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Abstract

The optimal dosing strategy of antimicrobial agents in critically ill patients receiving extracorporeal membrane oxy-
genation (ECMO) is unknown. We conducted comprehensive review of existing literature on effect of ECMO on phar-
macokinetics and pharmacodynamics of antimicrobials, including antibacterials, antifungals, and antivirals that are
commonly used in critically ill patients. We aim to provide practical guidance to clinicians on empiric dosing strategy
for these patients. Finally, we discuss importance of therapeutic drug monitoring, limitations of current literature,

and future research directions.
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Background

Extracorporeal membrane oxygenation (ECMO) is being
increasingly used to provide hemodynamic and/or ven-
tilatory support to critically ill patients for a variety of
indications. According to the 2022 Extracorporeal Life
Support Organization (ELSO) Registry Report, the utili-
zation of ECMO has been steadily increasing every year
[1]. With increasing usage, concerns related to the effect
of both ECMO and critical illness on the pharmacokinet-
ics (PK) and pharmacodynamics (PD) of antimicrobial
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agents is even more topical, with the potential for sub-
optimal dosing and preventable poor patient outcomes.
Understanding the principles of these complex interac-
tions is key to guiding antimicrobial dosing in critically ill
people on ECMO.

With many components of an ECMO circuit including
cannulas, pump, membrane, and tubing, there are sev-
eral changes to drug delivery and concentration that may
impact appropriate dosing as compared to other criti-
cally ill patients. Both the veno-arterial (VA-ECMO) and
veno-venous (VV-ECMO) configuration require a large
surface area of the circuit, which can lead to sequestra-
tion of drugs and substantial variations in PK includ-
ing an increased volume of distribution (Vd), decreased
drug clearance, and increased elimination half-life [2, 3].
Components and coatings of the circuit may also adsorb
antimicrobials decreasing drug concentration; lipophilic
drugs are more likely to be sequestered in the circuit,
typically until binding sites become saturated [3]. For
these agents, dosing is especially difficult, as when a cir-
cuit component is changed, more binding sites become
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available again and thus change the amount of agent
available for its antimicrobial effect. Degree of protein
binding also affects circuit drug recovery, as highly pro-
tein-bound drugs can be more significantly sequestered
in ECMO circuits [4]. However, this theoretical pre-
diction has limitations; PK/PD values observed in the
patients are often discordant with values from in vitro
or ex vivo studies or what we expect from known lipo-
philicity and protein binding of the drug. An additional
consideration is that ECMO circuit can also include a
renal replacement therapy (RRT) circuit, or critically ill
patients on ECMO are often on independent RRT sup-
port, leading to more PK/PD complexities. Finally, flow
rate is a parameter that has been hypothesized to affect
drug delivery, but studies have shown minimal impact of
flow rates on drug concentrations [5, 6]. The increasing
accessibility of therapeutic drug monitoring (TDM) has
the potential to guide individualized and responsive dos-
ing approaches in these complex and dynamic situations.

Not only can the circuit affect drug delivery, but physi-
ologic changes in patients requiring ECMO can be sub-
stantial and may require alternative dosing strategies.
Patients receiving ECMO frequently have increased Vd
secondary to their critical illness, and the associated fluid
resuscitation, fluid retention, and low protein states [7—
10]. Low protein state leads to increase in the fraction of
unbound drug, which makes these drugs more available
for elimination and distribution [7]. Kidney and liver fail-
ure can also affect drug metabolism and excretion, fur-
ther complicating effective antimicrobial management [7,
9, 10]. Patients who are receiving ECMO have significant
immune activation and may have a suboptimal response
to antimicrobials leading to more adverse outcomes with
decreased antimicrobial exposure [9-11]. These patient
factors are dynamic and can change rapidly. Implica-
tions of the infection itself, including the site, causative
microorganism(s), and ability of the drug to achieve ade-
quate concentration at the site also must be considered,
adding further complexity beyond the circuit and patient
considerations.

Understanding these complexities and optimizing anti-
biotic management is key to successful patient outcomes.

Page 2 of 18

However, there is currently limited evidence and no
specific guidelines to direct optimal antimicrobial dos-
ing on ECMO, most data are based on case series and
limited observational data. We review the recent clini-
cal evidence supporting antimicrobial dosing on ECMO
and summarize our recommendations for adult patients
based on the strength of supporting evidence.

The variable nature of the literature for different drugs
makes it challenging to form generalized statements
summarizing each antimicrobial classifications. Hence,
we urge the reader to attempt to read and understand
drugs in an individual context. For ease, we will include a
summary statement at the end of each drug. Throughout
this article, the term “standard dosing” refers to a dose
of antimicrobials used for a patient with normal organ
function and normal range of weight indicated for the
infection(s) that the antimicrobial agent is used for.

Methods

We searched PubMed for articles published in English
from 1988 to July 2024. Search terms included “(ECMO)
AND Pharmacodynamics” and “(ECMO) AND Pharma-
cokinetics” The types of studies we evaluated included
ex vivo and in vivo studies, case reports, case series,
and clinical trials. Due to inherent differences between
Vd between adult patients and pediatrics patients, we
excluded studies that specifically evaluated pediatric
population when formulating our recommendations.
Consensus for dosing recommendations was reached
after the authors reviewed and discussed the articles. We
graded strength of evidence guided by Oxford Centre for
Evidence-Based Medicine (OCEBM) Levels of Evidence
document [12]. Table 1 shows level of recommendations
based on the strength of supporting evidence and abbre-
viations used in summary tables.

