Clin Pharmacokinet (2018) 57:1107-1121
https://doi.org/10.1007/s40262-018-0636-7

@ CrossMark

SYSTEMATIC REVIEW

Augmented Renal Clearance in Critically Ill Patients:

A Systematic Review

Idoia Bilbao-Meseguer' - Alicia Rodriguez-Gascén® - Helena Barrasa

Arantxazu Isla® - Maria Angeles Solinis®

Published online: 13 February 2018

© Springer International Publishing AG, part of Springer Nature 2018

Abstract

Background Traditionally, renal function in critically ill
patients has been assessed to identify renal dysfunction,
and dose adjustment is generally accepted in such a con-
text. Nevertheless, augmented renal clearance (ARC) is a
less well-studied phenomenon that could lead to faster
elimination of drugs, resulting in subtherapeutic concen-
trations and poorer clinical outcomes when standard
dosage guidelines are followed.

Objective The aim of this systematic review was to gather
and summarise all the available evidence on ARC in crit-
ically ill patients, including its definition, underlying
mechanisms, epidemiology, diagnosis and impact on both
drug pharmacokinetics and clinical outcomes.

Method A systematic review was conducted to include all
the original studies that provided information on ARC in
critically ill patients, and is reported following the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines.

Results Augmented renal clearance, defined as a creatinine
clearance  (CrCl)> 130 mL/min/1.73 m?,  preferably
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measured in urine, is present in 20-65% of critically ill
patients. Younger age, polytrauma and lower severity ill-
ness have been identified as risk factors. An influence of
ARC on antimicrobial pharmacokinetics has been
observed, with ARC consistently being associated with
subtherapeutic antibiotic plasma concentrations.

Conclusion ARC is a prevalent condition in critically ill
patients, especially in young people, with urinary CrCl
being the best diagnostic method because mathematical
estimates tend to underestimate CrCl. ARC increases renal
drug elimination and has a clear influence on certain
antimicrobial plasma levels, but is yet to define its impact
on clinical outcomes and on pharmacokinetics of other
types of drugs. Research on the need to stage ARC and
establish specific dosing guidelines is warranted.

Key Points

Augmented renal clearance (ARC), defined as a
creatinine clearance (CrCl)> 130 mL/min/1.73 m,
is present in 20-65% of critically ill patients. The
best diagnostic method for the identification of
critically ill patients with ARC is measured urinary
CrCl.

Younger age, polytrauma and lower severity illness
have been identified as risk factors for ARC.

ARC has been consistently associated with
subtherapeutic antimicrobial plasma concentrations.
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1 Introduction

Antimicrobial treatment in critically ill patients remains
challenging. During critical illness, physiological changes
and therapeutic interventions can alter drug pharmacoki-
netics, making the standard dosage guidelines unsuitable.
Drugs in critically ill patients usually have a greater vol-
ume of distribution (Vd) due to capillary leak, inflamma-
tory response and aggressive fluid loading. Increased Vd
has been demonstrated for hydrophilic antimicrobials such
as aminoglycosides, B-lactams, daptomycin, linezolid and
glycopeptides [1, 2]. Hypoalbuminaemia, also frequently
found in this population, might change the unbound drug
fraction in blood, which in turn would be likely to influence
the pharmacokinetics of antimicrobials that are highly
protein bound (>90%) and have high extraction rates. For
a drug that is highly protein bound, hypoalbuminaemia is
likely to lead to a high free fraction of antimicrobial in the
early stage of the dosing interval, which might result in
advantageously high unbound concentrations. On the other
hand, changes in Vd and protein binding can lead to low
unbound concentrations later in the dosing interval, which
could reduce the effectiveness of time-dependent antimi-
crobials [1-3]. These alterations, together with some
intensive care procedures such as continuous renal
replacement therapies, could lead to lower plasma levels of
antimicrobials [1-3]. In contrast, kidney or liver impair-
ment can result in an accumulation of the drugs in plasma
and therefore higher plasma concentrations [1-3].

Traditionally, renal function in critically ill patients has
been routinely assessed with the objective of detecting
renal impairment and adjusting drug doses. Nevertheless,
augmented renal clearance (ARC) has also been identified
in intensive care unit (ICU) patients. As a result, renal drug
clearance can be increased in these patients compared with
noncritically ill patients. This may be particularly impor-
tant for antibacterial agents that are eliminated by the
kidney and whose activity is time-dependent, such as B-
lactams. Patients with ARC could be at risk of suboptimal
antimicrobial exposure when conventional dosage regi-
mens are used.

Changes in antimicrobial pharmacokinetics that take
place in the critically ill can lead to clinical failure or an
increased risk of adverse effects. In this context, individ-
ualised antimicrobial dosing and the application of phar-
macokinetic/pharmacodynamic (PK/PD) principles are
recommended [1-3]. The use of PK/PD analysis increases
the probability of treatment success, minimises the emer-
gence of resistance and reduces adverse effects [3]. The
combination of the PK/PD analysis with Monte Carlo
simulation can guide antimicrobial prescribing, considering
the individual characteristics of patients and adjusting the
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antimicrobial therapy to their clinical status, which is
especially relevant in certain subpopulations such as criti-
cally ill patients with ARC. Monte Carlo simulation is a
statistical modelling tool that allows expanding the sample
size, considering the variability of the PK and PD param-
eters in the estimation of the PK/PD indices [3]. It allows
individualisation of antimicrobial therapy and simulation
of different scenarios (higher doses, extended or continu-
ous infusions, etc.) to support decision making and thereby
improve clinical outcome. One of the principal require-
ments to perform Monte Carlo simulations is a validated
population PK model including PK parameters, their
variability and a covariate model [3]. For these reasons, it
is important to investigate the pharmacokinetic alterations
that take place in the intensive care setting and their
influence on antimicrobial treatment.

In line with the fact that ARC is a relatively new con-
cept, and the difficulty of conducting research in the
intensive care setting, the evidence available to date
regarding ARC is scarce and diverse. The aim of this
review was to gather and summarise all the evidence on
ARC in critically ill patients, including its definition,
underlying mechanisms, epidemiology, diagnosis, and
impact on drug pharmacokinetics and clinical outcomes.

2 Methods

2.1 Adherence to Preferred Reporting Items
for Systematic Reviews and Meta-Analyses
(PRISMA) Guidelines

This systematic review is reported following the applicable
criteria of the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) Statement guide-
lines [4].

2.2 Search Strategy

The MEDLINE, EMBASE and International Pharmaceu-
tical Abstracts (IPA) databases were systematically sear-
ched, from inception until May 2017, for all studies that
reported information on ARC in critically ill patients. The
following terms were used: (augmented renal clearance OR
hyperfiltration) AND (critic* OR intensive). The search
was additionally limited to English-language articles.
Secondary literature was identified using the references
included from the first search.

