for dalbavancin [21]. PK/
PD targets were calculated as the ratio between unbound
trough concentration and the MIC for p-lactams and fosfo-
mycin, respectively, and as the ratio between fAUC and the
MIC for dalbavancin. In studies where unbound concentra-
tions were not provided, free antibiotic levels were calcu-
lated according to the proportion of protein binding reported
in healthy volunteers (Table 1). For B-lactamase inhibitors,
optimal PK/PD targets corresponding to 100%fT > 4 mg/L
for tazobactam and avibactam, respectively, and to AUC/
MIC > 24 for vaborbactam, were implemented according
to preclinical models [22, 23]. The MIC value was set at
the European Committee on Antimicrobial Susceptibility
Testing (EUCAST) clinical breakpoint when no pathogen
was isolated.

A comparison between PK parameters retrieved in dif-
ferent CRRT modalities and in healthy volunteers was per-
formed by calculating the percentage of the ratio between
values retrieved in CRRT patients and healthy subjects for
each specific PK parameter. When multiple studies assessed
the PK behaviour of a given agent in CRRT patients, that
agent having the larger sample size and/or the same dosing
schedule tested in healthy volunteers was selected for the
comparison.

3 Pharmacokinetics (PK) of Novel
Antibiotics in Patients Undergoing
Continuous Renal Replacement Therapy
(CRRT)

Overall, the search strategy identified 70 articles that were
assessed for eligibility. Fifty-five of these articles did not
fulfil the inclusion criteria, resulting in the inclusion of
15 original studies (3 population PK studies and 12 case
reports) [24-38] assessing the PK behaviour of novel agents
in critically septic patients requiring CRRT (Fig. 1). Details
of the demographic/clinical characteristics and PK param-
eters retrieved in these studies are provided in Tables 2 and
3, respectively. Comparison of the PK parameter values
between CRRT patients and healthy subjects is shown in
Table 4.

The total number of critically ill patients in whom some
PK features of novel agents were assessed during CRRT
was 34. Most studies investigated ceftolozane—tazobactam,
whereas, to date, no real-world evidence related to the use
of cefiderocol or imipenem-relebactam.

3.1 Ceftolozane-Tazobactam

One population PK study and seven case reports assessed
the PK behaviour of ceftolozane—tazobactam in 13 different
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critically patients requiring CRRT, including one child [24,
27-33]. Different dosing schedules (1.5 g or 3 g every 8 h)
were administered. Extended infusion (EI; in 3 or 4 h) and
continuous infusion (CI) were adopted in two cases and one
case, respectively. Pseudomonas aeruginosa represented the
most frequently isolated pathogen (8 of 13 patients), and
pneumonia and bloodstream infections (BSIs) were the most
represented types of infection. CVVHDF was performed in
84.6% of patients. The effluent flow rate ranged from 1200
to 4000 mL/h, and in only four cases the flow rate was > 3
L/h. All patients were anuric, with a residual diuresis of a
maximum of 76 mL/day (Table 2).

