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Abstract

Augmented renal clearance (ARC) is a phenomenon of enhanced renal function seen in critically ill patients. ARC alters
the disposition of renally eliminated medications currently used in the intensive care unit, resulting in underdosing and
potential therapy failure. Our review addresses the rising concern of inadequate dosing in patients with ARC by summariz-
ing the currently available evidence. To our knowledge, this guide is the first to provide clinicians with dose recommenda-
tion insights for renally eliminated agents in adult critically ill patients with ARC. A comprehensive literature search using
MEDLINE, Embase, Cochrane Library, CINAHL, Scopus, and ProQuest Dissertations and Theses Global was conducted
until 3 November 2021. Screening and data extraction were conducted in two steps: title and abstract screening followed by
full-text review. Full text review resulted in a total of 51 studies included in this review. The results demonstrated the need
for higher-than-standard doses for meropenem, imipenem, and vancomycin and reduced dosing intervals for ceftriaxone in
patients with ARC. The potential need for increased dosing frequency in patients with ARC was also found for both enoxa-
parin and levetiracetam. In conclusion, ARC has been shown to influence the probability of target attainment in several
medications requiring dosing changes to mitigate the risk of therapeutic failure.

Key Points 1 Introduction

Augmented renal clearance (ARC) is a phenomenon Augmented renal clearance (ARC) is a phenomenon
seen in critically ill patients potentially contributing to seen in critically ill patients that has been increasingly
underdosing and treatment failure. recognized in the recent years. It is most often defined

as a creatinine clearance (CrCl) > 130 ml/min/1.73 m?,
which is most accurately based on measured CrCl using
8-24 h urine collection [1]. Although the exact mecha-
nisms causing ARC are not fully understood, many have

The currently available evidence is not exhaustive of all
drugs used in the ICU and other settings where patients
are at a higher risk of developing ARC.

Results demonstrated the need for higher doses for been hypothesized. ARC may perhaps be a physiologic
meropenem, imipenem, vancomycin, levetiracetam, and response to acute injury such as traumatic brain injury
enoxaparin. or body temperature change. Renal clearance may also

be enhanced owing to various treatments patients in the

intensive care unit (ICU) receive, such as vasopressors and

fluid resuscitation. It is also thought to be a consequence

of the heightened sympathetic response associated with

54 Sherif Hanafy Mahmoud severe critical illness and systemic inflammatory responses
smahmoud @ualberta.ca such as in patients with traumatic brain injury and sepsis,

as well as changes in vascular resistance, cardiac output,
and blood flow to major organs, e.g., the kidneys, result-
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potential for enhancing the clearance of drugs primarily
eliminated by the kidneys such as B-lactam antimicrobi-
als and certain antiepileptic drugs, potentially leading to
therapeutic failure and potentially poor outcomes in this
especially vulnerable patient population.

Multiple ARC risk factors have been reported by research
teams. As mentioned, ARC is more prevalent in the critical
care setting, especially in trauma patients. Age appears to be
the most important and widely verified risk factor for ARC.
Patients of younger age (< 50 years of age) were at the high-
est risk of developing ARC. Additionally, patients with ARC
tend to be males, with lower critical illness severity scores
[1]. Therefore, it may be necessary to use risk assessment
tools for more rapid identification of critically ill patients
exhibiting ARC. A few tools have been developed for this
purpose [2].

It is considered common practice to reduce doses in the
presence of renal impairment; however, the scarcity of cur-
rently available evidence and the lack of a clear consensus
supporting dosing requirements in the case of ARC have
made it difficult for clinicians to optimize dosing regimens
for patients with ARC. Multiple studies have demonstrated
that ARC impacts the plasma levels of renally eliminated
drugs commonly seen in a critical care setting, especially
antimicrobials and antiepileptic drugs (AED). We discussed
the phenomenon of ARC in our previous review [1]; how-
ever, multiple studies have been published since our initial
review. Therefore, the objective of this review is to provide
an update to summarize the current evidence pertaining to
the influence of ARC on the disposition of renally elimi-
nated medications commonly used in the ICU. We hope that
this guide will provide clinicians with dosing recommenda-
tion insights for multiple renally eliminated agents used in
patients with ARC.

2 Literature Search
2.1 Search Strategy

A comprehensive database search was conducted by the
medical librarian (J.Y.K.) on 27 October 2020 in the fol-
lowing databases: MEDLINE (via Ovid), Embase (Ovid),
Cochrane Library (Wiley), CINAHL, Scopus, and ProQuest
Dissertations and Theses Global with no date or language
limits. The search was updated on 3 November 2021 to cap-
ture newly published research following the original search.
Keywords related to ARC in the critically ill were used to
conduct the search (see Supplementary Table 1 for details on
keywords used). We utilized, the web-based review screen-
ing tool “Covidence” for the screening process (www.covid
ence.org).
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2.2 Study Inclusion and Exclusion Criteria

Human studies conducted in critically ill adult populations
and reporting drug dosing or pharmacokinetics in the set-
ting of ARC (those with creatinine clearance > 130 ml/
min/1.73 m?) were included. Studies were further sorted
on the basis of inclusion of specific medications. Studies
focused on pediatrics, pregnant women, or studies conducted
in populations with potentially altered renal elimination
(e.g., cystic fibrosis, burn patients) were excluded. This is
due to the physiological and pathological changes associated
with these patient populations that would hinder the detec-
tion of ARC. In addition, reviews, editorials, case reports,
preprints, and commentaries were also excluded.