2.3 Eligibility Criteria

All references that reported information on underlying
mechanisms, epidemiology, diagnosis, or impact of ARC
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in critically ill patients were included. Articles were
excluded if they assessed paediatric patients or were clin-
ical cases, reviews, letters or editorials.

2.4 Study Selection

Records obtained from the MEDLINE, EMBASE and IPA
databases were compared and duplicates were eliminated.
Abstracts of all records were screened to identify relevant
publications according to the selection criteria. If there was
insufficient information in the abstract, the full text was
retrieved and assessed.

2.5 Data Collection Process and Analysis

For each record, the following data regarding ARC, when
reported, were extracted: definition of ARC, proposed
mechanism(s), frequency, course, related factors, method
of diagnosis, and impact on both drug pharmacokinetics
and clinical outcome. Given the nature of the topic studied,
that ARC is a fairly new concept and that randomised trials
were not expected, we conducted a descriptive critical
analysis of the records included.

3 Results
3.1 Study Selection

As described in Fig. 1, we reviewed the abstracts of the
183 records obtained. Of these, 131 were not included as
they did not meet the selection criteria. Additionally, seven
conference abstracts were excluded because they were
based on the same study and gave the same results as an
original article published subsequently and included in this
review. Of the 45 records included, 32 were original arti-
cles [5-36] and 13 were conference abstracts [37—49]. An
additional three original articles were identified from the
reference lists of selected papers [50-52].

Fig. 1 Study selection process

Additional records identified
in the reference lists of
records included (n=3)

3.2 Definition of Augmented Renal Clearance
(ARC)

ARC refers to enhanced elimination of solutes compared
with an expected baseline, a process that involves changes
in glomerular filtration and renal tubular function.
Glomerular filtration rate (GFR) is generally accepted as
the best overall index of kidney function, and ARC has
been associated with elevated urinary creatinine clearance
(CrCl); hence, this parameter is used to define ARC
[21, 53].

The normal GFR in young adults is approximately
125 mL/min/1.73 m? [53]. ARC is a fairly new concept
and does not have a standard definition. Nevertheless, there
is currently a broad consensus in considering 130 mL/min/
1.73 m? as the lower limit of CrCl for the diagnosis of
ARG, since there are studies linking CrCl> 130 mL/min/
1.73 m* with subtherapeutic antimicrobial concentration
[15, 18, 24, 26, 31, 32, 48].

Assessing the presence of ARC in critically ill patients is
still challenging. GFR measured as the clearance of an
exogenous filtration marker is the best overall index of
kidney function. The ‘gold standard’ method is the urinary
clearance of inulin during a continuous intravenous infu-
sion. However, this is an invasive and expensive method,
and, to simplify the procedure, alternative endogenous fil-
tration markers are used in clinical practice, mainly crea-
tinine and cystatin C. In the general population, GFR
estimating equations to derive GFR from serum creatinine
are preferred over relying on serum creatinine concentra-
tion alone. These equations have been developed from
large epidemiological studies with the aim of diagnosing
and monitoring patients with chronic kidney disease and
stable renal function. As they all assume that endogenous
serum markers are in steady state and this cannot be
assumed in critically ill patients, the use of measured CrCl
in urine is generally preferred in this setting. A good cor-
relation has been observed between measured GFR using
inulin or radioactive iothalamate and urine CrCl in criti-
cally ill patients [16, 51]. In summary, ARC is defined as a

Abstracts reviewed

(n=183) Did not meet inclusion criteria (n=94)
Met 21 exclusion criterion (n= 37)
Paediatric patients (n=2)
Clinical cases (n=4)
LS LS
> ” Reviews, editorials or letters

(n=31)

Excluded conference abstracts (n=7)

Records included (n= 48)
Original articles (n=35)
Conference abstracts (n=13)
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CrCl> 130 mL/min/1.73 m?, preferably calculated by
measuring CrCl in urine (urinary CrCl).

3.3 Mechanism of ARC in Critically Ill Patients

No articles were found whose main objective was to
establish the mechanism(s) underlying ARC. The physio-
logical mechanism responsible for ARC in critically ill
patients is not well-defined and the propositions put for-
ward to date need to be studied further. It has been pos-
tulated that systemic inflammatory response syndrome
(SIRS), a clinical syndrome resulting from the general and
nonspecific activation of the immune system, could be
associated with ARC [25]. SIRS may occur in several
conditions that may or may not be related to infection,
including sepsis, severe trauma, major surgery and burns.
The release of cytokines and pro-inflammatory mediators
leads to decreased vascular resistance and increased car-
diac output, which, together with intensive fluid therapy
and inotropic drugs commonly used in critically ill
patients, may increase renal blood flow and GFR
[31, 32, 34].

Nevertheless, trials have been unable to establish a
statistically and clinically significant relationship between
cardiac index, fluid balance or use of vasopressors and
ARC. Although a weak correlation has been noted between
cardiac index and CrCl, it has been shown to be of little use
in identifying patients at risk of ARC [28].

Other theories suggest that renal functional reserve may
play a role in ARC. The concept of renal functional reserve
refers to the capacity of the kidney to increase GFR in
response to certain physiological or pathological stimuli
[54]. In clinical conditions in which ARC is present
(pregnant women, kidney donors or critically ill patients),
renal functional reserve may be used to achieve normal or
supranormal renal function. Renal functional reserve can
be assessed after a protein load and seems to be signifi-
cantly lower in the elderly than in young healthy individ-
vals. This would explain some of the demographic
characteristics that have most consistently been linked to
the presence of ARC in critically ill patients, such as young
age and diagnosis of polytrauma [28].

The combination of systemic inflammation coupled with
a greater physiological reserve, rather than any single
mechanism, has been accepted by several authors as a
possible mechanism for ARC [19, 23]. ARC has even been
considered a marker of a good prognosis as it may predict a
host’s increased ability to adapt to and withstand severe
infection [5, 15].

In critically ill patients with severe traumatic brain
injury, Dias et al. [10] documented a relationship between
brain autoregulation impairment and estimated kidney
GFR. Autoregulation of blood flow is the inherent capacity
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of the vascular bed to maintain constant perfusion despite
variations in arterial blood pressure (ABP) and intracranial
pressure (ICP), and is an important mechanism for main-
taining cerebral and kidney blood flow constant. In the
aforementioned study, CrCl was found to be negatively
correlated with the cerebrovascular pressure reactivity
index (PRx), which expresses the correlation between ABP
and ICP. For each 10 mL/min increase in estimated CrCl, a
mean decrease in PRx of 0.01 was expected, i.e. the higher
the CrCl, the better the cerebrovascular reactivity. Fur-
thermore, the mean PRx value for a fatal outcome was
significantly greater than the mean PRx for a nonfatal
outcome. Udy et al. [36] have also recently explored the
potential mechanisms of ARC in patients with traumatic
brain injury and found significantly elevated atrial natri-
uretic peptide (ANP) levels compared with those reported
in healthy volunteers. ARC is a common finding in neur-
ocritic patients and some theories to explain this relation-
ship have also been postulated. The usual management of
these patients with vasopressors and hypertonic solutions
or the presence of neuroendocrine factors, such as ANP, is
suggested to explain the high incidence of ARC in this
population. These studies open a new line of research on
the mechanism of ARC in patients with traumatic brain
injury, and further studies are needed to understand the
pathophysiological mechanism between brain and kidney
autoregulation and the practical implications of this
relationship.

