This version of the article has been accepted for publication, after peer review (when applicable) and is subject to Springer Nature’s AM
terms of use, but is not the Version of Record and does not reflect post-acceptance improvements, or any corrections. The Version of Record
is available online at: https://doi.org/10.1007 /s40262-018-0636-7

AUTHORS

Idoia Bilbao-Meseguer?, Alicia Rodriguez-Gascén?, Helena Barrasa3, Arantxazu Isla2*, Maria Angeles Solinis?”
TITLE

Augmented Renal Clearance in Critically Ill Patients: A Systematic Review

AFFILIATIONS AND ADDRESSES

1 Department of Pharmacy, Cruces University Hospital, Plaza de Cruces 12, 48903 Barakaldo, Bizkaia, Spain.
2 Pharmacokinetic, Nanotechnology and Gene Therapy Group (PharmaNanoGene), Faculty of
Pharmacy, Lascaray Research Center, University of the Basque Country UPV/EHU, Paseo de la

Universidad, 7, 01006 Vitoria-Gasteiz, Spain.
3 Intensive Care Unit, University Hospital of Alava, c/ Olaguibel n® 29, Vitoria-Gasteiz, Spain.

CONTACT INFORMATION

*Co-corresponding Authors
Arantxazu Isla arantxa.isla@ehu.eus Telephone: +34 945 01 45 39
Maria Angeles Solinis marian.solinis@ehu.eus Telephone: +34 945 01 34 69

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 context. Nevertheless, augmented renal clearance (ARC) is a
less well studied phenomenon that could lead to faster elimination of drugs, resulting in subtherapeutic
concentrations and poorer clinical outcomes when standard dosage guidelines are followed.

Objective: To gather and summarise all the available evidence on ARC in critically ill patients, including its
definition, underlying mechanisms, epidemiology, diagnosis and impact on antimicrobial pharmacokinetics and
on 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 PRISMA guidelines.

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

Conclusion: ARC is a prevalent condition in critically ill patients, especially in young people, that increases renal

drug elimination, leading to lower plasma drug concentrations than expected. ARC, usually underdiagnosed, is a

dynamic condition and modulation of dosing according to the daily variations observed in urinary creatinine clearance
would be necessarfurther studies are needed to define the impact of ARC on clinical outcomes, and to evaluate

the usefulness of developing specific dosage guidelines.

KEY POINTS

— ARC, defined as a creatinine clearance greater than 130 mL/min/1.73 m?, is present in 20% to 65% of
critically ill patients. The best diagnostic method for the identification of critically ill patients with ARC is
mesured urinary creatinine clearance

— 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.



1. INTRODUCTION

Antimicrobial treatment in critically ill patient®mains challenging. During critical iliness, phlgtegical changes and
therapeutic interventions can alter drug pharmaugldis making the standard dosage guidelines @ideitDrugs in
critically ill patients usually have a greater vole of distribution (Vd) due to capillary leak, iafhmatory response and
aggressive fluid loading. Increased Vd has beenodstrated for hydrophilic antimicrobials such asraglycosides,
B-lactams, daptomycin, linezolid and glycopeptide2]. Hypoalbuminemia, also frequently found instipiopulation,
might change the unbound drug fraction in blood,thaturn, would be likely to influence the pharmoéinetics of
antimicrobials that are highly protein bound (>90&6)d have high extraction rates. For a drug thighly protein
bound, hypoalbuminemia is likely to lead to a higke fraction of antimicrobial in the early stageétbe dosing
interval, which might result in advantageously higbound concentrations. On the other hand, chaimg¥sl and
protein binding can lead to low unbound concerdreilater in the dosing interval which could redtie=effectiveness
of time-dependent antimicrobials [1-3]. These altens, together with some intensive care procedsgch as
continuous renal replacement therapies, could tedawer plasma levels of antimicrobials [1-3].dontrast, kidney or
liver impairment can result in an accumulation s trugs in plasma and, therefore, higher plasmaestrations [1-