PK parameters for both ceftolozane and tazobactam are
shown in Table 3. Ceftolozane and tazobactam trough con-
centrations ranged from 18.1 to 79.4 mg/L and from 5.1 to
18.9 mg/L, respectively, while the ratio between CLgrr
and total CL ranged from 74.1 to 83.0% for ceftolozane and
from 36.3 to 64.7% for tazobactam. SA was 0.88-0.99 for
ceftolozane and 0.90-1.08 for tazobactam. Sime et al. [24]
performed a population PK study in six critically ill patients
treated with ceftolozane—tazobactam 1.5 g every 8 h in inter-
mittent infusion regimens and undergoing CVVHDF, and
found that a loading dose (LD) of 3 g followed by a 750 mg
every 8 h CI could be adequate in achieving 100%T vy
as the PK/PD target. However, it should be mentioned that
the mean effluent flow rate was quite low (< 2.5 L/h) and
none of the patients had residual diuresis. Notably, Aguilar
et al. [30] reported that an intermittent infusion of ceftolo-
zane—tazobactam 3 g every 8 h achieved an optimal PK/PD
target (100%fT, 4 « mic) in one patient undergoing CVVHD
with an effluent flow rate of 3 L/h. Similarly, Mahmoud et al.
[31] found that a high-dose CI of ceftolozane—tazobactam
(3 g every 8 h) reached an optimal PK/PD target in a criti-
cally obese (187 kg) patient requiring CVVHDF with a high
effluent flow rate (4 L/h). Prolonged infusion and/or high-
dose (3 g every 8 h) ceftolozane—tazobactam achieved an
aggressive PK/PD target in patients undergoing CVVH or
CVVHDF with highly adsorptive membranes [27-29, 32].
However, it is worth noting that the effluent flow rate was
below 2 L/h in all patients, meaning that a higher dose could
be needed in patients undergoing CRRT characterized by
highly adsorptive membranes and/or greater effluent flow
rates (> 2.5-3 L/h).

The comparison of ceftolozane—tazobactam PK param-
eters between patients undergoing CRRT and healthy sub-
jects (Table 4) showed a slight increase in AUC (1.23-fold)
coupled with a negligible reduction in total CL (below 20%).
Notably, a fivefold increase in ceftolozane V; was found,
possibly reflecting the remarkable PK alterations commonly
reported in critically septic patients [39].
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Fig. 1 Study selection process

(N=70)

Records identified through
MEDLINE-Pubmed searching

(N=70)

Full-text articles assessed for eligibility

Articles not fullfilling inclusion criteria
(N=55)

- Intermittent haemodialysis (N=18)
- Lack of pharmacokinetic analysis (N=12)

- Review articles (N=11)

- Chemical study (N=4)

- Ex vivo model (N=4)

- Prolonged intermittent renal replacement therapy (N=3)
- Lettertothe editor (N=2)

- Congress abstract (N=1)

(N=15)
Case report (N=12)

- Fosfomycin (N=1)
- Ceftaroline (N=1)
- Ceftobiprole (N=1)
- Dalbavancin (N=1)

Studies included in the analysis

Population pharmacokinetic study (N=3)

- Ceftolozane-tazobactam (N=8)
- Ceftazidime-avibactam (N=2)
- Meropenem-vaborbactam (N=1)

3.2 Ceftazidime-Avibactam

Only two case reports assessed the PK behaviour of cef-
tazidime—avibactam in critically ill patients requiring CRRT
[34, 35]. Wenzler et al. [35] found that ceftazidime—avibac-
tam 1.25 g every 8 h administered in 2-hourly infusions
achieved an optimal PK/PD target in one patient affected by
bacteraemic ventilator-associated pneumonia (VAP) due to
XDR Pseudomonas aeruginosa and undergoing supportive
treatment with CVVH. The ratio between continuous renal
replacement therapy clearance (CLqggy) and total CL was
57.1% for ceftazidime and 54.3% for avibactam. SC was 0.96
for ceftazidime and 0.93 for avibactam, and the effluent flow
rate was set at only 2 L/h. Conversely, Soukup et al. [34]
found that ceftazidime—avibactam full-dose (2.5 g every 8 h
in 2-hourly infusions) achieved an aggressive PK/PD target
in one anuric patient affected by Pseudomonas aeruginosa
VAP undergoing CVVHDF. The effluent flow rate was set to
2750 mL/h, and trough ceftazidime and avibactam concen-
trations were 70 mg/L and 17.2 mg/L, respectively. Unfor-
tunately, CLcgrrr and SA measurements were not provided.

Notably, a significant increase in exposure was reported
for both ceftazidime (up to fivefold) and avibactam (approxi-
mately eightfold) in a CRRT setting compared with healthy
subjects. Total CL in CRRT patients was significantly

reduced versus healthy subjects (below 20% for both cef-
tazidime and avibactam) (Table 4).