2.3 Study Screening

Study screening and selection from the 27 October 2020
database search were conducted independently by A.S. and
S.H.M. An updated study screening and selection from 3
November 2021, were conducted independently by S.H.M.
and S.S. to include research published from October 2020
to November 2021. An initial title and abstract screening
followed by a full-text review was conducted. Any conflicts
were discussed among authors to reach a consensus.

2.4 Data Extraction

Data extracted included study design, study objectives, study
population, drugs tested, method used, and study findings.

3 Results of Literature Search
and Discussion

Literature search resulted in 3455 and 3941 articles across
all databases on 27 October 2020, and 3 November 2021,
respectively (Supplementary Table 2). A total of 1761 and
347 unique articles remained for screening from these com-
prehensive searches. Full text screening yielded 51 articles
for inclusion (Supplementary Table 3).

Prospective observational studies constitute the main
body of evidence in this review at 69% (n = 34) of the total
evidence. Retrospective observational studies constitute 31%
(n = 16) of the total evidence. This is in addition to a single
prospective interventional study by Cojutti et al. discussing
meropenem [3] Expectedly, the literature search concluded
that renally eliminated drugs such as -lactams and leveti-
racetam in patients with ARC needed alternate dosing regi-
mens where a loading dose might be needed, an extended
infusion strategy employed, or frequency or amount of
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dosing increased to achieve the same targets as in patients
without ARC. Although the currently available evidence is
not exhaustive of all drugs used in the ICU and other settings
where patients are at a higher risk of developing ARC, it can
be assumed that all renally eliminated drugs in this patient
population will be at a higher risk of therapeutic failure or
target non-attainment, and it would be prudent to take pre-
cautions to mitigate this risk.

Young age, male sex, and trauma are repeatedly defined
in the literature as risk factors for ARC in those with appar-
ently normal renal function and lower disease severity
scores. Age, male sex, and trauma were associated with
ARC with pooled OR (95% CI) of 0.95 (0.93-0.96), 2.36
(1.28-4.36), and 2.60 (1.21-5.58), respectively. Prevalence
for neuro, trauma, mixed, and sepsis ICUs was 74 (55-87),
58 (48-67), 36 (31-41), and 33 (21-48), respectively [4].

3.1 Carbapenems
3.1.1 Meropenem

Meropenem is a member of the carbapenem class of anti-
microbials. It has a broad spectrum of activity and exhib-
its time-dependent killing. It is also eliminated 70% by the
kidneys [5]. In the case of critically ill patients, clinicians
target a minimum of > 50% fT > MIC (percent of time that
free drug remains above the minimum inhibitory concentra-
tion, MIC), and the preferred target is > 100% fT > MIC.
In some cases, experts prefer to target > 100% fT > 4 times
the MIC [6-8]. Three prospective observational studies
have described the impact of ARC on meropenem treatment
[9-11]. In an early study, Kitzes-Cohen et al. reported that
lower plasma concentrations of meropenem were seen with
increasing kidney function [9]. Ehmann et al. corroborated
this observation [10]. Additionally, standard meropenem
doses were insufficient at achieving desired concentrations
in the majority of patients with ARC [9, 10]. The authors
suggested that a meropenem dosing of 2000 mg every 8 h
will greatly enhance the probability of target attainment [9,
10]. A dose of 2000 mg every 8 h was also identified as an
alternative strategy by Tamatsukuri et al. with the additional
recommendation of administration via prolonged infusion
over 180 min for each dose [11]. However, these studies
were limited by a small sample size as well as a lack of
correlation to clinical outcomes. An interventional study
exploring the effects of therapeutic drug monitoring (TDM)-
based optimization on treatment outcomes also exists [3].
Cojutti et al. found that, based on TDM, 30.1% of patients
required dose adjustment, and this strategy resulted in a
promising overall cure rate of 90%. In this study, mortality
was also significantly associated with ARC (OR 10.846, CI
95% 1.534-76.672, P = 0.017) [3].

Conclusion: ARC results in lower plasma concentration
of meropenem,; this can lead to therapeutic failure and nega-
tive clinical outcomes. Because of this, higher dosing is rec-
ommended [9, 10]. A dose of 2000 mg every 8 h is likely
needed; prolonged infusion may also improve drug exposure
[9-11]. Therapeutic drug monitoring of meropenem could
also be of benefit in these patients. Further studies focused
on these strategies are needed.