3],

Traditionally, renal function in critically ill pa&nts has been routinely assessed with the obgctivdetecting renal
impairment and adjusting drug doses. Neverthelasgmented renal clearance (ARC) has also beenifiddnin

intensive care unit (ICU) patients. As a resulhaledrug clearance can be increased in these tmtiempared to non-
critically ill patients. This may be particularlynportant for antibacterial agents that are elingdaty the kidney and
whose activity is time-dependent, suchBasictams. Patients with ARC could be at risk of-spltimal antimicrobial

exposure when conventional dosage regimens are used

Changes in antimicrobial pharmacokinetics that faleee in the critically ill can lead to clinicaifure or an increased
risk of adverse effects. In this context, indiviised antimicrobial dosing and the application of
pharmacokinetic/pharmacodynamic (PK/PD) princifdes recommended [1-3]. The use of PK/PD analysiseases
the probability of treatment success, minimizes ¢neergence of resistance and reduces adverseseffjctThe
combination of the PK/PD analysis with Monte Cagimulation can guide antimicrobial prescribing, sidering the
individual characteristics of patients and adjugtine antimicrobial therapy to their clinical s&tuhich is especially
relevant in certain subpopulations such as crlticéll patients with ARC. Monte Carlo simulation & statistical

modelling tool that allows expanding the samples simnsidering the variability of the PK and PD paegers in the
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estimation of the PK/PD indices [3]. It allows imiualization of antimicrobial therapy and simutatiof different
scenarios (higher doses, extended or continuousiatis...) to support decision making and therebyrawe clinical
outcome. One of the principal requirements to perfdonte Carlo simulations is a validated populatf®k model
including PK parameters, their variability and aagate model [3]. For these reasons, it is impurta investigate the

pharmacokinetic alterations that take place intkensive care setting and their influence on aictiobial treatment.

In line with the fact that ARC is a relatively n@encept and the difficulty of conducting reseanthhe intensive care
setting, the evidence available to date concerARE is scarce and diverse. The aim of this revigewoi gather and
summarize all the evidence on ARC in critically phatients, including its definition, underlying nmamisms,

epidemiology, diagnosis and impact on antimicroptermacokinetics and clinical outcomes.

2. METHODS

2.1. Adherenceto PRISMA guidelines

This systematic review is reported following theplgable criteria of the Preferred Reporting Itefos Systematic

Reviews and Meta-Analyses (PRISMA) Statement girdel[4].

2.2. Search strategy

Medline, Embase and International Pharmaceuticadtidbts databases were systematically searcheah their
inception until May 2017, for all studies that rejgal information on ARC in critically ill patient3.he following terms
were used: (augmented renal clearance OR hypatifiliy) AND (critic* OR intensive). The search waddaionally

limited to “English Language”. Secondary literatwas identified using the references included fthenfirst search.

2.3. Eligibility criteria

All the references that reported information on enlying mechanisms, epidemiology, diagnosis or ichjpd ARC in

critically ill patients were included. Articles weexcluded if they assessed paediatric patienifstbey were clinical

cases, reviews, letters or editorials.



2.4. Study selection

Records obtained from Medline, Embase and Intaynati Pharmaceutical Abstracts were compared anticdtgs
were eliminated. Abstracts of all the records wameeened to identify relevant publications accaydim the selection

criteria. If there was insufficient information ihe abstract, the full text was retrieved and aesks

2.5. Data collection processand analysis

For each record, the following data concerning AR@®gen reported, were extracted: definition of ARZoposed
mechanism(s), frequency, course, related factoethoad of diagnosis, and impact on drug pharmactikmend on
clinical outcome. Given the nature of the topicdgtd, that ARC is a fairly new concept and thatd@mized trials

were not expected, we conducted a descriptivecaliinalysis of the records included.

3. RESULTS

3.1. Study Selection

As described in Fig. 1, we reviewed the abstratthe 183 records obtained. Of these, 131 werdnutdded for not
meeting selection criteria. One paper was not dedubecause we were unable to access the full Aexlitionally,

seven conference abstracts were excluded becaeygavdre based on the same study and gave the sanitsras an
original article published subsequently and inctudethis review. Of the 44 records included, 3¥ewveriginal articles
[5-35] and 13 conference abstracts [36-48]. Furttheee other original articles were identifiedrfrahe reference lists

of selected papers [49-51].

3.2. Definition of ARC

Augmented renal clearance refers to enhanced etmimof solutes as compared with an expected ibasel process
that involves changes in glomerular filtration eredial tubular function. Glomerular filtration ra@FR) is generally
accepted as the best overall index of kidney foncind ARC has been associated with elevated yrizr@atinine

clearance (CrCl); hence, this parameter is useifioe it [21,52].



The normal GFR in young adults is approximately f5min/1.73 Mi[52]. ARC is a fairly new concept and does not
have a standard definition. Nevertheless, curretttigre is a broad consensus in considering 130mink1.73 ni as
the lower limit of CrCl for the diagnosis of ARCinse there are studies linking CrCl >130 mL/minBLA¥ with

subtherapeutic antimicrobial concentration [15,4&8,31-32,47].