3.3 Meropenem-Vaborbactam

Only one case report assessed the PK behaviour of merope-
nem—vaborbactam in one anuric critically ill patient under-
going CVVHD during treatment of a joint infection due
to carbapenemase-producing Klebsiella pneumoniae [36].
Qd was set to 3 L/h and a polyethersulfone membrane fil-
ter (surface area 1.6 m?) was used. The administration of a
halved-dose (1 g/1 g every 8 h in 3-hourly Els) allowed the
achievement of an optimal PK/PD target for both merope-
nem and vaborbactam. Trough meropenem and vaborbac-
tam concentrations were 7.5 mg/L and 17.2 mg/L, respec-
tively. Unfortunately, CL-ggr and SA measurements were
not provided. Interestingly, by means of an ex vivo model,
Sime et al. [40] calculated the SC of meropenem—vabor-
bactam, resulting in an SC of 0.97-1.13 for meropenem and
0.64-0.78 for vaborbactam.

A significant AUC increase in meropenem (up to twofold)
and vaborbactam (approximately threefold) was reported
during CRRT compared with healthy subjects. Total CL in
CRRT patients was significantly reduced (approximately
43% and 31% for meropenem and vaborbactam, respec-
tively). Notably, V,; was increased by 2.5-fold for meropenem
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Table 4 Percentage difference in pharmacokinetic parameter values observed in patients undergoing continuous renal replacement therapy com-

pared with healthy volunteers

Antibiotic C, .y (Mg/L) V, (L/Kg) t,, (h) AUC (mg x h/L) CL (L/h)
Ceftaroline 45.8%* 205.9% 190.3% 93.0%* 79.1%
Ceftazidime—avibactam CAZ: 122.8% CAZ: 58.7% CAZ: 261.1% CAZ: 515.1% CAZ: 19.4%
AVI: 133.2% AVI: 57.3% AVI: 372.3% AVI: 796.8% AVI: 12.5%
Ceftolozane—tazobactam LOZ: 74.2% LOZ: 551.9% LOZ: 467.7% LOZ: 123.5% LOZ: 81.9%
TAZ: 103.0% TAZ: 275.7% TAZ: 800.0% TAZ: 275.2% TAZ: 36.7%
Ceftobiprole 31.5%° 121.0% 159.0% 80.7%" 60.9%
Dalbavancin 22.1%° 353.2% 14.8% 18.3% 795.2%
Fosfomycin 177.9% 107.0% 432.1% 204.5% 82.1%
Meropenem—vaborbactam MER: 127.3% MER: 256.5% MER: 490.8% MER: 209.4% MER: 43.8%
VAB: 158.6% VAB: 479.4% VAB: 1,018.8% VAB: 292.4% VAB: 31.0%

AUC area under the concentration-time curve, AVI avibactam, CAZ ceftazidime, CL clearance, C,,,, peak concentration, CRRT continuous renal
replacement therapy, LOZ ceftolozane, MER meropenem, TAZ tazobactam, ¢,, half-life, VAB vaborbactam, V,; volume of distribution

?A different dosage was administered in CRRT patients (400 mg) compared with healthy volunteers (600 mg)

YA different dosage was administered in CRRT patients (250 mg) compared with healthy volunteers (500 mg)

A different dosage was administered in CRRT patients (1500 mg) compared with healthy volunteers (1000 mg)

that in those patients with residual renal function, a full dose
(600 mg every 12 h) coupled with prolonged infusion up to
12 h [43] could be needed to achieve more aggressive PK/
PD targets.

3.6 Ceftobiprole

Only one case report assessed the PK behaviour of cefto-
biprole in a critically ill patient affected by healthcare-
associated pneumonia and undergoing CVVHDF [37].
No pathogen was isolated from both blood and respiratory
cultures. The effluent flow rate was set to 3500 mL/h and
a polyarylethersulfone membrane haemofilter was used. A
conservative PK/PD target of 100%fT \y;c Was achieved by
administering ceftobiprole at a reduced dosage of 250 mg
every 12 h (one-third of the full dosage). Trough ceftobi-
prole concentrations were 2.82 mg/L. Unfortunately, CLgg
and SA were not assessed.