3.4 Epidemiology of ARC in Critically Ill Patients
3.4.1 Frequency and Course

Observational studies show that ARC is present in 20-65%
of critically ill patients [5-9, 11, 12, 15, 17-19,
22-28, 30, 32-34, 37, 44, 45, 49, 52], and that it seems to
be more common in certain conditions, such as traumatic
brain injury (85%) [10, 36, 50], subarachnoid haemorrhage
(100%) [35] and burns (65%) [51].

Most studies define patients with ARC as those in which
a single measurement of urinary CrCl is greater than a
given limit (120-130 mL/min/1.73 m?). In some studies,
patients have been considered to have ARC if more than
50% of the CrCl measurements during admission had been
higher than 130 mL/min/1.73 m® These studies have
shown that between 55.4 and 74% [22, 23] of patients who
have CrCl higher than 130 mL/min/1.73 m” in one mea-
surement are found to have values higher than this level in
more than 50% of measurements. De Waele et al. [12]
found that 59% of patients found to have CrCl higher than
130 mL/min/1.73 m> once, had ARC throughout their ICU
stay. Another study showed that ARC was permanently
present in 23% of patients and was transient (lasting 1 day)
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in 35% of patients with one CrCl value higher than
130 mL/min/1.73 m? [27], while Grootaert et al. [44]
found that 40% of patients who had one CrCl value higher
than 120 mL/min/1.73 m? had episodes of CrCl higher
than this level for at least 5 days, and that 5 days was also
the relative duration of ARC per patient. In addition, we
have identified two studies that describe ARC prevalence
over time in patients admitted to the ICU. In both studies,
the highest prevalence of ARC is observed on day 5 after
admission [23, 34].

3.4.2 Related Factors

ARC has been associated with a wide range of factors (Fig. 2).
One that has most consistently been linked to a high risk of
ARG , in both univariate and multivariate analysis, is younger
age [5,7-9, 11, 12, 15, 19, 22,
23, 26-28, 32, 34, 38, 44, 51, 52]. Most studies show a dif-
ference of 10-20 years between patients with and without
ARC. The mean or median age of patients with ARC is
between 34 and 50 years in most studies, while in the case of
patients without ARC, it is always over 50 years, and, in most
studies, over 60 years. Just two studies have not found sig-
nificant differences in age, probably because the majority of
participants were young (mean age <40 years) [6, 17].
Trauma has also been described as a risk factor for
developing ARC in several studies [8, 11, 15, 19, 23,
28, 32, 52]. Publications that provide information on
demographic characteristics by reason for admission

YOUNGER AGE

I

OTHER:
male sex, mechanical ventilation, tdiastolic blood pressure,
tcardiac index, tor | vasopressor use, | furosemide use,
tdiuretic volumes, |positive fluid balance

DIAGNOSIS OF
POLYTRAUMA

LOWER ILLNESS
SEVERITY

Fig. 2 Risk factors associated with ARC. ARC augmented renal
clearance

[23, 28, 52] indicate that patients admitted for trauma are
significantly younger. On the other hand, trauma admission
has been identified as a significant risk factor in multi-
variate analysis, when also considering age [11, 28, 52],
and hence its biological influence remains uncertain.

Research has also focused on the relationship of ARC
with illness severity, assessed by the Acute Physiology And
Chronic Health Evaluation Il (APACHE II) score, Simplified
Acute Physiology Score (SAPS II) and/or Sequential Organ
Failure Assessment (SOFA) score. Some studies have found
a significant relationship between lower severity and ARC
[5, 15, 28, 32, 34, 52]. This relationship has not been
observed in other studies [22, 23, 27] or has only been
observed using the SAPS II and APACHE II score, but not
the SOFA score [8, 11, 19]. It should be considered that the
SAPS II and APACHE II scores are influenced by age.

Other factors for which associations with ARC have
been found in univariate analysis, but not subsequently
confirmed, include male sex [5, 7, 22, 23, 28, 52],
mechanical ventilation [23, 26], high diastolic blood pres-
sure [34], elevated cardiac index [28], high [26, 50] or low
[12] vasopressor use, low use of furosemide [19, 23], high
diuretic volumes [19, 34, 52] and a less-positive fluid
balance [19, 34].

3.5 Identification of ARC in Critically Ill Patients
3.5.1 Estimated Versus Measured Creatinine Clearance

Over recent years, several observational studies have been
conducted to establish the usefulness of GFR estimating
equations in the diagnosis of critically ill patients with
ARC. A detailed overview of the studies identified is
provided in Table 1. The conclusions should be interpreted
with caution because the comparator used is CrCl mea-
sured in urine, which, despite being a pragmatic alterna-
tive, is not the ‘gold standard’. All the equations mentioned
are given in Table 2.

Baptista et al. [33] were the first to characterise the
accuracy of four commonly used estimating equations—
Cockcroft-Gault (CG), Modified CG, 4-variable Modifi-
cation of Diet in Renal Disease (MDRD-4) and 6-variable
Modification of Diet in Renal Disease (MDRD-6). In 86
critically ill patients with ARC (CrCl> 130 mL/min/
1.73 mz), all the equations, except MDRD-6, yielded val-
ues that were statistically significantly but weakly corre-
lated with measured urinary CrCl (r2<0.3, p < 0.05).
They all significantly underestimated the measured value
of CrCl, with a bias of between 39 mlL/min/1.73 m> (for
CG) and 84 mL/min/1.73 m*> (for modified CG), and a
precision of =+ 70-75 mL/min/1.73 m?, which is clinically
unacceptable. Grootaert et al. [30] conducted a similar
study, retrospectively comparing the validity of two
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Table 1 Overview of studies included in this review that analysed the accuracy of methods for diagnosing ARC in critically ill patients