Antifungals
Echinocandins
Echinocandins have a high degree of protein binding
with low-to-moderate lipophilicity. Several PK stud-
ies showed conflicting data regarding how ECMO
affects clearance of echinocandins. Two ex vivo PK

Table 1 Classification used in this review based on strength of existing literature

Strength of literature

Level of recommendation Abbreviation

in tables
>3 prospective clinical studies with total number of patients > 25 Recommend PR25
1-2 prospective clinical studies or case reports with concordant results Suggest PR1/2
1-2 clinical case reports or discordant clinical results Consider CR
In vitro or ex vivo data only or no existing data No recommendation EV
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model studies demonstrated significant reduction of
caspofungin level in ECMO circuit [4, 13]. This was
contradicted by another ex vivo study that showed no
significant loss of caspofungin in the ECMO circuit [14].
Additionally, in two case reports, ECMO had little effect
on PK of anidulafungin and caspofungin, respectively
[15, 16]. Larger case series have found similar conclu-
sions, such as a study in lung transplant patients receiv-
ing caspofungin, which compared 12 ECMO patients
with 7 non-ECMO patients, and patients after ECMO
weaning as self-controls, and found no significant dif-
ferences in PK parameters between ECMO and non-
ECMO groups [17]. Similarly, the ASAP ECMO study
also demonstrated similar caspofungin PK parameters
in ECMO patients, but with large inter-individual varia-
tions [18]. While these studies show target attainment at
standard doses in ECMO, in another case report, caspo-
fungin did not achieve therapeutic level even when it
was given at a higher dose considering the patient’s criti-
cal illness [19]. Given the conflicting and limited data
along with high safety profile, is reasonable to consider
an increased dosing strategy for caspofungin and anidu-
lafungin with patients on ECMO. In terms of micafungin,
two ex vivo studies suggested significant loss of the drug
in ECMO circuit [14, 20]. A case report described a case
of Candida glabrata fungemia successfully treated with
increased dose of micafungin (150 mg every 24 h) while
on ECMO(21]. Therefore, it is reasonable to consider an
increased dosing strategy in micafungin.

Azoles

Fluconazole is a hydrophilic and has low protein bind-
ing. Ex vivo studies suggested that fluconazole is not
significantly sequestered in the ECMO circuit [4, 20].
In ovine models, fluconazole had similar Vd and clear-
ance on ECMO [22]. The limited clinical data in patients
suggests otherwise; PK analysis in 40 infants on ECMO
showed that Vd was increased, requiring a higher loading
dose, however some of these were also receiving continu-
ous renal replacement therapy (CRRT) [23]. Similarly, in
PK analysis done in an adult patient, 40% increase in Vd
was observed [24], implying that slightly more aggres-
sive treatment dosing with a loading dose is reasonable.
In this study, a dose of 6 mg/kg adequately met area
under the curve (AUC) target for prophylaxis on ECMO
[24]. ASAP ECMO study performed on eight critically
ill patients receiving concomitant ECMO and CRRT
showed that loading dose of 12 mg/kg followed by 6 mg/
kg every 24 h achieved >90% probability of target attain-
ment, only when fluconazole MIC was equal to or less
then 1 mg/L [25]. Therefore, for treatment we suggest a
loading dose (12 mg/kg or double the usual maintenance
dose), followed by standard maintenance dosing. While
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ELSO guidelines do not recommend routine antimicro-
bial prophylaxis for ECMO patients [26] and this strategy
is not robustly studied, some retrospective reviews have
implemented prophylaxis in specific populations [27, 28].
In the lack of strong evidence, if antifungal prophylaxis is
desired, it is reasonable to consider the use of standard
doses of fluconazole.

Voriconazole is lipophilic and exhibits a moderate to
high degree of protein binding, likely leading to seques-
tration of drug on the ECMO membrane. Three ex vivo
PK model studies reported drastic loss of voriconazole
in ECMO circuit [14, 29, 30], while one ex vivo study
reported only 9% loss of voriconazole based on calculated
AUC, ,, [13]. Possible explanations from the discordant
results include differing oxygenator and tubing charac-
teristics in these studies. Two retrospective observational
cohort studies, each including 66 and 9 ECMO patients,
consistently demonstrated significantly lower voricona-
zole levels in ECMO patients as compared to non-ECMO
patients [31, 32]. In addition, several case reports docu-
mented reduced voriconazole exposure leading to dose
escalation on ECMO [19, 33-35]. A case report described
a phenomenon where voriconazole plasma concentra-
tion significantly decreased after each time the ECMO
circuit was changed, necessitating temporary increase in
the voriconazole dose [36]. This study also reported that
after two to three weeks of membrane use, voriconazole
plasma concentrations stabilized, implying that mem-
brane became saturated by voriconazole [36]. It may be
reasonable to consider a loading dose to be given for a
longer duration (2 days) and to be repeated after oxygen-
ator exchange. Along with this loading strategy, TDM is
necessary for the use of voriconazole in ECMO to pre-
vent over and underdosing. A retrospective study of 69
patients demonstrated that large proportions of critically
ill patients had subtherapeutic voriconazole concentra-
tions regardless of ECMO status with extensive inter- and
intrasubject variability [37]. The importance of TDM is
highlighted by a case report where a higher dose of vori-
conazole was administered considering that the patient
was on ECMO, which led to unexpected supratherapeu-
tic level and subsequent liver toxicity [16].