A 1.21-fold increase in V coupled with a moderate reduc-
tion in total CL (approximately 40%) of ceftobiprole was
found among critically ill patients requiring CRRT com-
pared with healthy volunteers (Table 4).

It should be noted that higher dosages (up to 500 mg
every 12 h) administered by prolonged infusion (at least 2
h) could be needed in order to achieve an aggressive PK/PD
target, especially in patients with residual renal function or
when adopting an effluent flow rate > 3 L/h in the post-filter
dilution mode.

3.7 Dalbavancin

Only one case report assessed the PK behaviour of dalba-
vancin in a critically ill patient requiring CRRT who was

A\ Adis

affected by necrotizing soft tissue infection due to Staphylo-
coccus epidermidis [38]. Unfortunately, CRRT modality and
settings were not provided. At day 7 after administration of a
single 1500 mg dose, the PK/PD target was optimal (fAUC/
MIC > 111.4).

Notably, a significantly lower t,, and total exposure
(AUC) coupled with a remarkable increase in total CL (up to
eightfold) of dalbavancin were estimated among the CRRT
patients compared with healthy subjects (Table 4). This
could be due to the underlying severe hypoalbuminaemia
that affected this patient [38].

3.8 Imipenem-Relebactam

Currently, no real-world evidence regarding the adminis-
tration of imipenem-relebactam during CRRT exists; how-
ever, imipenem—relebactam CL during CRRT was assessed
in validated bovine models of continuous haemofiltration
and continuous haemodialysis testing different ultrafiltrate
and dialysate flow rates [44]. Both imipenem and relebac-
tam were not removed by adsorption, readily crossing the
haemodiafilter membrane in the two different modalities.
Transmembrane CL of both imipenem and relebactam
approximated the effluent rates [44].

3.9 Cefiderocol

Currently, no real-world evidence regarding the adminis-
tration of cefiderocol during CRRT exists; however, cefi-
derocol is the first antibiotic that had dosing recommenda-
tions reported in the summary of product characteristics.
Moreover, CRRT cefiderocol CL was predicted according
to the CRRT CL reported for cefepime and by adjusting for
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the difference in unbound fraction [45]. This approach was
implemented according to the similarity of the physicochem-
ical and PK features shared by the two agents. The probabil-
ity of target attainment was >90% against pathogens with an
MIC < 4 mg/L by considering a dose regimen of 1 g every
12 h (3-hourly infusions) during CVVH, and 1.5 g every 12
h (3-hourly infusions) during CVVHD and CVVHDF [45].

4 Discussion

We provided a comprehensive overview of the evidence
regarding the PK features of novel agents targeted for
MDR/XDR Gram-positive and Gram-negative pathogens in
patients undergoing CRRT. Overall, evidence is limited to
small population PK studies and a few case reports. Notably,
wide variations in CRRT modalities and settings were found
and this might limit the generalizability of these findings to
different clinical scenarios.

Although it is well-known that the ‘one dose fits all’
approach may be hazardous in the critical care setting [46,
47], the implementation of CRRT in severely ill patients
needs more attention in order to individualize antibiotic
therapy. A ‘patient-centred’ approach is required and should
consist of a 360° assessment of the critical septic patient
undergoing CRRT for guidance in antibiotic dosage adjust-
ment. Consequently, the development of dedicated guide-
lines for dosage adjustment based on a ‘drug approach’
could not fit the clinical needs. An a priori antimicrobial
dosage reduction in patients undergoing CRRT should
no more be considered appropriate, as reported in differ-
ent studies [9, 48], and the need for full p-lactam doses is
not an uncommon requirement. In this regard, high-doses
of ceftolozane—tazobactam or ceftazidime—avibactam (3 g
every 8 and 2.5 g every 8 h) in a prolonged infusion dem-
onstrated achievement of the optimal PK/PD target during
CRRT [29-31, 34]. The achievement of aggressive PK/PD
targets (100%fT 4 s mic) is fundamental, for both improving
clinical outcomes and limiting the development of resistance
[18, 19]. In this regard, it should not be overlooked that the
occurrence of breakthrough resistance to ceftazidime—avi-
bactam during CRRT was reported [17].