3.1.2 Imipenem/Cilastatin

Imipenem is a carbapenem antimicrobial agent. It has a
broad spectrum of activity and demonstrates time-dependent
bacterial killing. It is also 70% renally eliminated [5]. In the
case of critically ill patients, clinicians target a minimum
of > 50% fT > MIC, and the preferred target is > 100% fT
> MIC. In some cases, experts prefer to target > 100% fT
> 4 times the MIC [6-8]. A retrospective study demon-
strated that, when patients received 500 mg every 6 h (2 g/
day), frequent treatment failure and infrequent toxicity was
documented [12]. The authors also found that, when patients
received higher doses (3—4 g/day) instead of standard dosing
(2 g/day), they reported fewer counts of treatment failures
without any increase in toxicity. Huttner et al. performed a
prospective observational study in which patients received
standard doses of 500 mg four times daily as well [13]. They
reported ARC as a predictor for undetectable trough lev-
els, though this study was underpowered to determine any
associations with clinical failure. These two studies suggest
a possibility that standard dosing may be insufficient and
increased doses could be warranted [12, 13].

Patel et al. 2021 conducted a prospective observational
study to determine the probability of target attainment using
various dosing regimens of imipenem/cilastatin/relebactam
in patients with hospital-acquired bacterial pneumonia/ven-
tilator acquired bacterial pneumonia [14]. ARC was defined
as CrCl > 150 ml/min calculated using the Cockcroft—Gault
equation. A dose of imipenem/relebactam 500/250 mg every
6 h established a joint probability of target attainment (PTA)
of 99% for a target trough of 30% fT > MIC [14]. Further
studies analyzing the correlation between target trough con-
centration and clinical success are needed.

Conclusion: ARC may lead to lower concentrations of
imipenem/cilastatin in some patients receiving standard
doses of 500 mg every 6 h, which has the potential to result
in therapeutic failure and negative effects on clinical out-
comes [12, 13]. Increased doses could be considered for
patients exhibiting ARC who are indicated for treatment
with imipenem/cilastatin and experiencing clinical failure
at standard doses. Doses of 1 g every 6 h could be consid-
ered for these individuals [12]. Further studies administer-
ing increased doses to patients with ARC in which safety
and clinical outcomes are documented, are required. With
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regard to imipenem/relebactam, standard doses of 1.25 g
(500 mg imipenem/500 mg cilastatin/250 mg relebactam)
dosed every 6 h consistently showed high PTA for such
doses in patients with ARC [14]. This may indicate that no
further dose increases are necessary in patients with ARC
being treated for infection with imipenem/relebactam. Fur-
ther studies are needed to identify the relationship between
target attainment and clinical success.

3.2 Cephalosporins
3.2.1 Ceftriaxone

Ceftriaxone is a third-generation cephalosporin antimicro-
bial. It has a relatively broad spectrum of activity, with spe-
cific efficacy against Gram-negative pathogens; it accom-
plishes bacterial killing in a time-dependent manner. Up to
67% of the drug is eliminated by the kidneys [5]. In the
case of critically ill patients, clinicians target a minimum
of > 50% fT > MIC, and the preferred target is > 100% T
> MIC. In some cases, experts prefer to target > 100% /T > 4
times the MIC [7, 8, 15]. Three prospective observational
studies describe ceftriaxone dosing in the context of ARC
[16—18]. Increased kidney function leads to a decrease in
plasma concentrations of ceftriaxone when standard dosing
is used [17]. The insufficiency of standard dosing of ceftri-
axone is further described by Ollivier et al. They found that
CrCl > 150 ml/min is significantly associated with under-
dosing, defined as trough concentrations < 2 mg/L (OR 8.8,
CI 95% 2.5-30.7, P < 0.01) [16]. The authors suggested
that a reduced dosing interval of 2000 mg every 12 h would
be better suited for target attainment [16]. However, these
studies were limited by a small sample size and the inabil-
ity to associate findings with clinical outcomes. Wong et al.
found that ARC was a predictive factor for treatment fail-
ure. They suggested that ceftriaxone allowed for increased
drug exposure throughout the dosing interval compared with
other f-lactams, owing to the attainment of a strict target of
100% fT > 4x MIC in the majority of patients who received
it [18]. A retrospective observational study evaluating the
effects of an increased dosing regimen of ceftriaxone also
exists [19]. Carrie et al. found that 2000 mg twice-daily dos-
ing was effective at reducing therapeutic failure and relapse
of infection without increased adverse effects [19].
Conclusion: Ceftriaxone may be a promising agent in
improving target attainment, possibly owing to its high pro-
tein binding, which allows for prolonged half-life, ensuring
that concentrations remain above target for the duration of the
dosing interval [19]. However, it is not spared from reduced
plasma concentrations in the setting of ARC, which can lead
to higher rates of therapeutic failure [16, 17, 19]. Higher doses
or reduced dosing intervals may be warranted [16]. Doses of
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2000 mg every 12 h are likely required [16]. Further stud-
ies regarding increased doses of ceftriaxone, and its safety, in
patients with ARC are necessary.