As expected with high lipophilicity and high pro-
tein binding, an ex vivo study demonstrated significant
sequestration of posaconazole in blood primed ECMO
(30.6% loss based on calculated AUC,,,) [13]. A pro-
spective study including six patients who received IV
posaconazole as prophylaxis for invasive aspergillosis
while on ECMO, all had measured trough concentrations
that reached target (>0.7 mg/dL), but simulation data
suggested less than 90% attainment of treatment target
(>1.0 mg/dL) [38]. While lacking clinical data for thera-
peutic dose of posaconazole, it is reasonable to consider
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increased empiric dose for treatment and adjusting the
therapy with TDM. For prophylaxis, we recommend
using standard doses. There is the least amount of data
for isavuconazole. A study of seven individuals on ECMO
showed standard dosing was sufficient and not affected
by the membrane oxygenator [39]. Another case series on
four patients reported highly variable drug concentration
of isavuconazole, and authors discussed the challenge of
differentiating the effect of ECMO versus critical illness
[40]. Therefore, standard dosing can be considered for
isavuconazole.

Amphotericin B
The literature on dosing of liposomal amphotericin B
in ECMO patients is limited to a few case reports with
conflicting observations. Two case studies reported that
liposomal amphotericin B maintained similar therapeu-
tic levels and other PK parameters at usual dosage in
the patients on ECMO [19, 41]. In contrast, there is one
case report where failure of ECMO circuit was attrib-
uted to liposomal amphotericin B causing occlusion and
damage to the ECMO filter [42]. In this case, a trough
amphotericin B level was undetectable, and therapy was
changed to amphotericin B deoxycholate 1 mg/kg/day
with a subsequent adequate trough level. Another case
report described significant decrease in C_,, with ECMO
when liposomal amphotericin B was used [43]. Based on
these observations on liposomal amphotericin B, it is rea-
sonable to consider higher doses with adjustments based
on clinical response. Data on amphotericin B deoxycho-
late in ECMO is scant. An ex vivo study found no loss of
amphotericin B deoxycholate at 4 and 12 h in the ECMO
circuit [44]. For amphotericin B deoxycholate, consider-
ing standard doses is reasonable with close monitoring
for effectiveness.

Table 2 summarizes dosing recommendations for anti-
fungal agents.

Antibacterials

Beta-lactams

Anti-staphylococcal penicillins

Nafcillin and oxacillin are both lipophilic and highly pro-
tein bound. One ex vivo study which looked at oxacillin
and observed significant differences of rate of concentra-
tion decease in ECMO circuit and controls [45]. One case
report showed that when standard dose of oxacillin (2 g
IV infused over 30 min every 4 h) was used on a patient
on ECMO, it achieved time above minimum inhibitory
concentration (MIC) of 58% where MIC was 0.5 mg/dL
[46]. This study also noted that if MIC was>1 mg/dL,
the goal of time above MIC>50% would not have been
met. Both for nafcillin and oxacillin, it is reasonable to
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consider dosing on the higher end of the normal dosing
range and closely monitor clinical response.

Broad-spectrum penicillins

Ampicillin

An ex vivo study suggests significant sequestration is pos-
sible for ampicillin in the ECMO circuit [29]. Recently,
Kim et al. reported treatment experience for two patients
who received ampicillin while on ECMO [47]. Both
patients achieved the target of time above MIC at 100%
at doses at the higher end and dynamically adjusted for
renal function and RRT status, ranging from 2 g every
12 h to 2 g every 4 h. Based on these data, it is reasonable
to consider dosing on the higher end of the normal dos-
ing range.

Piperacillin-tazobactam

Multiple prospective observational PK studies offered
mixed data on the effect of ECMO on piperacillin-tazo-
bactam. Some studies reported no substantial differ-
ences of PK parameters between critically ill patients
on ECMO or not on ECMO [48-51]. Other prospec-
tive studies showed contradicting results, that patients
receiving ECMO were less likely to achieve target attain-
ment with piperacillin-tazobactam [6, 18, 52, 53]. A ret-
rospective study that analyzed 85 blood samples found
that 5 of them had insufficient C_; , however there was
no non-ECMO control group [54]. Multiple studies sug-
gested that continuous infusion or extended infusion
strategies can improve target attainment rate [49, 52,
53]. Therefore, we recommend using high end of dosing
range with extended infusion protocol with assistance of
TDM if feasible to maximize time above MIC when giv-
ing piperacillin-tazobactam.

Cephalosporins
Cephalosporins have various degree of lipophilicity and
protein binding, and mixed data exists to suggest more
aggressive dosing. For cefazolin, Mehta et al. and Wild-
schut et al. reported around 20% of drug loss in in vitro
ECMO circuit [29, 55], while Kato et al. found no sig-
nificant decrease of cefazolin concentration in in vitro
ECMO circuit [56]. A case report suggested that cefazo-
lin PK was not affected by ECMO therapy [57]. Based on
these studies, use of standard doses can be considered
for bacterial prophylaxis while on ECMO, as Shah et al.
showed the use of standard doses of cefazolin as prophy-
laxis did not increase infection rate compared to broad-
spectrum antibiotics [27]. When used for treatment of
infection, dosing on the higher end of the normal dosing
range could be considered.