Four major determinants should guide antimicrobial dose
adjustment during CRRT (Fig. 2): (1) physicochemical and
PK features of novel agents; (2) CRRT modalities, settings
and typology of filter; (3) PK alterations of critically ill
patients (large increase in V,; and residual renal function);
and (4) site of infection and MIC of the pathogen.

4.1 Physicochemical and PK Features of Specific
Antibiotics

Physicochemical and PK features represent a critical deter-
minant involved in the extent of CRRT elimination of each
novel agent. Molecular weight, hydrophilicity, electric
charge, protein binding, and V of the selected antimicrobial
should be considered in patients requiring CRRT [4, 49].
With the exception of dalbavancin, all of the novel agents
developed for the management of MDR Gram-positive or
Gram-negative infections are characterized by small molecu-
lar weight and size (ranging from 138 Da for fosfomycin
to 966 Da for ceftolozane—tazobactam), high hydrophilicity
(resulting in a LogP ranging from — 1.3 for ceftobiprole to
1.84 for cefiderocol), low protein binding (generally below
20%), and limited V, (lower than 0.3 L/kg). These specific
features make novel agents highly prone to remarkable
CRRT elimination.

Considering that only the free fraction of a drug may be
removed by CRRT and that the SC (i.e. the ratio of ultra-
filtrate to serum antibiotic concentrations) correlates well
with free antibiotic fraction in convective CRRT modalities
(i.e. CVVH), novel antibiotics usually exhibit a high SC (>
0.7-0.8) [4, 50]. Similarly, also in diffusive CRRT modali-
ties (i.e. CVVHD or CVVDHF), the SA correlates with the
free moiety, although it depends more on the molecular
weight as it usually decreases (leading to lowering in drug
CL) for agents with a molecular weight > 1000 to 1500 Da
[4, 50]. Among novel antibiotics, only dalbavancin showed
these characteristics [51].

Furthermore, a close relationship between molecular
weight and membrane characteristics may exist. In case of
‘low-flux’ membrane use, CL could be negligible for anti-
microbials with a molecular weight > 1000 Da. Conversely,
when ‘high-flux” membranes are adopted, removal is also
significant for antimicrobials with a molecular weight >
1000 Da in diffusive CRRT modalities [4, 52].

4.2 CRRT Modalities, Settings and Filter Types

Several CRRT factors, including CRRT modalities, settings
and filter type, may significantly affect antibiotic CL [5]. The
three main modalities of CRRT are represented by CVVH,
CVVHD and CVVHDF, based on convective, diffusive, or
mixed depurative techniques, respectively. While antibiotic
CL during haemofiltration is directly proportional to both SC
and ultrafiltration rate, during diffusive modalities CL esti-
mation is more challenging due to the large variability of SA
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[4]. Indeed, significant variations may also occur for the SC
of highly bound antimicrobials (e.g. dalbavancin or dapto-
mycin), especially in critically ill patients affected by severe
hypoalbuminaemia in whom the SC could not always reflect
the theoretically unbound fraction of the antimicrobial agent
[49]. Additionally, the type of dilution modality may signifi-
cantly affect antimicrobial CL. In the post-dilution mode, the
plasma directly crosses the membrane, and antimicrobial CL
depends on the SC and ultrafiltration rate. Conversely, in
the pre-dilution mode, the plasma is diluted by the addition
of the replacement fluid before passing through the filter,
and antimicrobial CL will be lower due to the dilution fac-
tor [5, 49]. Notably, when all other parameters are equal,
the efficiency of antimicrobial removal is expected to be
higher with CVVHDF compared with CVVH [49]. Roger
et al. found a trend toward significant higher piperacillin
total and CRRT CL, along with lower mean steady-state
concentrations in patients undergoing CVVHDF compared
with those undergoing CVVH [53].