Study Reference test and  Method ARC Spearman Bias = precision® [mL/  Detection of ~Other information
definition of ARC  assessed  samples coefficient® min/1.73 m? or mL/min] ARC provided
[n] [rs] patients
[specificity/
sensitivity]
Barletta CrCl measured in  mCG 45 NA mCG: — 52 + 58 NA Underestimation of ARC
etal. [9]  urine>130 mL/  ckp.-EPI CKD-EPIL: NA Inaccurate CrCl estimates
min MDRD- MDRD-4-IDMS: NA became evident when
4-IDMS measured
CrCl > 160 mL/min
Ruiz et al. CrCl measured in CG 120 NA CG: —35.7+47 CG: 0.63/ Underestimation of ARC
[1 1] urine > 130 mL/ mCG mCG: —78.6+78.6 0.83
. 2 N N '
min/L.73 m MDRD-4 MDRD-4: — 40.9 £51.9 mgg; 0.71/
CKD-EPI CKD-EPIL: —57.9+58.3 )
MDRD-4:
0.61/0.77
CKD-EPI:
0.74/0.75
Steinke CrCl measured in CG 16 NA NA CG: 0.81/ Underestimation of ARC
et al. urine > 130 mL/ CKD-EPI 0.69
. 2
[14] min/1.73 m Hoek CKD-EPI:
0.96/0.25
Hoek: 0.96/
0.38
Adnan CrCl measured in CG 19 CG: —0.04 CG: —57+54 NA Underestimation of ARC
et al. urine > 130 mL/ (NS)
[17] min
Baptista CrCl measured in ~ CG 30 NA NA NA Progressive
et al. urine > 130 mL/ CKD-EPI underestimation of
[22] min/1.73 m? CrCl > 120 mL/min/m>
. MDRD- . . .
in > 50% of A-IDMS and overestimation of
measurements B CrCl < 120 mL/min/m?
Udy et al. Group A: CG 53 Group A: Group A: NA Underestimation of ARC
[25] CrCl measured in ~ CKD-EPI CG: 0369  CG: —6.62423.9
lllrzl(f)le bgt‘l’vgﬂ |, MDRD- (NS) CKD-EPI: —29.24+10.8
min/al'n73 m2 m 4-IDMS CKD-EPI: MDRD-4-IDMS:
o 1’9 0.347(NS)  _227+26.1
crg’:p asured Mg, Grow B
rCl measured in :
urine >150 mL/ 0.047 (Ns) CO: —27.8+272
min/1.73 m? Group B: CKD-EPI: —55+20.9
CG: 0.399 MDI;?I“;_LH;?’I;:
(» = 0.009) e ’
CKD-EPIL:
0.46
(»p = 0.005)
MDRD-4-
IDMS:
0.427
(» = 0.009)
Grootaert CrCl measured in  CG 1679 CG: 0.343 CG: 11.2+61.5 NA Overestimation of ARC
et al. urine > 120 mL/ MDRD- (» <0.001) MDRD-4-IDMS:
. 2 N
(30] min/1.73 m 4-IDMS MDRD-4- 19.9+76.8
IDMS:
0.29
(»<0.001)
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Table 1 continued

Study Reference test and  Method ARC Spearman Bias + precisionb [mL/  Detection of Other information
definition of ARC  assessed  samples coefficient® min/1.73 m? or mL/min] ARC provided
[n] [rs] patients
[specificity/
sensitivity]
Baptista CrCl measured in  CG 86 CG: 0.26 CG: —39+75 CG: ND/ Underestimation of ARC
et al. urine > 130 mL/ mCG ([J = 0017) IIICGZ _ 84 :|: 70 062
3 in/1.73 m> . :
[33] min/L.73 m MDRD-4 mCG: (())’%)314 MDRD-4: — 48 + 76 mocgé ND/
MDRD-6 (p = 0.044) MDRD-6: — 68 £+ 76 )
MDRD-4: MDRD-4:
0.22 ND/0.47
(p = 0.047) MDRD-6:
MDRD-6: ND/0.29
0.18 (NS)
May et al. Females: CG 20 NA NA NA Underestimation of ARC
(35] CrCl measured in
urine > 120 mL/
min/1.73 m?
Males:
CrCl measured in
urine > 130 mL/
min/173 m?
Neves CrCl measured in ~ CG 319 NA NA NA Progressive
et al. urine > 130 mL/ underestimation of
[43] min/1.73 m’ CrCl > 120 mL/min/m*
and overestimation of
CrCl < 120 mL/min/m*
Baptista CrCl measured in ~ Hoek 29 NA NA Hoek: NA/ NA
et al. urine > 130 mL/ 1 4160n 0.08
[46] min/1.73 m* Larson: NA/
0.22

ARC augmented renal clearance, CrCl creatinine clearance, GC Cockcroft-Gault, mCG modified Cockcroft-Gault, MDRD-4 4-variable Mod-
ification of Diet in Renal Disease, MDRD-4-IDMS updated MDRD-4 equation with standardised serum creatinine values, MDRD-6 6-variable
Modification of Diet in Renal Disease, CKD-EPI Chronic Kidney Disease Epidemiology Collaboration, NA not available, NS nonsignificant

“Only in ARC samples

"Precision expressed as standard deviation

estimating equations—the CG and the updated MDRD-4
(MDRD-4-IDMS)—in 1679 samples from 390 critically ill
adults with a measured CrCl of 120 mL/min/1.73 m* or
more. Estimates showed poor agreement with measured
CrCl values, with a bias between 11.2 mL/min (for CG)
and 19.9 mL/min/1.73 m> (for MDRD-4-IDMS), and a
precision of 261 mL/min  and & 77 mL/min/1.73 mz,
respectively. In contrast to Baptista et al., estimates pre-
dicted higher CrCl than the measured values, which was
attributed to differences in the population (older, with
lower body weight, and more severely ill), which could
lead to falsely high renal function when estimated.

Udy et al. [25] assessed the performance of the Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI),
CG and MDRD-4-IDMS equations in a prospective,
observational study in which they included 110 critically ill
patients with plasma creatinine concentration within the

normal range. In the subgroup analysis, the Udy et al.
observed that for CrCl< 120 mL/min/1.73 m?, the equa-
tions tend to overestimate the CrCl, while the opposite
occurred for CrCl > 120 mL/min/1.73 m?>. Although a
moderate correlation was found for CKD-EPI (r2 = 0.46,
p = 0.005), CG (©* = 0.399, p = 0.009) and MDRD-4-
IDMS (r* = 0.427, p = 0.009) in patients with measured
CrCl > 150 mL/min/1.73 mz, there was no significant
correlation in patients with measured CrCl between 120
and 149 mL/min/1.73 m>. All of the equations underesti-
mated the measured value of CrCl with significant bias and
imprecision (29.24 10.8 mL/min/1.73 m* for CKD-EPI,
6.62 423.9 mL/min/1.73 m* for CG and 22.7 +26.1 mL/
min/1.73 m* for MDRD-4-IDMS) in patients with mea-
sured CrCl between 120 and 149 mL/min/1.73 m® Bias
and imprecision were even higher for patients with mea-
sured CrCl > 150 mL/min/1.73 m>.
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Table 2 Equations used in the studies for the estimation of the glomerular filtration rate in adults

Name Units Equation

Cockcroft-Gault (CG)

[11, 14, 22, 25, 33, 35, 42] mL/min/1.73 m? (40-Age)x Wix1T3 ) 85 it formqle

Scrx72xBSA

[17, 30] mL/min W x 0.85if female

Modified Cockcroft-Gault (mCG)

[9] mL/min IBW (if TBW > 130% of IBW, use ABW) and not BSA-adjusted
[11] mL/min/1.73 m? If sCr<1 mg/dL, use 1 mg/dL and IBW

[33] mL/min/1.73 m? If sCr <1 mg/dL, use 1 mg/dL

4-variable Modification of Diet in Renal Disease (MDRD-4)
[11, 33] mL/min/1.73 m?