Ceftriaxone appeared not to be lost significantly in
ex vivo ECMO circuit [45]. Gijsen et al. [58] reported
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Table 2 Summary of recommendations for antifungals

Drug Pertinent PK parameters®  Dosing recommendation® Comments Proposed
strength of
evidence®

Echinocandins

Anidulafungin  >99% protein bound Increase dose from 200 mg once followed  One case report suggests minimal effect CR
LogP?=23 by 100 mg g24h to 200 mg g24h on PK
Caspofungin 97% protein bound Increase dose from 70 mg once followed Mixed data with high safety profile suggest CR
LogP=0.3 by 50 mg g24h to 70 mg g24h increased doses are reasonable
Micafungin >99% protein bound Increase dose to 150 mg g24h Ex vivo studies suggest drug loss in ECMO ~ CR
LogP=-16 circuit, a case report suggest using higher
doses
Azoles
Fluconazole 11-12% protein bound Prophylaxis: use standard doses Data supports being slightly more aggres- ~ PR25
LogP=04 Treatment: Administer a loading dose sive with treatment dosing
(12 mg/kg or double the usual treatment
dose) and use standard treatment doses
thereafter
Voriconazole 58% protein bound Increase loading dose duration. Start Use TDM to guide dosing CR
LogP=1.5 at 6 mg/kg g12h for 2 days (or after oxy-
genator change) and then reduce dose
to 3-4 mg/kg
Posaconazole  >98% protein bound Prophylaxis: use standard doses Use TDM to guide dosing. An ex vivo CR

LogP=46

Isavuconazole  >99% protein bound Use standard doses

LogP=35
Amphotericin B

Liposomal Unclear protein binding

High lipophilicity or higher)

Deoxycholate  90% protein bound Use standard doses

LogP=0.8

Treatment; Consider increased doses (DR
or IV formulation 400 mg g24h)

Consider increased doses (5-8 mg/kg g24h

study showed significant sequestration;
along with a high safety profile, increased
empiric treatment doses are reasonable

A single patient PK study showed standard  CR
dosing is sufficient

Mixed data exist. Consider increased CR
dosage with close monitoring of clinical
response

Less likely to be affected by ECMO CR

than liposomal formulation. Monitor
for increased toxicity

PK pharmacokinetic(s), LogP LOgP anolwater 924h every 24 h, q12h every 12 h, TDM therapeutic drug monitoring, ECMO extracorporeal membrane oxygenation, DR

delayed release, IV intravenous

2 All protein binding and logP values were obtained from PubChem

b Dosing recommendations in this table are for normal organ function and body weight. Further dose adjustments may be needed for organ impairment, renal

replacement therapies, or body weight

€ Abbreviations correspond to level of recommendation defined in Table 1

4 Lipophilicity of the drug is represented by LogPianoymwater Which is a log value of proportion between concentration of drug in octanol phase and concentration of
drug in water phase. Increasing positive values representing lipophilic drugs and increasingly negative values representing hydrophilic drugs

ceftriaxone PK data of two patients; ECMO did not
significantly affect unbound PK and target attain-
ment. Similarly, in a prospective study with 14 patients,
Cheng et al. [59] suggested that ECMO does not signifi-
cantly influence ceftriaxone pharmacokinetics. There-
fore, we suggest ceftriaxone dosing similar to other
critically ill patients on the higher end of the normal
dosing range [60].

For ceftaroline, minimal data exists. An ex vivo study
suggested significant loss of ceftaroline in ECMO cir-
cuit [61], which support using a higher dose, such as
600 mg every 8 h. However, as there are no published

clinical cases to guide management, we have no recom-
mendation for its use in ECMO.

For cefepime, ceftazidime, and ceftazidime-avibac-
tam, we suggest using standard doses. Cefepime showed
insignificant change in PK parameters both ex vivo and
in patient PK samples [45, 54, 62—64]. Ceftazidime also
showed reliable drug recovery in ex vivo study and simi-
lar PK parameters in clinical data [6, 45, 54]. In a retro-
spective observational study on 14 patients on ECMO
receiving ceftazidime-avibactam, Curtiaud et al. showed
that trough levels for both ceftazidime and avibactam
were above predefined targets of European Committee
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on Antimicrobial Susceptibility Testing (EUCAST)
breakpoints in most patients, and concluded that dose
modification may not be necessary [65].

For ceftolozane-tazobactam, one ex vivo study dem-
onstrated significant loss of the drug in the circuit [66],
whereas another ex vivo, porcine in vivo study and two
case reports suggested the ECMO has minimal effect on
ceftolozane-tazobactam PK [67-69]. Due to these stud-
ies, it is reasonable to consider standard dosing when
using ceftolozane-tazobactam.

Ceftobiprole was studied in one retrospective cohort
comparing 28 patients on ECMO and 7 patients not on
ECMO [70]. Ceftobiprole blood concentrations were
similar in two groups and was more affected by renal
clearance and RRT than ECMO status [70]. Therefore,
we suggest standard dosing with renal adjustment for
ceftobiprole.

Cefiderocol is a new siderophore cephalosporin which
is active against multiple antibiotic resistant infections. It
is moderately protein bound (40 to 60%) and hydrophilic
in nature. Cefiderocol sequestration was assessed in an
ex vivo ECMO circuit versus a glass jar control. After
24 h, the percent drug reduction was similar between the
ECMO circuit and control (50%+13 vs. 50%+9, p=1.0)
[71]. Similarly, a case report observed that there was no
significant drug loss and the AUC of the drug was in fact,
higher than expected [72]. Hence it is reasonable to con-
sider cefiderocol standard doses in patients on ECMO.