3.3 Aminoglycosides
3.3.1 Amikacin

Amikacin is a member of the aminoglycoside class of anti-
microbials. It demonstrates concentration-dependent bacterial
killing and is often used to treat severe Gram-negative infec-
tions. It is eliminated nearly 100% unchanged by the kidneys
[5]. There is one retrospective observational study that has dis-
cussed amikacin’s use in patients with ARC [20]. Carrie et al.
found that an increase in renal clearance is associated with
an increased clearance of amikacin, which results in lower
plasma concentrations. Using the Monte-Carlo simulation,
the authors determined the standard loading dose of 25 mg/
kg to be effective at reaching maximum blood concentration
(Cp,0MIC targets for most patients [20]. However, patients
exhibiting CrCl > 130 ml/min may need higher-than-licensed
doses of up to 35 mg/kg [20]. An increase in amikacin dose
has been explored in a prospective observational study [21].
Arechiga-Alvarado et al. reported that an increase in creati-
nine clearance leads to lower concentrations of amikacin.
Monte-Carlo simulations suggested that, for patients with
ARC infected with pathogens with high minimum inhibitory
concentrations, doses of up to 70 mg/kg could be warranted
[21]. However, this study was limited by a small sample size,
and both studies based the dosing recommendations only on
simulation data. Furthermore, the safety of doses as high at
70 mg/kg needs to be explored in future studies. Both of the
above studies investigated extended interval/once-daily dosing
[20, 21].

Conclusion: ARC results in increased amikacin clear-
ance and subsequent decreased plasma concentrations [20].
Low plasma concentrations of amikacin have the potential
to increase instances of therapeutic failure, which would be
detrimental in terms of increased mortality and emergence
of resistant pathogens [20]. For this reason, higher-than-
licensed doses may be needed to reach the recommended
pharmacokinetic/pharmacodynamic (PK/PD) targets [20,
21]. An increase of amikacin dose may be effective at
improving achievement of desired drug levels in patients
with ARC [20, 21]. Further studies are required to assess the
safety and clinical benefit of such dose increases.

3.4 Glycopeptides
3.4.1 Vancomycin

Vancomycin is a glycopeptide antimicrobial agent. It has a
narrow spectrum of activity against primarily Gram-positive
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pathogens, including resistant strains of Staphylococcus. It is
excreted by the kidneys as 80-90% unchanged drug [5]. The
ideal monitoring parameter for vancomycin is area under
the curve to minimum inhibitory concentration (AUC:MIC)
ratio of greater than 400. However, in clinical practice, a
steady-state trough value of 10-20 mg/L is often used as a
surrogate target. Current standard dosing involves a load-
ing dose of 25-30 mg/kg followed by a maintenance dose
of 15 mg/kg administered at various intervals determined
by the patients’ calculated CrCl. The recommended dosing
interval for patients with CrCl > 80 ml/min is every 12 h
[22].

Multiple studies have discussed the impacts of ARC on
vancomycin plasma concentrations [23-26]. The clearance
of vancomycin is drastically increased in patients with
ARC ranging from 1.6 to up to 3.5 times the expected val-
ues [23, 26]. The authors also demonstrated that this was
associated with subtherapeutic levels as well as a need for
overall higher doses [26]. Multiple studies have suggested
that standard dosing of vancomycin consistently results in
subtherapeutic vancomycin levels and that higher doses
are required [19, 24, 25, 27, 28]. To illustrate, Chen et al.
found that only 19.23% of patients in the ARC group were
able to achieve target trough levels of > 10 mg/L [24]. In
addition, He et al. (2020) conducted a retrospective obser-
vational study and found that 77.7% of patients with ARC
versus 68.8% of patient without ARC had subtherapeu-
tic (< 10 mg/L) vancomycin trough concentrations when
given vancomycin maintenance doses of 15 mg/kg every
12 h intravenous (IV) infusion. They also demonstrated
that only 17.9% and 4.3% of patients with ARC were able
to reach trough levels between 10-15 and 15-20 mg/L,
respectively [25]. The authors suggested a dose of 46 mg/
kg/day in patients with ARC to achieve trough levels of at
least 10 mg/L [25]. Contrary to these studies, Zhao et al.
found that standard doses of 1000 mg every 12 h would
result in PTA (defined as targeted AUC:MIC ratio between
400 and 650 mg h/L) of 62.56% in patients with CrCl
between 150 and 179 ml/min [29]. Results of this study
were based solely on Monte-Carlo simulations with a
mean patient total body weight (TBW) of 63.4 kg and thus
may not be representative of adult populations with higher
TBW [29]. Furthermore, two prospective observational
studies have discussed the need for high loading doses
for patients with ARC [30, 31]. Baptista et al. and Cam-
passi et al. administered loading doses of 1000—1500 mg
and 15 mg/kg, respectively with maintenance doses of
30 mg/kg/day [30, 31]. It was reported that only half of the
patients with ARC were able to achieve therapeutic trough
levels with this dosing strategy [30, 31]. The authors sug-
gested a need for an increased loading dose of 2 g as well
as a need for TDM for these patients [30]. A need for
maintenance doses over 40 mg/kg/day was also reinforced

by the findings of Helset et al. (2020). In their prospective
observational study, they found that patients with ARC
demonstrated an overall lower AUC:MIC despite receiving
an average dose of 44.4 mg/kg/day [32].Two retrospective
observational studies found that, when patients with ARC
received doses of 1000 mg every 12 h, the majority were
not able to achieve trough concentration > 10 mg/L [23,
27]. The authors suggested that increased frequency be
considered. A retrospective study by Minkute et al. has
reported that patients with ARC are at risk of underdosing
(defined as trough below 5.2 mg/L) and that nearly double
the standard dose is likely required. The authors further
suggested that a decreased dosing interval to every 6-8 h
be considered [28].