186 x Scr=113* x Age™029 x 1.21if black x 0.742 if female

Updated MDRD-4 equation with standardised sCr values (MDRD-4-IDMS)

[9, 22, 25, 30] mL/min/1.73 m*
6-variable Modification of Diet in Renal Disease (MDRD-6)
[33] mL/min/1.73 m?
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
[9, 11, 14, 22, 25] mL/min/1.73 m*

)—0.329

175 x Scr~113% x Age=0203 x 1.21if black x 0.742 if female
170 x Scr=09% x BUN~%17 x Sgﬁylg x Age™0176 x 1.18 if black x 0.762 if female

Females sCr < 0.7

144 x (8

x0.9934s¢

Females sCr > 0.7

144 x (S

)—1.209

x0.993A4s¢

Males sCr < 0.9

141 x (S

)—0.411

x0.993A4s¢

Males sCr > 0.9
141 x ($2) 7127 x0.9934%¢

Hoek

[14, 45] mL/min/1.73 m? 8035 _ 432
Larson

[45] mL/min/1.73 m* 77.239 x §,1262328
Age = years

Wt weight (kg), sCr serum creatinine concentration (mg/dL), BSA body surface area (m?), IBW ideal body weight, TBW total body weight, ABW
adjusted body weight, BUN blood urea nitrogen (mg/dL), S4;, serum albumin concentration (g/dL), Sy, serum cystatin C (mg/L)

Similar results have been obtained in other studies,
namely weak correlations and significant bias and impre-
cision, in critically ill patients with serum creatinine con-
centration  within the normal range for CG
[9, 11, 17, 22, 35, 43], MDRD-4-IDMS [9, 11, 22] and
CKD-EPI [9, 11, 22]. In all cases, equations tended to
underestimate CrCl, compared with measured urinary
CrCl, when there was ARC.

Steinke et al. [14] compared the agreement of the esti-
mated CrCl using equations based on plasma creatinine
(CG and CKD-EPI) or cystatin C (Hoek) with measured
urinary CrCl. This retrospective analysis included 100
critically ill patients from two pharmacokinetic studies, 16
of whom had ARC (urinary CrCl> 130 mL/min/1.73 mz).
Both the Hoek and CKD-EPI equations significantly
underestimated CrCl in patients with ARC. The specificity
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to detect patients with ARC was 0.81 (95% confidence
interval [CI] 0.71-0.89), 0.96 (95% CI 0.90-0.99) and 0.96
(95% CI 0.90-0.99) for the CG, CKD-EPI and Hoek
equations, respectively, but sensitivity was only 0.69 (95%
CI 0.41-0.89), 0.25 (95% CI 0.07-0.52) and 0.38 (95% CI
0.15-0.65), respectively. Similar results were obtained by
Baptista et al. [46] regarding the inaccuracy of the Hoek
and Larson cystatin C-derived equations when applied to
ICU patients with ARC.

Only two studies have been identified in which an
exogenous marker is used to assess GFR in patients at risk
of ARC. The first, conducted by Loirat et al. [S1], found a
close correlation between '*’I-iothalamate clearance and
CrCl (#* = 0.93, p < 0.001) and between inulin clearance
and CrCl (r2 = 0.74, p < 0.001) in 20 burn patients, 13 of
whom had ARC. More recently, Udy et al. [21] used
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sinistrin clearance as a marker of GFR and compared it
with measured urinary CrCl and the CKD-EPI equation.
They found that sinistrin clearance was highly correlated
with measured CrCl (r2 = 0.7, p < 0.01). Both measured
CrCl and the CKD-EPI-estimated value tended to under-
estimate sinistrin clearance, although the bias was smaller
in the measured value.

Given the current evidence, measuring urinary CrCl
should be considered the method of choice for identifying
critically ill patients with ARC. Nevertheless, in most
ICUs, renal function is still determined based on estimating
equations or serum creatinine values. In England, for
instance, nearly 60% of ICUs use serum creatinine [40].

3.5.2 ARC Diagnostic Scores

The limited usefulness of CrCl estimating equations has
motivated the creation of scales with greater sensitivity and
specificity for identifying patients at risk of ARC. As
reported in an abstract at the 2014 Congress of the Euro-
pean Society of Intensive Care Medicine, Baptista et al.
[41] presented a retrospective analysis of urine samples of
patients admitted to the ICU of a tertiary university hospital
in 2012. They excluded urine samples with contempora-
neous serum creatinine > 1.2 mg/dL and grouped patients
according to their measured urinary CrCl (<60 mL/min/
1.73 m?  60-130 mL/min/1.73 m*> and> 130 mL/min/
1.73 m?). Overall, they analysed 4271 urine samples from
477 patients, 33% of whom had ARC and 20% had renal
dysfunction. The best diagnostic value for ARC was
obtained wusing the combination of urinary
tinine >45 mg/mL and age <65 years, with a specificity of
0.88 but low sensitivity (0.60).

Udy et al. [28] conducted a study that included 71
critically ill patients with trauma (n = 28) or sepsis
(n = 43), enrolled in a wider pharmacokinetic study on
antimicrobials, who had serum creatinine within the normal
range (<1.3 mg/dL). ARC (urinary CrCl> 130 mL/min/
1.73 m?) was present in 58% of the patients. Based on the
results of the multivariate analysis, they created a scoring
system to identify ARC patients, in which modified SOFA
score <4 was given 1 point, admission post-trauma was
given 3 points and age <50 years was given 6 points.
Scores were then summed and patients grouped into cate-
gories of low (0-3), medium (4-6) or high (7-10) risk of
ARC. Higher scores were strongly associated with a greater
prevalence of ARC, with an area under the receiver oper-
ating characteristic curve (AUCgroc) of 0.89 (p < 0.001).