Carbapenems

Meropenem is one of the most clinically studied antibi-
otics in terms of dosing in ECMO. A notable feature of
meropenem is it is easily degraded in physiologic con-
ditions, as shown in ex vivo studies [3, 14, 73]. In addi-
tion, Shekar et al., and Zhang et al., reported further loss
of meropenem in ECMO circuit ex vivo [3, 14]. So far
there are 12 clinical prospective studies on meropenem
dosing in ECMO patients in adult patients [6, 18, 50, 58,
74-77]. These studies consistently demonstrated chal-
lenges of maintaining therapeutic time above MIC for
meropenem in critically ill patients in general, while the
use of ECMO did not seem to affect PK of meropenem
significantly. The studies emphasized importance of uti-
lizing extended or continuous infusion with guidance of
TDM to meet therapeutic goal, especially if aggressive
target of time above MIC is desired. Therefore, we rec-
ommend to dose on the higher end of the normal dosing
range and consider an extended infusion dosing protocol
for meropenem.

In 2015, Welsch et al. reported high variability in
trough concentrations of imipenem-cilastatin in two
patients on VV-ECMO and suggested dosing regimen
of 1 g every 6 h [78]. Subsequently, two prospective PK
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studies, each performed on 10 patients, both showed
poor target attainment with usual dosing and suggested
1 g every 6 h may be required for adequate serum con-
centration [5, 48]. A large retrospective population PK
study on 247 patients showed that blood concentrations
of imipenem in ECMO patients were lower than that of
non-ECMO patients and suggested higher dose of imi-
penem-cilastatin 750 mg every 6 h [79]. Therefore, we
recommend 1 g every 6 h of imipenem-cilastatin for the
patients on ECMO. For imipenem-cilastatin-relebactam,
which is co-formulation with beta-lactamase inhibitor
relebactam, a population PK study on 7 patients sug-
gested that a standard dose of 1.25 g every 6 h achieved
sufficient drug exposure [80]. It is reasonable to consider
standard dosing for imipenem-cilastatin-relebactam.

For ertapenem, clinical data is lacking. We recommend
considering usage of meropenem or imipenem-cilastatin
instead which have more published data and are less pro-
tein bound.

Daptomycin

Limited data on daptomycin dosing suggests that use of
standard doses may be appropriate in ECMO patients.
Two studies using ex vivo PK models showed that dapto-
mycin levels were maintained in conventional ECMO cir-
cuit over 24 h [56, 61]. A case report described successful
treatment of vancomycin-resistant Enterococcus faecium
bacteremia with standard 10 mg/kg every 24 h doses of
daptomycin [21]. A recent prospective PK study on 36
patients showed that creatinine clearance significantly
affects the clearance of daptomycin while ECMO has
no significant effect on PK parameters [81]. Therefore,
we suggest standard dosing for daptomycin in ECMO
patients with routine adjustments based on creatinine
clearance and MIC.

Tetracyclines

Doxycycline has an important role in management
of infections such as scrub typhus, leptospirosis, and
malaria that can present with acute respiratory distress
syndrome (ARDS) as a complication, necessitating the
use of ECMO. Doxycycline is a highly protein bound and
lipophilic molecule and therefore, could be sequestered
into the ECMO circuit. Despite extensive use of doxycy-
cline, the variation in PK in patients on ECMO has not
been studied. However, A single case report observed
that the ECMO circuit did not decrease the peak and
trough concentrations and the standard dosing at 100 mg
every 12 h may be sufficient in such case [82]. Thus, it
is reasonable to consider use of standard doses of doxy-
cycline in ECMO patients. For tigecycline, an ex vivo
PK model study reported no significant loss of drug in
ECMO circuit [14]. Similarly, in a case report in a patient
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on VV-ECMO with centrifugal pump, ECMO did not
have effect on PK of tigecycline [83]. Therefore, it is rea-
sonable to consider using standard doses of tigecycline in
ECMO patients.

Glycopeptides

A number of population PK, observational, and matched
cohort studies described PK of vancomycin in ECMO
patients [18, 84—91]. Consistent findings are that the PK
parameters of vancomycin were largely consistent with
that of critically ill patients not on ECMO, emphasiz-
ing that vancomycin dosing in ECMO patients should
be in alignment with a general approach for critically ill
patients [84—86, 88]. These include administration of a
loading dose [90] with consideration for renal function
and status of renal replacement therapy [85]. The impor-
tance of TDM is paramount when using vancomycin in
ECMO patients. We recommend a loading dose of 20 to
30 mg/kg (maximum loading dose: 3000 mg) as in other
critically ill patients, followed by standard maintenance
doses guided by TDM.

Teicoplanin is a hydrophilic molecule that is highly
protein bound. In presence of renal dysfunction, many
clinicians outside of the United States prefer using teico-
planin for relatively easier dose adjustments and better
side effect profile than vancomycin. Wi et al. developed
a population PK model for dose optimization of teicopla-
nin [92]. The study suggested a loading dose of 600 mg
(instead of 6 mg/kg) and a maintenance dose of 400 mg
for mild to moderate infections and a loading dose of
1,000 mg and a maintenance dose of 800 mg for severe
infections [92]. Similarly, another study observed that a
regimen with 4 loading doses of 12 mg/kg was effective in
achieving a median trough level above 10 mg/L in 100%
cases and above 15 mg/L in 90.9% cases [93]. Based on
these studies, we suggest higher than standard doses.

Linezolid

Minimal and conflicting data exists regarding linezolid
dosing in ECMO. In ex vivo PK model, linezolid level was
maintained at 91% after 24 h in the ECMO circuit [4].
However, a case series on three patients demonstrated
that MIC values>1 mg/dL for methicillin-resistant
Staphylococcus aureus (MRSA) predicted subtherapeutic
AUC/MIC [94]. Another case report observed subthera-
peutic AUC/MIC at a higher dose of 600 mg every 8 h
when used for MRSA even at MIC of 1 mg/dL [95]. In
a prospective observational study, nine patient receiving
continuous infusion of linezolid while on ECMO were
studied, and authors found high rates of target attain-
ment failure (35% vs. 15% in non-ECMO) when the tar-
get was defined as serum concentrations fourfold above
the MIC [6]. Therefore, when using linezolid for patients
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on ECMO, high dose of 600 mg every 8 h may be consid-
ered especially for treatment of severe infection, accom-
panied by monitoring for adverse effect. If suboptimal
clinical response is noted, an alternative antimicrobial
agent should be considered.