Lastly, both a prospective observational study and retro-
spective analysis have discussed the promising effects of the
use of nomogram-based dosing in patients with ARC [33,
34]. Bapstista et al. (2014) administered dosing concurrent
with a developed nomogram based on 8 h urine CrCl meas-
urement. With this dosing strategy, all patients with ARC
were able to achieve target trough levels within the first day
of treatment [33]. This study was limited by a small sample
size. However, Ishii et al. (2018) showed promising results
when using a nomogram based on calculations of estimated
glomerular filtration rate (eGFR) using the Japanese Soci-
ety of Nephrology equation. This equation is essentially
the Modification of Diet in Renal Disease Study (MDRD)
equation multiplied by a Japanese coefficient of 0.741 [34].
This dosing resulted in no significant differences between
trough concentrations of patients with ARC and those with-
out ARC. Unfortunately, the nomogram was not detailed
within the study.

Conclusion: Patients with ARC are at an increased risk
for subtherapeutic trough concentrations of vancomycin; this
reduced drug exposure has the potential to cause therapy
failure and other negative clinical outcomes [23, 24, 26] .
The most promising option may be dosing based on a nomo-
gram for various renal functions [33, 34]. However, nomo-
grams may be unavailable or not feasible in practice. On the
basis of the data presented, an increase in loading dose and/
or maintenance dose could also be considered to allow rapid
and continuous achievement of desired vancomycin levels in
patients with ARC. Loading doses of 2 g may be most effec-
tive at achieving target trough concentrations quickly [30].
Additionally, maintenance doses of 45 mg/kg/day would be
a more realistic starting dose for patients with ARC [32].
Lastly, it is necessary that patients with ARC receive more
frequent TDM with subsequent dose adjustment. Develop-
ment and validation of a CrCl-based dosing nomogram is a
promising step forward for patients with extremes of renal
function requiring vancomycin therapy [33, 34]. Further
studies administering increased doses or frequencies are
needed to determine safety and efficacy.
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3.5 Oxazolidinones
3.5.1 Linezolid

Linezolid is an oxazolidinone antimicrobial agent that exhib-
its concentration-dependent killing with time dependence,
with the ideal monitoring parameter of AUC:MIC [22]. It
is used primarily in the treatment of severe Gram-positive
infections [35]. Linezolid is partially eliminated by the kid-
neys with about 30% of the unchanged drug excreted in the
urine [5]. Currently, there is no clear definition for linezol-
id’s target parameters, an AUC,, ,:MIC > 119 mg/L/h has
been proposed [36, 37], an alternative target trough concen-
tration > MIC has been proposed [38].

A prospective observational study has addressed the
impact of ARC on linezolid plasma concentrations and
demonstrated the benefit of continuous infusion in this set-
ting [35]. Barrasa et al. reported that, with increasing renal
function, linezolid clearance is increased, which results in
reduced plasma concentrations. Patients with ARC have
a particularly low probability of target attainment; when
receiving a standard dose of 600 mg every 12 h, no patients
with ARC were able to achieve PK/PD targets [35]. How-
ever, 70% of patients with ARC who received linezolid as
a continuous infusion of 50 mg/h, reached desired targets
[35]. The authors also used Monte-Carlo simulation to deter-
mine optimal dosing regimens. They report the rate of target
attainment could further be increased to 93% if a continuous
infusion of 75 mg/h is used [35]. This study was limited by
a lack of correlation with either dosing strategy with clini-
cal outcomes.

Conclusion: Enhanced renal clearance results in lower
plasma concentrations of linezolid, which has the potential
to lead to therapeutic failure and subsequent negative clinical
outcomes. Continuous infusion may allow for increased drug
exposure in patients with ARC, which would allow for an
increased probability of achieving and maintaining desired
targets [35]. A dosing strategy including continuous infu-
sion of 50-75 mg/h may be beneficial for target attainment
in patients exhibiting ARC [35]. Further studies regarding
the benefit of continuous infusion of linezolid on clinical
outcomes of patients with ARC are needed.

3.6 B-lactams/B-lactamase Inhibitors Combination
Antimicrobials

3.6.1 Piperacillin/Tazobactam

Piperacillin is a penicillin that belongs to the -lactam class
of antimicrobials. It is often administered in conjunction
with tazobactam, a p-lactamase inhibitor. It has a broad
spectrum of activity and, like other B-lactams, exhibits
time-dependent bactericidal activity. Both piperacillin and
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tazobactam are eliminated by the kidneys, about 68% and
80%, respectively [5]. In the case of critically ill patients,
clinicians target a minimum of > 50% fT > MIC, and the
preferred target is > 100% fT > MIC. In some cases, experts
prefer to target > 100% fT > 4 times the MIC [6-8].