Recently, Barletta et al. [7] developed the Augmented
Renal Clearance in Trauma Intensive Care (ARCTIC)
scoring system to predict ARC in trauma patients. They
included 133 trauma patients with serum creatinine within
the normal range (<1.3 mg/dL) and performed a

crea-

multivariate analysis to identify independent predictors of
ARC. The risk factors included in the final ARCTIC score
were age below 56 years (4 points), age between 56 and
75 years (3 points), serum creatinine <0.7 mg/dL (3
points) and male sex (2 points). The score had an AUCroc
of 0.813 (p < 0.001) and an ARCTIC score of 6 or higher
had a sensitivity of 0.84 and a specificity of 0.68.

We must bear in mind that all these studies select
patients with serum creatinine within the normal range.
Therefore, the application of ARC scores makes little sense
in patients with serum creatinine higher than 1.3 mg/dL,
despite creatinine levels not being included in the scores.
Scores to detect patients at risk of ARC are useful and easy
to apply in ICUs. They can help identify patients at the
highest risk of ARC, and, based on the level of risk, indi-
cate the need to measure urinary CrCl to obtain a definitive
diagnosis.

3.6 Impact of ARC on Antimicrobial Treatment

The presence of ARC in critically ill patients may have a
negative impact on the attainment of therapeutic levels of
many drugs. For example, the activity of enoxaparin has
been shown to be shorter in patients with ARC [6]; how-
ever, almost all of the scarce references published about
this subject are focused on antimicrobial therapy, where
ARC is very important because it could condition not only
the drug efficacy but also the emergence of resistance.
ARC can influence the pharmacokinetic profile of
antimicrobial drugs that are renally cleared and known to
have a direct correlation between their renal clearance and
CrCl, such as B-lactams, vancomycin or aminoglycosides.
According to their activity pattern, antimicrobial drugs can
be classified into three groups: concentration-dependent
killing along with prolonged effects (aminoglycosides,
fluoroquinolones, polymyxins, daptomycin or metronida-
zole), time-dependent activity with no or very short per-
sistent effects (B-lactams) and concentration-independent
killing with prolonged persistent effects (tetracyclines,
tigecycline, macrolides, azithromycin, clindamycin, line-
zolid, chloramphenicol, trimethoprim, sulphonamides and
vancomycin). For the first and the third groups, the PK/PD
indexes that best correlated with efficacy are the maximum
serum concentration (Cp,,,)/minimum inhibitory concen-
tration (MIC) ratio or the area under the concentration-time
curve (AUC)/MIC ratio, because the prolonged persistent
effects protect against regrowth when the active drug
concentration falls below the MIC. For the second group,
time-dependent activity, the PK/PD index that best corre-
lated with efficacy is the duration of time that free
antimicrobial concentrations exceeded the MIC.
Enhanced drug clearance will lead to a shorter half-life,
lower Cp.x and smaller AUC of renally cleared drugs

A\ Adis



1116

1. Bilbao-Meseguer et al.

compromising their effectiveness [2, 3]. Some research has
been conducted attempting to assess the influence of ARC
on antimicrobial pharmacokinetics and clinical outcomes
in critically ill patients, and the main findings are outlined
below.

3.6.1 Impact of ARC on Vancomycin Pharmacokinetics

Vancomycin is a glycopeptide that is primarily eliminated
by the kidneys (90%) and whose clearance is directly
related to CrCl. It is bactericidal and exhibits concentra-
tion-independent bacterial killing. Clinically, an AUC/MIC
ratio>400 has been linked to efficacy of this drug [3].
Several studies have been conducted to determine the
influence of ARC on the plasma concentration of van-
comycin [13, 18, 19, 26, 32, 48]. Baptista et al. [32]
evaluated the effect of ARC (urinary CrCl> 130 mL/min/
1.73 m?) in 93 critically ill septic patients who started
empirical or directed treatment that included vancomycin
by continuous infusion. Patients with ARC (40% of the
study population, n = 37) reached between 25 and 30%
lower vancomycin levels (p < 0.05), and ARC was
strongly associated with subtherapeutic serum concentra-
tions of vancomycin on the first 3 days of treatment. In a
subsequent study [18], these same authors developed a
nomogram for dosing vancomycin administered by con-
tinuous infusion during the first 24 h of treatment. First,
they retrospectively analysed 79 patients, of whom 36%
(n =29) had ARC, treated with the standard hospital
protocol; only 28% (n = 8) of the patients with ARC
reached the target level of 20-30 mg/L, compared with
64% (n = 32) of those who did not have ARC (p = 0.092).
Then, using these data, they developed a predictive equa-
tion for vancomycin clearance and a dosing nomogram
based on 8-h urine collections to measure urinary CrCl, and
tested it in 25 patients. Applying the nomogram, 84% of
patients, including all those with ARC, reached the target
level.

Campassi et al. [19] conducted a prospective study to
determine the effect of ARC on vancomycin concentra-
tions. Of the 44 patients treated with vancomycin, 12 had
ARC (urinary CrCl> 120 mL/min/1.73 m?). None of the
patients with ARC reached the target level by 24 h after
starting treatment, and they had lower vancomycin plasma
concentrations during the first 48 h after the start of the
treatment (p < 0.05). Furthermore, they needed higher
doses of the drug to finally reach the target level than non-
ARC patients (p < 0.05). Another study, conducted by
Spadaro et al. [13], aimed to estimate the efficacy of a
vancomycin dosing protocol in critically ill patients with
and without kidney dysfunction. It was found that 50, 66
and 80% of patients with subtherapeutic levels of van-
comycin had ARC (urinary CrCl> 130 mL/min/1.73 mz)
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at the first (day 2), second (day 4) and third (day 6) mon-
itoring tests, respectively. Similar findings were obtained
by Minkute et al. [26], who concluded that the risk of
subtherapeutic vancomycin levels is doubled in patients
with ARC (estimated CrCl> 130 mL/min, p = 0.011).

3.6.2 Impact of ARC on f-Lactam Pharmacokinetics

B-lactam antibacterials are primarily eliminated by the
kidneys and have time-dependent antibacterial activity.
Their efficacy is best predicted by the duration of time for
which the free drug plasma concentration remains above
the MIC (fT > MIC). Traditionally, an fT > MIC of between
40 and 70% (depending on the agent) of the dosing interval
has been accepted as a PK/PD target, although it has also
been suggested that greater drug exposure, up to four times
the MIC for the entire dosing interval, could improve
clinical outcomes in critically ill patients [3, 55].