Fluoroquinolones

It was demonstrated in multiple studies (ex vivo PK mod-
els and observational studies in patients) that ciprofloxa-
cin concentrations and PK parameters are minimally
affected by ECMO circuit [3, 96, 97]. The ASAP ECMO
study demonstrated large between-subject variability in
PK parameters of ciprofloxacin in ECMO patients as in
other antimicrobials included in this study, emphasizing
consideration of other factors when approaching criti-
cally ill patients [18]. An in vitro model using heparin
coated ECMO circuit showed that the concentration of
levofloxacin did not decrease significantly over 24 h [56].
We recommend a standard dosing approach for criti-
cally ill patients as appropriate for both ciprofloxacin and
levofloxacin.

Azithromycin

One case series reported no significant difference in
Crav Cmin and AUC of azithromycin in three patients
who received standard dose of IV azithromycin while
on ECMO [98]. Standard dosing can be considered for
azithromycin.

Aminoglycosides

Aminoglycosides are hydrophilic molecules with low
protein binding. Most PK studies on aminoglycosides are
performed on amikacin. For gentamicin, there is some
early literature in infants and neonates [2, 99-104], and
for tobramycin, there is no clinical data. In two prospec-
tive observation studies on adult patients, ECMO did
not have a significant effect on peak and trough plasma
amikacin levels [105, 106]. In two other prospective stud-
ies on adult patients, subtherapeutic amikacin peak lev-
els were observed in 39% (41/106 patients) and 67% (4/6
patients), respectively [48, 107]. However, variability of
amikacin levels in critically ill patients is a well described
challenge even without the use of ECMO [108-111].
Overall, it appears that ECMO has minimal effect on PK
of aminoglycosides. We recommend the same approach
to aminoglycoside dosing in ECMO patients as in non-
ECMO critically ill patients, which includes considera-
tion for renal function, clinical indication, MICs, and
most importantly, drug level monitoring.

Polymyxins
Polymyxins include colistin and polymyxin B. While
colistin is administered as a prodrug (colistimethate
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sodium), polymyxin B is administered in its active form.
Both the drugs are moderately protein bound and possess
both hydrophilic and lipophilic moieties [112]. Generally,
these drugs are less likely to be sequestered in the ECMO
circuit. Suk et al. studied the effect of ECMO on colis-
tin concentrations in two patients and did not observe
any reduction in drug concentrations [113]. In fact, they
reported the levels to be higher than the average concen-
trations [113]. Another case report also reported similar
findings with no significant differences in the trough and
peak concentrations of the drug with ECMO [114]. In a
study evaluating the PK profile of polymyxin B in criti-
cally ill patients on ECMO, the median area under the
concentration—time curve over 12 h (AUC,,_,, ) for the
total drug and the free drug was not different when com-
pared to non-ECMO patients. The authors concluded
that current dosing strategies for polymyxin B are suffi-
cient for patients on ECMO and dose modifications may
not be necessary [115]. Similarly, Ye et al. [116] observed
that the impact of ECMO on polymyxin B is likely to be
minimal. Given this data indicating minimal impact of
ECMO on polymyxins, we suggest use of standard dosing
for both colistin and polymyxin B.

Metronidazole

Metronidazole has very low-grade protein binding
(<20%) and is hydrophilic, thus its PK is unlikely to be
affected by ECMO. While lacking any literature, we have
no recommendation for any alternative dosing strategy
for ECMO patients.

Sulfamethoxazole-trimethoprim

A case report on a patient who was treated with IV sul-
famethoxazole-trimethoprim at the dose of 100 mg/kg/
day and 20 mg/kg/day for Pneumocystis jirovecii pneu-
monia while on VV-ECMO showed that PK parameters
were not significantly affected by ECMO therapy [117]. It
is reasonable to consider using standard initial doses with
TDM given the high protein binding and lipophilicity of
both sulfamethoxazole and trimethoprim components.

Fosfomycin

With increasing prevalence of multidrug resistant infec-
tions, intravenous fosfomycin, either alone or in combi-
nation is often used in critically ill patients outside of the
United States. No study has assessed the PK of fosfomy-
cin in patients on ECMO support. However, this drug
is hydrophilic and has negligible protein binding, which
suggests it would not likely be sequestered in the ECMO
circuit [118]. With lack of data for use in ECMO, we have
no recommendation for any alternative dosing strategy in
patients receiving ECMO.
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Table 3 summarizes dosing recommendations for anti-
bacterial agents.

Antivirals

The literature on the use of ganciclovir on ECMO is lim-
ited to one case report in an adult patient with acquired
immunodeficiency syndrome (AIDS) [24]. This study
showed that ganciclovir at standard dosing achieved
AUC target on ECMO [24]. In the absence of sufficient
literature, given the hydrophilicity and low protein bind-
ings of the drug, it is reasonable to consider using ganci-
clovir at standard doses with implementation of TDM if
available.