Three prospective observational studies have discussed
the effects of ARC on PK/PD target attainment of piperacil-
lin/tazobactam therapy [13, 39, 40]. Wu et al. (2019) dem-
onstrated that patients with ARC were less likely to achieve
targets of 50% fT > MIC and 100% fT > MIC. It has been
suggested that critically ill patients should have treatment
targets above these, specifically %T > 4x MIC [39]. This
was examined by Carrie et al. (2018), where the authors
found that, when targeting concentrations of > 4x MIC,
CrCl > 170 ml/min was statistically associated with under-
dosing, adding that patients with therapeutic failure had
significantly higher CrCl. The authors concluded that TDM
is required to ensure adequate drug exposure in patients
with ARC [40]. However, in this study, multiple f lactams
were included as well as treatments consisting of multiple
other antimicrobial agents [40]. Huttner et al. (2015) found
that, with the administration of various p-lactams, includ-
ing piperacillin/tazobactam at 4 g/0.5 g three times daily,
patients with ARC were 3.3x more likely to have undetect-
able trough levels. Again, this finding was generalized to
various p-lactams but suggests that this dose of piperacillin/
tazobactam is likely not sufficient for patients who exhibit
ARC [13].

A dose of 4 g/0.5 g every 8 h delivered by 3-min bolus
infusions, was also unlikely to allow patients with ARC to
attain PK/PD targets in a prospective observational study by
Andersen et al. (2018). The authors suggested that increas-
ing the frequency of administration to 4 g/0.5 g every 6 h
or administering prolonged infusion, either over 3 h or
continuously, would be more effective [41]. However, only
four patients with ARC were included in this study [41].
They also concluded that administering 4 g/0.5 g every
6 h would provide 100% fT > MIC as long as MIC was
2.0 mg/L, so this recommendation would likely remain
insufficient in the context of empirical dosing for high-
MIC pathogens [41]. Every 6-h dosing was addressed in
a prospective cohort study by Weber et al. (2019). It was
reported that a dose of 4 g/0.5 g every 6 h was insufficient
to attain targets of 50% and 100% fT > MIC in all patients,
regardless of ARC, though increased CrCl was associated
with lower trough levels [42]. This study was composed of
a small number of patients with hematological malignancy,
and findings cannot be generalized to all critical care settings
but may suggest that even infusions of 4 g/0.5 g every 6 h
may not be sufficient [42]. A cross-sectional study by Akers
et al. (2014) showed that patients with high ARC scores
had increased piperacillin/tazobactam clearance as well as
reduced AUC, compared with the low-ARC-score group.
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They utilized PK simulation data to suggest that continu-
ous infusion of 12 g/1.5 g per day or intermittent infusions
of 4 g/0.5 g -6 g/0.75 gevery 4 hor 6 g/0.75 g-8 g/l g
every 6 h would allow for target attainment above MIC of
16 mg/L [43]. This study included only 13 patients, and
patients were only classified on the basis of ARC scores.
CrCl was not used for comparison of groups [43]. Lastly,
when patients received a 4 g/0.5 g loading dose, followed by
4 ¢/0.5 g every 6 h administered by 3-h infusion, half of the
patients did not achieve the target (>16 mg/L); 80% of these
patients had ARC [44]. This study was limited by a small
sample size but suggests that a dosing frequency of every
6 h and prolonged infusion may not be sufficient to achieve
desired targets for patients with ARC, especially those who
are infected with high-MIC pathogens [44].

Three prospective observational studies have reported
the effects of continuous infusion on piperacillin/tazobac-
tam therapy in patients with ARC [19, 45, 46]. Carrie et al.
(2018) administered 4 g/0.5 g loading and 16 g/2 g per day
maintenance doses. With this dose, the rate of underexposure
(defined as at least 1/3 concentration samples being under
16 mg/L) was higher in patients with ARC; however, the
underexposure rate for the overall sample was only 19% [45].
The authors utilized simulation to determine that a continu-
ous infusion of 20 g/2.5 g per day would allow for the high-
est probability of target attainment without excessive dos-
ing (resulting in concentrations > 150 mg/L) [45]. Another
study performed by Carrie et al. in 2019 administered the
suggested increased dose to patients with hospital-acquired
pneumonia/ventilator acquired pneumonia (HAP/VAP) and
ARC [19]. They reported that, when maintenance doses were
increased from 16 g/2 g per day (control group) to 20 g/2.5 g
per day (treatment group), therapeutic failure was reduced
by 13% [19]. Lastly, Dhaese et al. (2018) utilized Monte-
Carlo simulation to determine that high-dose piperacillin/
tazobactam, 4 g/0.5 g loading dose and 24 g/3 g per day
as continuous infusion, would not allow patients with CrCl
> 90 ml/min to reach targets of 100% fT > MIC (16 mg/L).
The authors raise the question of whether additional agents
should be added or a different therapy employed altogether
[46]. Interestingly, a nested cohort substudy of the BLINGII
trial showed no difference in clinical outcomes of patients
with ARC when either continuous infusion or intermittent
infusion was used [47]. However, this was a generalized
finding for multiple f-lactams and not piperacillin/tazobac-
tam specifically.