Udy et al. [31] retrospectively analysed 52 trough con-
centrations of B-lactam obtained in 48 critically ill patients.
Only 58 and 31% of patients had trough concentrations
above the MIC and four times above the MIC, respectively.
Patients having ARC (urinary CrCIl> 130 mL/min/
1.73 m?) was associated with trough concentrations lower
than the MIC or lower than four times the MIC in 82 and
72% of cases, respectively (p < 0.01). The multivariate
analysis confirmed that CrCl contributed significantly to
the likelihood of obtaining subtherapeutic levels of -lac-
tams, and a 25 mL/min/1.73 m? increase in the measured
CrCl was associated with a mean 60% reduction in the
probability of achieving a trough concentration greater than
or equal to four times the MIC.

Carlier et al. [24] assessed the influence of ARC (urinary
CrCl> 130 mL/min/1.73 m?) on PK/PD target attainment
in critically ill patients receiving meropenem or
piperacillin/tazobactam administered as an extended infu-
sion. Overall, only 33 of 60 patients reached the PK/PD
target of 100% fT >MIC. ARC patients less often reached
the PK/PD targets of 100% jfT>MIC (24 vs. 84%,
p < 0.001) and 50% fT>MIC (63 vs. 94%, p < 0.01).
Furthermore, the mean percentage of fT>MIC in ARC
patients was lower (61 vs. 94%, p < 0.001). Multivariate
analysis demonstrated that CrCl was an independent pre-
dictor of not achieving the PK/PD target.

Akers et al. [20] studied ARC as a predictor of sub-
therapeutic levels of piperacillin and tazobactam. They
included 13 critically ill patients treated with
piperacillin/tazobactam and with an estimated CrCl of
>90 mL/min/1.73 m* according to the MDRD-4-IDMS
equation. Patients were classified as low risk (0-6 points)
or high risk (> 6 points) based on the ARC score proposed
by Udy et al. [28]. The score had a sensitivity of 1 (95% CI
0.52-1) and a specificity of 0.71 (95% CI 0.30-0.95) for
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detecting increased clearance, increased Vd and decreased
AUC. The ARC score also had a sensitivity of 1 (95% CI
0.52-1) for predicting subtherapeutic levels of
piperacillin/tazobactam (considering as PK/PD target, free
piperacillin concentrations greater than the MIC for at least
50% of the dose interval) at an MIC of 16 pg/mL.

ARC patients often need higher doses of B-lactams and
there is a strong relationship between ARC and subthera-
peutic levels of these antimicrobials, as has been observed
in several studies [15, 39, 42, 47]. In this context, the
individualisation of dosage regimens, for example, by the
administration of antimicrobials in extended infusion can
be useful, as demonstrated by Roberts and Lipman [29].
They describe the population pharmacokinetics of dor-
ipenem in critically ill patients with nosocomial pneumonia
and found that doripenem clearance was correlated with
CrCl and peripheral Vd was correlated with patient body
weight. Then they performed Monte Carlo dosing simula-
tions to optimise dosing schedules. Extended infusions
were found to maximise the likelihood of achieving target
blood concentrations, especially in patients with ARC or
obesity and with infections caused by organisms with
borderline susceptibility.

3.6.3 Impact of ARC on Clinical Outcomes in Patients
Treated with Antimicrobials

Studies investigating the relationship between ARC and
clinical outcome in patients treated with antimicrobial
drugs are scarce. Claus et al. [27] conducted an observa-
tional prospective study in which they investigated the
impact of ARC on clinical outcome in critically ill patients
treated with antimicrobial agents. Of the 128 patients
included, 51.6% (n = 66) had ARC, with this being per-
manently present, throughout the antimicrobial treatment,
in 23% (n = 15) of patients, and transient, lasting just one
day, in 35% (n = 23) of patients. The rate of treatment
failure was higher in patients who had ARC than those who
did not have ARC (27.3 vs. 12.9%, p = 0.04), and also
tends to be higher in those with permanent rather than
transient ARC (33.3 vs. 17.4%, p = 0.436), although the
difference was not significant, probably due to the small
number of patients in this subgroup.

In another observational prospective study, Huttner et al.
[15] investigated the relationship between ARC, plasma
concentrations of B-lactam antibacterials and clinical out-
come in critically ill patients. They recruited 100 critically
ill patients with suspected or documented severe bacterial
infection for which treatment with intravenous
imipenem/cilastatin, meropenem, piperacillin/tazobactam
or cefepime was initiated. Overall, 64% (n = 64) of the
patients had ARC. Despite ARC strongly predicting
undetectable trough concentrations (odds ratio [OR] 3.3,

95% CI 1.11-9.94], no link was observed between ARC
and clinical failure.

Recently, Udy et al. [5] performed a substudy of the
BLING-II trial seeking to explore the relationship between
ARC and clinical outcomes in 254 critically ill patients
with severe sepsis, among whom 45 (17.7%) had ARC
(urinary CrCl> 130 mL/min/1.73 m?). They found no dif-
ferences in ICU-free days at day 28 or in 90-day mortality.
On the contrary, they found that the clinical cure rate at
14 days after ceasing antimicrobial administration was
significantly higher in patients with ARC (73.3 vs. 55%,
p = 0.024). Nevertheless, this association was lost in the
multivariate analysis adjusted for age, modified SOFA and
dosing strategy. They also found no difference between
ARC status and clinical outcomes according to the dosing
strategy employed (continuous infusion vs. intermittent
infusion).

4 Discussion

Critically ill patients undergo physiological changes that
can alter drug pharmacokinetics. Traditionally, the main
focus of assessing kidney function has been to adjust
antimicrobial dosing in renal impairment. However, ARC
has recently begun to be recognised as an alteration that
can lead to accelerated drug elimination and suboptimal
drug levels. Although there is no standardised definition of
ARG, there is a broad consensus among authors to consider
it as a CrCl higher than 130 mL/min/1.73 m”. Even if
changes in renal tubular function are also expected [21],
this definition seems reasonable considering that GFR is
recognised as the best overall index of renal function, that
the normal GFR values in young adult patients are
approximately 125 mL/min/1.73 m? [53], and the emerg-
ing evidence linking CrCl higher than 130 mL/min/
1.73 m* with subtherapeutic antimicrobial concentrations
[15, 18, 24, 26, 31, 32, 48]. Current evidence indicates that,
in critically ill patients, renal function should be evaluated
by measuring urinary CrCl. Several diagnostic scores
[7, 28, 41] have been published that may help to identify
critically ill patients at increased risk of developing ARC,
but they are unable to establish a definitive diagnosis.
The phenomenon of ARC is not negligible in the
intensive care setting, being present in 20-65% of patients
[5-9, 11, 12, 15, 17-19, 22-28, 30, 32-34, 37, 44, 45, 49,
52], and significantly more common in young patients
[5, 7-9, 11, 12, 15, 19, 22, 23, 26-28, 32, 34, 38, 44, 51,
52]. ARC has been significantly and consistently related to
subtherapeutic B-lactam [15, 20, 24, 29, 31, 39, 42, 47] and
vancomycin [13, 18, 19, 26, 32, 48] levels, which could
potentially lead to the appearance of resistances and ther-
apeutic failure [56, 57]. Despite the fact that the evidence is
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scarce, it is expected that the influence of this phenomenon
is not restricted to B-lactams and vancomycin, but will also
affect other antimicrobials such as aminoglycosides, fluo-
roquinolones or daptomycin [38, 51, 58-60], and other
types of drugs, such as anticoagulants [6] or antiepileptics.