Three small open label, prospective studies evalu-
ated the PK parameters of oseltamivir in critically ill
patients [119-121]. These studies consistently showed
that ECMO itself did not change C,, and AUC of
oseltamivir carboxylate, which is an active metabolite of
oseltamivir. Only when the patient had renal dysfunction
or was on concomitant continuous renal replacement
therapy, oseltamivir carboxylate showed accumulation.
ASAP ECMO study observed poor target attainment
of oseltamivir in 3 out of 9 patients, however, it is not
clear if these patients with poor target attainment had
augmented or normal renal function compared to the
patients who achieved the PK target [18]. We therefore
recommend using standard, renally adjusted doses of
oseltamivir in the patient on ECMO.

For peramivir, an ex vivo study demonstrated no signif-
icant loss of peramivir in the ECMO circuit regardless of
the presence of the oxygenator [122]. Without any clini-
cal data, we have no recommendation for alternative dos-
ing strategies in patients receiving ECMO.

Remdesivir is a pro-drug which converts into its active
metabolite GS-441524. It is a highly protein bound mol-
ecule and therefore may get sequestered in the circuit
[123]. Carina et al. examined the interactions between
circuits and drugs in closed-loop ex vivo ECMO and
CRRT setups. The mean recovery of remdesivir at 6 h
post-dosing was notably low in both ECMO (33.3% [2.0])
and CRRT (3.5% [0.4]) circuits. Conversely, the recov-
ery of GS-441524 at the 6-h mark was substantial in the
ECMO circuit (75.8%), but undetectable in the CRRT cir-
cuit. The significant loss of both molecules, particularly
in the CRRT setup, indicates potential need for remdesi-
vir dosing adjustments especially in patients undergoing
both ECMO and CRRT support [124]. Similarly, Dhanani
et al. [125] observed decreased drug recoveries in ex vivo
ECMO circuits than control jars. Ide et al. assessed the
effect of ECMO circuit in a patient with severe coro-
navirus disease 2019 (COVID-19) with normal renal
function. The plasma concentrations of remdesivir and
GS-441524 4 h after administration were lower than the
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concentrations reported in normal individuals [126].
Notably, the patient had also gained 20 kg of extracellular
fluid weight during the hospitalization which likely also
affected the PK resulting in lower serum levels. While
clinical evidence is scarce, standard dosing may be con-
sidered for remdesivir.

Table 4 summarizes dosing recommendations for anti-
viral agents.

Discussion

Optimizing drug exposure in patients requiring ECMO
remains challenging. Concerns with circuit sequestration
of lipophilic and highly protein bound molecules and
an expanded volume of distribution of hydrophilic mol-
ecules have yielded mixed findings in the above reviewed
literature. The conflicting nature of literature existing in
this sphere makes interpretation very challenging and
strong recommendations are sparse. The severe degree
of critical illness that necessitates exposure to ECMO cir-
cuitry very frequently carries additional perturbations to
PK that, in themselves, can also affect drug exposure [2,
3,7, 8]. Most of the comparative data suggests antimicro-
bial exposure for several agents did not differ in critically
ill patients requiring ECMO versus those not requir-
ing ECMO [17, 31, 37, 50, 51, 76, 84, 85, 89-91, 98, 105,
108, 114, 116, 121]. In contrast, some studies do suggest
decreased drug exposure in ECMO patients compared
to non-ECMO patients [6, 53, 99, 100], highlighting the
need to further elucidate the interplay of the ECMO cir-
cuit and critical illness in individual drugs. While the cir-
cuit and critical illness cause PK alterations as described
in this article, there is limited data on PD and patient

Table 4 Summary of recommendations for antivirals
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outcomes, which is essential information to improve clin-
ical outcomes for the patients receiving ECMO.

While in vitro and ex vivo studies are important first
steps to understand the PK effects of the ECMO circuit
on the antimicrobials, there are several challenges to
these study designs. Aside from the concerns of remov-
ing the human compartment, in vitro and ex vivo circuit
models used in sequestration studies may be performed
under conditions not broadly generalizable to contem-
porary practice, including differences in membrane oxy-
genator composition, type and length of tubing, tubing
coatings, choice of priming fluid, and abridged duration
of circuit exposure. Theoretical concerns regarding satu-
ration of binding sites are difficult to quantify but also
may not be captured in these analyses. Ideally, PK stud-
ies in pre-clinical models can complement clinical obser-
vations, However, given the limitations of in vitro and
ex vivo sequestration studies and that results frequently
do not align with PK studies, use of clinical PK studies in
real world settings when available is preferable. For the
majority of antimicrobials discussed above, individual
case reports and case series evaluating PK data are the
strongest level, and only a few have studies with a non-
ECMO comparator arm.

End-organ dysfunction occurs frequently in this popu-
lation, with some reports of concomitant acute kidney
injury occurring in over 50% of cases [127]. Concomitant
use of CRRT is commonly employed in these patients
and can often be done using the same circuit. Presence of
renal dysfunction and accompanying renal replacement
therapies will further alter antimicrobial dosing needs of
some antimicrobials beyond that of ECMO alone. In gen-
eral, CRRT most efficiently removes antimicrobials with

Drug Pertinent PK parameters®  Dosing recommendation® Comments Proposed
strength of
evidence®
Ganciclovir ~ 1-2% protein bound Use standard doses with TDM  Insufficient clinical data CR
LogP9=-25

Oseltamivir ~ 42% protein bound Use standard doses Prospective studies suggest standard dosing PR25
LogP=1.1

Peramivir <30% protein bound Use standard doses No clinical data EV
LogP=0

Remdesivir ~ 90% protein bound Use standard doses 1 case report suggest possible decreased plasma CR
LogP=19 concentration with multiple confounding factors