Conclusion: ARC results in lower levels of piperacil-
lin/tazobactam, which has the potential to cause under-
exposure and lead to negative clinical outcomes. TDM, if
available, should be considered for these patients to ensure
adequate exposure to medication. Data for continuous infu-
sion are promising. Perhaps continuous infusion of 16 g/2
g to 20 g/2.5 g per day following a 4 g/0.5 g loading dose

would allow increased likelihood of target attainment
for patients with ARC [45]. Further studies are required
to determine efficacy and safety of such dose changes in
patients with ARC. Additionally, larger studies are needed
to determine impact on clinically significant outcomes.

3.6.2 Ceftolozane/Tazobactam

Ceftolozane/tazobactam is a cephalosporin/p-lactamase
inhibitor combination product often used to treat Gram-
negative infections resistant to other drugs. Common rec-
ommended dosing for treatment of infections ranges from
1.5 to 3 g every 8 h. Ceftolozane and tazobactam are renally
eliminated as > 95% and > 80% unchanged drug, respec-
tively [5].

Two prospective observational studies investigated the
appropriateness of ceftolozane/tazobactam 3 g every 8 h
dosing in patients with ARC [48, 49]. Nicolau et al. (2021)
determined that 11/14 critically ill patients enrolled in the
study demonstrated ARC (CrCl > 130mL/min). Eighty-
two percent of patients with ARC demonstrated ceftolo-
zane fT > MIC 4 pg/mL for up to 6 h after the dose was
administered, and 64% of patients with ARC were able to
demonstrate this for up to 8 h [48]. Sixty-four percent of
patients with ARC demonstrated tazobactam fT > 1 pg/
mL (threshold) for up to 4 h post-administration [48]. The
authors concluded that adequate target levels were main-
tained for the 8-h interval between doses for ceftolozane/
tazobactam. It should be noted that the generalizability of
this study is reduced owing to its sample size (n = 14). Shorr
et al. (2021) conducted a larger study using the patients
enrolled in the phase-3 ASPECT-NP trial to investigate the
same dose. Monte-Carlo simulations were developed on
the basis of patients with hospital-acquired bacterial pneu-
monia (HABP)/ventilator-acquired bacterial pneumonia
(VABP) with varying renal functions. ARC was defined as
CrCl1 > 130 mL/min [49]. Over 99% of simulated patients
achieved the ceftolozane target of 50% fT > MIC of 4 pg/mL
in plasma in all renal function groups including ARC [49].
Eighty percent of patients achieved the tazobactam target
of 35% fT > Ct of 1 pg/mL across all renal function groups
including ARC [49]. Although a high PTA was shown for
tazobactam in patients with ARC, PTA did trend down as
ARC increased across groups. No statistical difference was
shown in 28-day all-cause mortality between non-ARC and
ARC groups treated with ceftolozane/tazobactam in inten-
tion-to-treat [0.2 (95% CI, —9.6 to 10.6)] and microbiologic-
intention-to-treat groups [—1.4 (95% CI,—11.6 to 9.4)] [49].
The authors concluded that ceftolozane/tazobactam 3 g
every 8 h is an appropriate dose for patients with ARC on
the basis of these findings.

Conclusion: Doses of ceftolozane/tazobactam in criti-
cally ill adults of 3 g every 8 h have been shown to achieve
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high probability of target attainment in patients with ARC
[48, 49]. Few clinical outcomes such as all-cause mortality
have been shown to exhibit no difference in patients with or
without ARC treated with ceftolozane and tazobactam [49].
Ceftolozane/tazobactam 3 g every 8 h is likely an appropri-
ate dose for critically ill adults with ARC; however, further
analysis comparing target concentration attainment with
clinically relevant results such as infection resolution is
needed.

3.7 Low-Molecular-Weight Heparins
3.7.1 Enoxaparin

Enoxaparin is a commonly used low-molecular-weight hepa-
rin; up to 40% of the drug is excreted by the kidneys [5]. For
venous thromboembolism prophylaxis in moderate-to-high-
risk patients, a peak factor Xa level of 0.2-0.4 units/mL or
trough level of 0.1-0.2 units/mL is usually targeted [50]. A
prospective observational study provides information about
the effects of ARC on prophylactic enoxaparin dosing [51].
Patients with ARC exhibited target anti-factor Xa levels at
hour 4, but these levels dropped significantly by hours 12
and 24 [51]. This suggests that the duration of activity of
enoxaparin may be shortened by enhanced renal clearance
in patients with ARC, possibly rendering the need for dose
adjustment [51]. However, the significance of anti-factor Xa
monitoring at 12 and 24 h is not fully known. This study is
also limited by a small sample size, and data regarding the
development of clots were not collected.

Conclusion: The duration of action of enoxaparin may
be shortened in patients with ARC, which could potentially
lead to an increased risk for clot formation. An increased
frequency of dosing to 40 mg twice daily should be consid-
ered for clot prophylaxis in these patients. Further studies
exploring a shortened dosing interval and the impacts on
clot formation in critically ill patients with ARC are needed.

3.8 Anti-epileptics
3.8.1 Levetiracetam

Levetiracetam is an AED used to treat multiple seizure types
as well as seizure prophylaxis in certain care settings. It is
eliminated renally with 66% of the unchanged drug excreted
in the urine [5]. Its efficacy in patients with ARC has been
studied. Therapeutic drug monitoring of levetiracetam tar-
gets a plasma concentration between 12 and 46 mg/mL [52,
53].