Assessing the presence of ARC in critically ill ipats is still challenging. GFR measured as tharelece of an
exogenous filtration marker is the best overalleiaf kidney function. The “gold standard” methdsl the urinary
clearance of inulin during a continuous intravenmiigsion. This is an invasive and expensive mettmivever, and,
to simplify the procedure, alternative endogenditimfion markers are used in clinical practice,imhacreatinine and
cystatin C. In the general population, GFR estintagquations to derive GFR from serum creatinileepaeferred over
relying on serum creatinine concentration aloneesehequations have been developed from large ejuibecal
studies with the aim of diagnosing and monitoriagignts with chronic kidney disease and stablelremetion. As
they all assume that endogenous serum markers ateddy state and this cannot be assumed initloalty ill, use of
measured creatinine clearance in urine is genepaliferred in this setting. A good correlation hesen observed
between measured GFR using inulin or radioactitiealamate and urine creatinine clearance in cliyick patients
[16,50]. In summary, ARC is defined as a CrCl geeghan 130 mL/min/1.73 fpreferably calculated by measuring

CrCl in urine (urinary CrClI).

3.3. Mechanism of ARC in critically ill patients

No articles were found whose main objective wagdtablish the mechanism(s) underlying ARC. The iolhygical
mechanism responsible for ARC in critically ill fgatts is not well defined and the propositions fontvard so far need
to be studied further. It has been postulatedghstemic inflammatory response syndrome (SIRShnaal syndrome
resulting from the general and nonspecific actoratf the immune system, could be associated WRIC A25]. SIRS
may occur in several conditions that may or may mtrelated to infection, including sepsis, seweaema, major
surgery and burns. The release of cytokines andnfieonmatory mediators leads to decreased vascetastance and
increased cardiac output which, together with igien fluid therapy and inotropic drugs commonlydigecritically ill

patients, may increase renal blood flow and GFR3334].

Nevertheless, trials have been unable to establistatistically and clinically significant relatisinp between cardiac
index (Cl), fluid balance or use of vasopressos ARC. Although a weak correlation has been notetsvben Cl and

CrCl, it has been shown to be of little use in tifging patients at risk of ARC [28].



Other theories suggest that renal functional resemay play a role in ARC. The concept of renal fiomal reserve
refers to the capacity of the kidney to increas&k@¥response to certain physiological or pathaabstimuli [53]. In
clinical conditions in which ARC is present (preghaomen, kidney donors or critically ill patientsgnal functional
reserve may be used to achieve normal or supraheemal function. Renal functional reserve can bgeased after a
protein load and it seems to be significantly loweelderly than in young healthy individuals. Thi®uld explain
some of the demographic characteristics that haas& nonsistently been linked to the presence of ARG itically ill

patients such as young age and diagnosis of palyid28].

The combination of systemic inflammation coupledhwa greater physiological reserve, rather than single
mechanism, has been accepted by several authaspassible mechanism for ARC [19,23]. ARC has ebean
considered a marker of a good prognosis, as it pnaglict a host's increased ability to adapt to wsttistand severe

infection [5,15].

Recently, Dias et al. [10] documented a relatigmdfetween brain autoregulation impairment and egéoh kidney
GFR in critically ill patients after severe trauiodirain injury. Autoregulation of blood flow isehinherent capacity of
the vascular bed to maintain constant perfusiorpittesariations in arterial blood pressure (ABPY antracranial
pressure (ICP), and is an important mechanism faintaining cerebral and kidney blood flow constarih the
aforementioned study, CrCl was found to be neghtiverrelated with the cerebrovascular pressuretiaty index
(PRXx), which expresses the correlation between AB®PICP. For each 10 mL/min increase in estimateél, @ mean
decrease in PRx of 0.01 was expected, that id)itgher the CrCl the better the cerebrovasculartiggc Furthermore,
the mean PRx value for a fatal outcome was sigmifly greater than the mean PRx for a non-fatataut. This study
opens a new line of research on the mechanism & #Rhis population and further studies are neddashderstand
the pathophysiological mechanism between brain kiddey autoregulation and the practical implicasioof this

relationship.



3.4. Epidemiology of ARC in critically ill patients

3.4.1. Frequency and cour se

Observational studies show that ARC is presentQfo 20 65% of critically ill patients [5-9,11-12,15-19,22-
28,30,32-34,36,43-44,48,51], and that it seemsetmbre common in certain conditions, such as tréiarbaain injury

(85%) [10,49], subarachnoid haemorrhage (100%) §8] burns (65%) [50].