As previously reported, the ultrafiltration rate (for con-
vective modality) and the effluent flow rate (for diffusive/
mixed modalities) are directly involved in the determination
of antimicrobial CL [4, 5, 49]. The impact of high-intensity
CRRT on antimicrobial dosing adjustment, especially for

“Drug-
centced”
arproach

REAL-TIME TDM OF NOVEL
ANTIBIOTICS NOT AVAILABLE

Fig.2 ‘Patient-centred” approach for dosing adjustment of novel anti-
biotics in critically ill patients during continuous renal replacement
therapy. BSI bloodstream infection, cUTI complicated urinary tract
infection, CRRT continuous renal replacement therapy, MIC mini-
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CRRT
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agents undergoing highly relevant CRRT removal, is much-
debated [7, 54]. Different studies reported a linear relation-
ship between effluent flow rate and total CL and/or CRRT
CL for several antibiotics, namely meropenem, vancomy-
cin, piperacillin—tazobactam, and ceftolozane—tazobactam
[55-57]. Additionally, a significative relationship between
effluent flow rate and CL was demonstrated in ex vivo mod-
els for ceftolozane—tazobactam, meropenem—vaborbactam,
and dalbavancin [40, 58, 59]. Consequently, in patients
undergoing high-intensity CRRT, altered dosing strategies
of novel agents (full/high doses coupled with prolonged
infusion) could be needed [14]. This is documented by dif-
ferent case reports involving ceftolozane—tazobactam [30,
31] or ceftazidime-avibactam [34], in which full doses or
prolonged infusion were required to achieve optimal PK/PD
targets when using an effluent flow rate >2.5-3 L/h. Con-
versely, administration of reduced doses of ceftaroline or
ceftobiprole to patients requiring high-intensity CRRT failed
in achieving the optimal PK/PD target [25, 37].

CRRT membrane types (e.g. polysulfone, polymethyl-
methacrylate and polyacrylonitrile membranes) have a rel-
evant impact on antimicrobial CL according to the different
adsorptive ability [5, 60]. Adsorptive capacity is high for
ANG69 surface-treated (ST) membrane, and negligible for

Drug
properties

Consider dose

“pPatient-
centred”
approach

mum inhibitory concentration, PK pharmacokinetic. SA saturation
coefficient, SC sieving coefficient, TDM therapeutic drug monitoring,
V,; volume of distribution
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polysulphone membrane [61, 62]. Even the surface area of
the CRRT membrane has a relevant role in drug adsorption
[5]. Ulldemolins et al. [63] found that in patients undergo-
ing CVVHDF with 1.5 m? AN69-ST membrane, the dose of
piperacillin—tazobactam required to maintain a PK/PD tar-
get of 100%fT, yyic Was double compared with those under-
going CVVHDF with a 0.9 m*> AN69-ST membrane. This
example shows that membrane characteristics should also be
taken into account when adjusting antimicrobial dose during
CRRT, especially when highly adsorptive membranes with
a large surface area are used (i.e. AN69-ST) [62].

4.3 PK Alterations of Critically Ill Patients

Regardless of specific CRRT settings and modalities, two
main factors may directly affect the PK profile of antimi-
crobials in critically ill patients with severe AKI, namely an
increase in extracellular fluids and residual renal function
[64]. Considering that most of the novel agents are hydro-
philic and have limited V,; (approximately < 15-20 L), the
so-called ‘third spacing’ phenomenon commonly reported
in septic shock may also strongly affect the achievement of
adequate antibiotic concentration serum and tissue during
CRRT [64, 65]. As reported in our analysis (Table 4), the
V, of several agents was significantly increased in CRRT
patients, meaning that the magnitude of fluid load and/or
the presence of a generalized oedematous state (potentially
derived from the amount of fluid removal with CRRT)
should be taken into account for proper adjustment of the
LD.