PK pharmacokinetic(s), LogP LogP,ianowater TPM therapeutic drug monitoring
2 All protein binding and logP values were obtained from PubChem

b Dosing recommendations in this table are for normal organ function and body weight. Further dose adjustments may be needed for organ impairment, renal

replacement therapies, or body weight
€ Abbreviations correspond to level of recommendation defined in Table 1
d Lipophilicity of the drug is represented by LogP

octanol/water

which is a log value of proportion between concentration of drug in octanol phase and concentration of

drug in water phase. Increasing positive values representing lipophilic drugs and increasingly negative values representing hydrophilic drugs
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low protein binding, low volumes of distribution, and
those that are more hydrophilic with predominately renal
elimination (characteristics that are largely the opposite
to those most potentially affected by ECMO)[128, 129].
Other publications exist to provide guidance on dos-
ing for CRRT and should also be referenced for patients
receiving this in addition to ECMO [129-132]. Each
patient’s individual scenario needs to be comprehen-
sively evaluated to determine appropriate dosing strate-
gies, ideally guided by TDM if feasible. Also, it should be
noted that while the dosing suggestions in this article are
for ECMO, it was not always possible to cleanly separate
out publications and study data with regards to whether
concomitant CRRT was employed, and that is a limita-
tion of this paper.

Effective and early antibiotic therapy is a key to man-
agement of infection in critically ill patients; therefore,
more aggressive dosing approaches in these patients
could be considered in the context of severity of infec-
tion, individual patient comorbidities, and specific drug
properties. Close monitoring and dosing adjustment
is necessary to minimize the potential for antimicro-
bial toxicity. An understanding of antimicrobial PK and
PD is essential in guiding effective and safe dosing, this
requires support from informed clinical pharmacists and
clinicians.

In this context, we recommend individualizing therapy
for patients by TDM, when available. Limitations of TDM
should not be overlooked, however, including a dearth of
availability of assays for some of the commonly utilized
antimicrobials at many institutions and in some cases.
In the future, increased access to TDM and dosing soft-
ware may also be impactful for individualizing effective
therapy for these patients. The other limitation is a lack
of consensus on optimal PK/PD targets for each drug.
Beta-lactams, for example, have conflicting suggestions,
depending on the citation, of time over MIC targets of
50-70% of the dosing interval to trough goals of greater
than four times the MIC [133, 134]. For beta-lactams, we
recommend the use of extended infusion when possible,
as is commonly utilized in other critically ill patients to
optimize PD, which is in concordance with 2021 interna-
tional guidelines for management of sepsis [135].

In addition, it should be noted that for antimicrobials
with oral administration options (e.g., azoles), precaution
should be taken when adopting dosing strategies from
these literature. Majority of PK studies that we reviewed
are done with IV formulation of antimicrobials, and oral
absorption of drugs may be erratic in critically ill patients
[136].

The strength of our paper is that we performed com-
prehensive and extensive review of the most up-to-date
literature. This review carries high clinical relevance thus
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provides practical guidance to clinicians and pharma-
cists. Finally, we adopted semi-quantitative method to
assess the level of evidence as outlined in Table 1.

Looking forward, there are many opportunities to
improve our understanding of antimicrobial exposure in
these complex patients. Clinical outcomes studies may
be difficult to perform and interpret in this population
given the high underlying mortality risk, lack of stand-
ard definition for infections during ECMO support [137],
and different ECMO systems and cannulations strategies
used among centers. However additional studies compar-
ing drug levels in ECMO patients to matched non-ECMO
cohorts would help elucidate whether the PK changes are
truly secondary to presence of the ECMO circuit or if
the profound degree of critical illness and the associated
physiological changes are the main driver. More data on
the interplay of ECMO and CRRT on dosing needs would
also be beneficial. As new circuits are developed, it is pos-
sible that they may affect antimicrobials in ways that are
different from previously studied circuits, and application
of these dosing strategies should be interpreted with cau-
tion. Lastly, expanded access to antimicrobial assays and
further clarification of goal ranges would also be of utility
for future studies in efforts to optimize efficacy and mini-
mize toxicity.

Conclusion

Effective antimicrobial use in patients on ECMO requires
careful consideration of the complex interplay between
patient, circuit, and antimicrobial factors. Recently there
has been significant progress in understanding these
complexities and emerging clinical data to support anti-
microbial dosing recommendations in these complex,
critically ill patients on ECMO. However robust prospec-
tive clinical studies centered to patient outcomes beyond
the scope of PK/PD parameters are needed. TDM should
be utilized when feasible to improve outcomes in these
complex, critically ill patients.

Abbreviations

AIDS Acquired immunodeficiency syndrome
ARDS Acute respiratory distress syndrome

AUC Area under the curve

Crnax Peak concentration

Cinin Trough concentration

(@Y% Cytomegalovirus

COVID-19  Coronavirus disease 2019

ECMO Extracorporeal membrane oxygenation
ELSO Extracorporeal Life Support Organization
EUCAST European Committee on Antimicrobial Susceptibility Testing
HHV-6 Human herpesvirus-6

v Intravenous

MIC Minimum inhibitory concentration

MRSA Methicillin-resistant Staphylococcus aureus
PK Pharmacokinetic(s)

PD Pharmacodynamic(s)

vd Volume of distribution

RRT Renal replacement therapy
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CRRT Continuous renal replacement therapy

TDM Therapeutic drug monitoring

VA-ECMO  Veno-arterial extracorporeal membrane oxygenation
W-ECMO  Veno-venous extracorporeal membrane oxygenation
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