We found only three studies evaluating the effect of
ARC on clinical outcomes, and the results are discordant.
Claus et al. [27] found a higher rate of treatment failure in
patients with ARC (23.7 vs. 8%, p = 0.04), whereas Hut-
tner et al. [15] and Udy et al. [5] found no relationship
between ARC and clinical outcomes. Huttner et al. are the
only authors who performed plasma monitoring of
antimicrobials. On the other hand, they did not provide
information on the MIC of isolated microorganisms and
they use EUCAST’s nonspecies-related thresholds to
establish subtherapeutic concentrations. Furthermore, they
found no relationship between undetectable trough levels
and clinical outcomes. As stated by the authors, this
apparent lack of relationship might reflect their low-resis-
tance setting, where some pathogens may have such low
MICs that they lie beneath the limit of plasma antimicro-
bial detection, and thus even patients with seemingly
undetectable plasma concentrations may be attaining the
PK/PD target of 100% fT >MIC.

It is difficult to establish a relationship between ARC
and clinical outcomes in critically ill patients due to the
complexity and variability of this population. The physio-
logical mechanism responsible for ARC in critically ill
patients is still not well-defined, but a possible mechanism,
accepted by several authors, is the combination of systemic
inflammation together with a greater physiological renal
reserve. In this sense, it should be noted that although ARC
can increase antimicrobial elimination, increasing the risk
of therapeutic failure, it has also been considered a marker
of a good prognosis as it may predict a host’s increased
ability to adapt to and withstand severe infection [5, 15].

Overall, when ARC is present in critically ill patients,
two scenarios should be considered for future research. On
the one hand is the possibility that critically ill patients
with ARC could be less likely to develop certain organ
dysfunction such as acute kidney injury (AKI). Patients
with both sepsis and AKI are widely recognised as having
an unacceptably high mortality rate [61, 62] and the same
occurs with trauma patients [63, 64]. The development of
AKI is a marker of bad prognosis [65-68], while the
development of ARC could reflect the opposite situation.
On the other hand, although the ARC itself may not be a
factor of poor prognosis in the critical patient, its influence
on drug pharmacokinetics is clear. The success of antimi-
crobial treatment in ICU depends on early initiation, cor-
rect drug selection and the use of a suitable dosage regimen
to attain the PK/PD target [69]. Currently, there is great
evidence on the importance of therapeutic drug monitoring
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and the application of PK/PD criteria in the antimicrobial
treatment of ICU patients [55, 70-72]. An increase in
antimicrobial clearance can have negative consequences
but could be overcome with alternative dosing strategies
that optimise drug exposure, such as higher daily doses,
continuous/extended infusions or loading doses [73-78].
Recently, several guidelines and consensus documents,
such as the Surviving Sepsis Campaign [69], the AGORA
project for intra-abdominal infections [79], or Infectious
Diseases Society of America (IDSA) guidelines for the
management of adults with hospital-acquired and ventila-
tor-associated pneumonia [80], have made specific mention
to ARC and include recommendations on the use of dosing
strategies based on the PK/PD principles.

Renal impairment is successfully staged in chronic
kidney disease according to GFR, defining a normal GFR
as > 90 mL/min/1.73 m? [53]. The use of reduced doses in
patients with impaired renal function is widely accepted,
however the appearance of the phenomenon of ARC in
critically ill patients could raise the need to establish dose
recommendations based on increasing GFR. In 2012, the
European Medicines Agency published a press release
recommending to double the dose of Doribax® (dor-
ipenem) for the treatment of nosocomial pneumonia in
patients with ARC and/or with infections caused by non-
fermenting gram-negative pathogens [81]. The reason was
the preliminary results from a clinical trial in which
patients treated with Doribax® were less likely to recover
than patients in the control group. The Agency’s Com-
mittee for Medicinal Products for Human Use considered
that factors such as ARC and infections involving specific
types of bacteria might influence the effectiveness of
treatment with Doribax®. However, the influence of ARC
is not limited to antimicrobials, and, similarly, recently
marketed drugs such as edoxaban [82, 83] already include
in their summary of product characteristics (SmPC)
specific recommendations or warnings about reduced effi-
cacy in nonvalvular atrial fibrillation patients with
increased CrCl.

Given the high frequency of ARC in the intensive care
setting, further studies in this subgroup of critically ill
patients are warranted in order to explore the need to stage
the ARC and make dosage recommendations. Similar to
AKI, ARC could be a dynamic and temporary situation in
critically ill patients, therefore a continuous evaluation of
the renal function would be necessary.

4.1 Limitations

All the included studies are observational, with relatively
few patients and mostly from single centres. They also
present a great deal of variability in terms of patient type,
selection criteria and definition of the study variables. In
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addition, not all the studies define ARC in the same way or
detect it with the same diagnostic techniques. For these
reasons, only a descriptive analysis has been performed and
a synthesis of the results has not been considered appro-
priate. Nevertheless, we consider that this descriptive study
has allowed us to focus on the main features of ARC and
that this global vision of the problem will be very useful for
designing future clinical studies. Finally, another limitation
in our search strategy was the English-language restriction,
and hence information may have been overlooked if it was
published in other languages.

5 Conclusions

ARC is a prevalent condition in critically ill patients,
especially in young people. The use of GFR estimating
equations leads to the underdiagnosis of ARC in the
intensive care setting, therefore urinary CrCl measurement
is recommended. The presence of ARC has a clear influ-
ence on antimicrobial plasma levels but further research is
needed to define its impact on clinical outcomes in patients
treated with antimicrobials or other types of drugs.

As happens with acute renal failure, ARC is a dynamic
condition and modulation of dosing according to the daily
variations in renal clearance would be necessary. More
trials with greater statistical power need to be undertaken to
develop a validated pharmacokinetic population model and
drug dosing guidelines for critically ill patients with ARC.
PK/PD analysis and Monte Carlo simulation can be applied
in this setting to simulate different antimicrobial dosage
regimens (e.g. higher doses and extended or continuous
infusions) and establish the optimal approach to enhance
clinical outcomes.

The concept of ARC is becoming increasingly relevant
and is even included in the SmPC of some new drugs. In
the near future, patients with ARC could be considered as a
special subpopulation with specific dosage adjustments in
the SmPC.
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