Patients undergoing CRRT may sometimes also exhibit
some degree of preserved residual renal function, defined
by the absence of oliguria and a urine output > 0.5 mL/
kg/h according to the Kidney Disease Improving Global
Outcomes (KDIGO) criteria [66]. This may have an addi-
tive effect on CRRT CL. Some studies [67, 68] found a close
relationship between residual renal function and the need for
altered dosing strategies (higher doses or prolonged infu-
sion) for achieving optimal PK/PD targets in CRRT patients
treated with carbapenems. This need could theoretically be
extended to all the other B-lactams with similar physico-
chemical and PK properties, including novel agents. Conse-
quently, in critically ill patients undergoing CRRT directly,
direct measurement of creatinine CL by means of 8-, 12-,
or 24-h urine collection, rather than estimation by means
of available formulas, is highly advisable [69] for accurate
assessment of residual renal function. Unfortunately, data
regarding residual renal function and/or net fluid removal
during CRRT were poorly reported in studies investigating
the PK of novel agents in CRRT patients (Table 2). Relevant
residual diuresis was never reported, and high mean fluid
removal > 3000 mL/day during CRRT was only reported in
the studies by Sime et al. [24] and Kalaria et al. [25].

4.4 Site of Infection

PK/PD issues directly associated with the specific infection
should be considered for antibiotic dose adjustment in CRRT
patients. Tissue penetration of a selected agent depends on
its physicochemical properties and the site of infection. For
example, higher doses of hydrophilic antimicrobials com-
pared with lipophilic drugs are required for the management
of VAP compared with BSI, considering the limited penetra-
tion rate into deep-seated infections [64]. Consequently, dose
optimization of novel antibiotics during CRRT, by virtue
of their hydrophilic properties, should closely consider this
aspect.

4.5 Minimum Inhibitory Concentration
of the Isolated Pathogens

Novel antibiotics are mainly used for targeted therapy of
infections caused by MDR Gram-positive and Gram-nega-
tive pathogens, and the achievement of an optimal PK/PD
target (100%fT 4y mic) 1S imperative to maximize efficacy
and minimize the development of new resistance [18]. It
has been shown that bacterial isolates yielded in critically
ill patients commonly exhibit MIC values two- to fourfold
higher than those observed among those isolated from non-
critical patients [65]. Consequently, novel agents could
require the adoption of full/high-dose regimens administered
by prolonged infusion, considering the clinical failure and
resistance development reported with both ceftolozane—tazo-
bactam and ceftazidime—avibactam among patients undergo-
ing CRRT [15-17].

Administration of full-dose ceftolozane—tazobactam and/
or ceftazidime—avibactam coupled with prolonged infusion
led to optimal PK/PD target achievements in some cases
during CVVHD or CVVHDF [30, 31, 34]. This strategy also
granted adequate achievement of ceftolozane—tazobactam
in the epithelial lining fluid [28]. Conversely, administra-
tion of reduced doses of ceftaroline or ceftobiprole dur-
ing CVVHDF failed to achieve a C,;,/MIC > 4 [25, 37].
In patients undergoing CVVH, all critical determinants
involved in the extent of antibiotic CRRT elimination should
be carefully assessed before considering the use of higher
doses, given the fact that CL during CVVH could be lower
compared with the other two CRRT modalities.