A prospective observational study by Ong et al. in 2021
on neurosurgical ICU patients targeting a trough concentra-
tion of 6 mg/L. showed Monte-Carlo simulations demonstrat-
ing PTA > 80% in patients with ARC who were dosed with
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levetiracetam 1000 mg every 8 h [54]. Three prospective
observational studies further discussed levetiracetam admin-
istration in patients with ARC [55-57]. La et al. reported
that a standard dose of 1000 mg twice daily resulted in sub-
therapeutic concentrations in patients with ARC. Two of the
studies also utilized Monte-Carlo simulation to determine
an optimized dosing strategy. May et al. determined that
three-times-daily dosing is needed to reach desired plasma
concentrations of levetiracetam. Three-times-daily dosing
was also suggested by Spencer et al. as an alternative, as
they reported an increased probability of target attainment
when a dose of 500 mg every 8 h was simulated. They also
documented similar findings for a dose of 1000 mg twice
daily. Again, these studies were limited by small sample size
and did not discuss development of seizures in ARC patients
specifically. Additionally, dosing suggestions were based on
simulation data alone. Two prospective observational studies
conducted by Bilbao-Meseguer et al. and Sime et al. also
demonstrated levetiracetam dosing in critically ill patients
with ARC using doses as high as 6 g/day [58, 59]. Bilbao-
Meseguer et al. 2021 performed Monte-Carlo simulations
using data from adult ICU patients to demonstrate PTA
using various dosing regimens in patients with CrCl ranges
(80-240 ml/min). They found 500 mg BID to be inadequate
in all critically ill patients with or without ARC and found
doses as high as 1500 mg every 12 h to only guarantee tar-
get trough concentrations in those with CrCl > 80 ml/min.
The study concluded doses as high as 1500-2000 mg every
8 h were required to achieve target trough concentrations
in those with ARC [58]. Sime et al. 2021 also developed
Monte-Carlo simulations and found patients with ARC had
a PTA of 0 for trough concentrations of > 46 mg/L with
doses as high as 6 g/day; however, these doses demonstrated
a PTA < 80% for a target trough concentration of 6 mg/L.
These results should be interpreted with caution owing to
the small sample sizes and wide range in target trough con-
centrations (6—46 mg/L) in both studies [58, 59]. Further
safety data on dose regimens this high should be analyzed
before implemented.

Conclusion: ARC results in lower plasma levels of lev-
etiracetam, which could lead to therapeutic failure and
the increased development of seizures in these patients. It
appears that an increase in dose or frequency is needed. Dos-
ing regimens of 500 mg every 8 h or 1000-2000 mg every
12 h can be currently recommended for seizure prophy-
laxis in patients exhibiting ARC as they may allow for the
achievement of therapeutic plasma levels [1, 56, 57]. Addi-
tionally, loading doses may be used to further increase drug
exposure. Though some studies suggest that further dose
increases may be warranted up to 6 g/day [58, 59], further
studies attempting to administer increased doses and report
seizure occurrence and adverse event profiles in patients
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with ARC are necessary to determine the safety of efficacy
of such doses.

3.9 Other Considerations

It is important to note that ARC is one of multiple patho-
physiological changes due to critical illness that need to be
taken into account when following drug therapy guidelines
in various disease states. Numerous changes include but are
not limited to altered plasma protein binding, extracorporeal
membrane oxygenation (ECMO), alterations in gastric pH
and the rate and extent of absorption of orally administered
drugs, and reductions in hepatic blood flow or enzyme activ-
ity. These changes can consequently affect the pharmacoki-
netics of different drugs. Therefore, they should be taken
into consideration before adopting unadjusted dosing regi-
mens in critically ill patient settings, putting them at a risk
for therapy failure, longer hospitalizations, and increased
adverse drug events [60].

3.10 Limitations

This literature review is limited by the inherent drawbacks
to nonsystematic reviews. In addition, some of the proposed
dosing regimens are derived from pharmacokinetic simula-
tions as opposed to controlled clinical trials. Although we
aimed to provide clinicians with a summary of the available
evidence to aid in the dosing of key renally eliminated drugs
in critical care settings, there is a current lack of a clear
consensus of high-quality critically appraised evidence to
support the dosing regimens of some of the reported drugs
such as linezolid and enoxaparin.

4 Conclusion

In conclusion, our review summarizes the evidence on medi-
cations relevant to the care of critically ill adults that may
require alternate dosing regimens in patients with ARC,
addressing an area of rising concern. ARC has been repeat-
edly shown to negatively influence the probability of target
trough level attainment in many life-saving medications,
potentially increasing the risk of therapeutic failure. We have
provided a table with recommended doses for ten medica-
tions for critically ill adult patients with CrCl > 130 ml/
min/1.73 m? based on multiple studies (Table 1). Further
research is required to investigate the correlation between
target trough level attainment and clinical outcomes as well
as the safety of higher doses such as those reported in our
recommendation table.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13318-022-00779-4.
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