4.6 How Could Adequate Antibiotic Exposure be
Granted? Therapeutic Drug Monitoring-Guided
Strategy versus an Empirical Approach

Antimicrobial dose optimization in patients undergoing
CRRT is challenging. An adaptive TDM strategy may
be the most accurate approach to ensure the achievement
of adequate antibiotic exposure in this scenario [64]. A
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TDM-guided strategy demonstrated that empirical f-lactams
or vancomycin dosing failed in achieving optimal PK/PD
targets during CRRT in up to 72% of cases [9, 70, 71].

Although TDM is invaluable in a CRRT scenario, it
should be highlighted that extensive use of real-time TDM,
particularly for f-lactams, is still limited. Furthermore, com-
mercial kits for TDM are mainly available for traditional
B-lactams, whereas methods for measuring novel antibiotics
are still under construction. Optimization of antibiotic dos-
age during CRRT represents an important unmet clinical
need in most hospitals as a TDM service is unavailable and
only an empirical approach can be performed.

Overall, we believe that a paradigm shift from a ‘drug-
centred’ approach to a ‘patient-centred’ approach should
be considered in empirical dose adjustments during CRRT.
This novel approach should consist of the development of
an easy-to-apply ‘bedside algorithm’ evaluating the main
variables affecting antibiotic CL during CRRT. The algo-
rithm should be based on the physicochemical properties
of the novel agent, the rate of residual renal function, the
effluent flow rate, the site of infection, and the MIC of the
isolated pathogens. This could allow a weighted choice in
considering the need for an empirical antibiotic dosage
increase or decrease according to the presence and extent
of one or more of these determinants in each specific case.
This approach may be directly tested in the different stud-
ies that we included in our analysis. In the case report by
Mahmoud et al. [31], administration of full-dose ceftolo-
zane—tazobactam by CI is supported by the application
of high-intensity CVVHDF (effluent flow rate 4 L/h), the
presence of deep-seated infection (VAP), and a borderline-
susceptible Pseudomonas aeruginosa isolate (MIC 4 mg/L).
Similarly, administration of full-dose ceftazidime—avibactam
in the case report by Soukup et al. [34] is supported by the
application of high-intensity CVVHDF (effluent flow rate
2750 mL/h), the presence of deep-seated infection (VAP),
and borderline-susceptible Pseudomonas aeruginosa (MIC 8
mg/L). In these cases, the eventual presence of residual renal
function would have also justified the need for a higher dos-
ing regimen. The need for a ceftazidime—avibactam dosing
reduction (1.25 g every 8 h) in the case report by Wenzler
et al. [35] is supported by the application of low-intensity
CVVH (Quf 2 L/h) with 100% pre-dilution mode in anuric
patients affected by BSI. All these features justify a ceftazi-
dime-avibactam dose reduction in a similar CRRT scenario.
Conversely, in the PK study by Kalaria et al. [25], applica-
tion of high-intensity CVVHD/CVVHDF (mean effluent
flow rate > 3 L/h), presence of high adsorptive membrane
exhibiting a large surface area, and high net fluid removal
(ranging from 2 to 3 L/day) made ceftaroline dose reduction
inappropriate, leading to failure in achieving the optimal PK/
PD target in all four patients included.

A\ Adis

This strategy strongly differs from the traditional ‘drug-
centred’ view commonly found in the guidelines on dosage
adjustment during CRRT [6], and could prospectively pro-
vide an alternative approach for dose adjustments, especially
of novel antibiotics, which are affected by limited evidences
in this setting.

5 Conclusion

Although evidence assessing the PK behaviour of novel anti-
biotics during CRRT are scanty, useful information directly
applicable in clinical practice may be drawn. A priori dose
reduction of these agents during CRRT seems to be an inap-
propriate strategy rather than a real need. Antimicrobial
physicochemical/PK properties, CRRT settings, pathophysi-
ological alterations, site of infection, and MIC of isolated
pathogens should be carefully evaluated in dose-adjustment
decision-making. A paradigm shift from a ‘drug-centred’
approach to a ‘patient-centred’ approach could be useful and
manageable, especially in settings where antibiotic TDM is
unavailable.
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