Most studies define patients with ARC as those fictv a single measurement of urinary CrCl is gretiten a given
limit (120-130 mL/min/1.73 A). In some studies, patients have been considerbdve ARC if more than 50% of the
CrCl measurements during admission had been hitteer 130 mL/min/1.73 f These studies have shown that
betweerb5.4% and 74% [22-23] of patients who have CrChhigthan 130 mL/min/1.73 fin one measurement are
found to have values higher than this level in ntben 50% of measurements. De Waele et al. [12jdahat 59% of
patients found to have CrCl higher than 130 mL/tif nf once had ARC throughout their ICU stay. Anothedgt
showed that ARC was permanently present in 23%ramdient (lasting 1 day) in 35% of patients witlecCrClI value
higher than 130 mL/min/1.73%{27], while Grootaert et al. [43] found that 40% mdtients who had one CrCl value
higher than 120 mL/min/1.73nhad episodes of CrCl higher than this level foleast 5 days and that 5 days was also
the relative duration of ARC per patient. In adutitiwe have identified two studies that describeCARRevalence over
time in patients admitted to the ICU. In both, thighest prevalence of ARC is observed on day 5 aftienission

[23,34].

3.4.2. Related factors

ARC has been associated with a wide range of fag€kig. 2). One that has most consistently bedwdrto a high risk
of ARC, in both univariate and multivariate anasyss younger age [5,7-9,11-12,15,19, 22-23,26284 37,43,50-
51]. Most studies show a difference of 10 to 20rydetween patients with and without ARC. The maamedian age
of patients with ARC is between 34 and 50 yeamnast studies, while in the case of patients withaRC, it is always

of over 50 years and, in most studies, over 60syehist two studies have not found significantedéhces in age,

probably because the majority of the participaresasyoung (mean age <40 years old) [6,17].

Trauma has also been described as a risk factodeeeloping ARC in several studies [8,11, 15,192832,51].

Publications that provide information on demograptharacteristics by reason for admission [23,48dicate that
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patients admitted for trauma are significantly ygein On the other hand, trauma admission has likatified as a
significant risk factor in multivariate analysids@a considering age [11,28,51], and hence, itsogichl influence

remains uncertain.

Research has also focused on the relationship & ARh illness severity, assessed by the Acute Blogy And
Chronic Health Evaluation 1l (APACHE Il) score, Sitified Acute Physiology Score (SAPS Il) and/or Seqtial
Organ Failure Assessment (SOFA) score. Some stidies found a significant relationship between logeverity
and ARC [5,15,28,32,34,51]. This relationship has lpeen observed in other studies [22-23,27] or drdg been
observed using the SAPS Il and APACHE Il score, ttthe SOFA score [8,11,19]. It should be consdethat

SAPS Il and APACHE Il score are influenced by age.

Other factors for which associations with ARC h&reen found in univariate analysis but not subsettjuennfirmed
include: male sex [5,7,22-23,28,51], mechanicatilation [23,26], high diastolic blood pressure [3dlevated cardiac
index [28], high [26,49] or low [12] vasopressoeutow use of furosemide [19,23], high diureticwmokes [19,34,51]

and a less positive fluid balance [19,34].

3.5. ldentification of ARC in critically ill patients

3.5.1. Estimated ver sus measured CrCl

Over recent years, several observational studige baen conducted to establish the usefulness & &fimating
equations in the diagnosis of critically ill patiswith ARC. A detailed overview of the studiesritiied is provided in
Table 1. The conclusions should be interpreted wéthtion because the comparator used is CrCl me@dsnrurine
which, despite being a pragmatic alternative, ihdg the "gold standard". All the equations mergrare given in

Table 2.

Baptista et al. [33] were the first to charactetize accuracy of four commonly used estimating gqas, Cockcroft—
Gault (CG), Modified CG, 4-variable Modification Biiet in Renal Disease (MDRD-4) and 6-variable Miodition of
Diet in Renal Disease (MDRD-6). In 86 critically flatients with ARC (CrCl >130 mL/min/1.73%nall the equations
except MDRD-6 yielded values that were statisticalgnificantly but weakly correlated with measungtihary CrCl
(r* <0.3; p<0.05). All of them significantly underestited the measured value of CrCl with a bias of betw39

mL/min/1.73 n (for CG) and 84 mL/min/1.73 fn(for modified CG) and a precision af 70-75 mL/min/1.73 &
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which is clinically unacceptable. Grootaert et[20] conducted a similar study comparing, retrosipely, the validity

of two estimating equations, the CG and the updstBiRD-4 (MDRD-4-IDMS) equations, in 1679 samplesrfr 390

critically ill adults with a measured CrCl of 120Lfmin/1.73 nf or more. Estimates showed poor agreement with

measured CrCl values with a bias between 11.2 nii(fmi CG) and 19.9 mL/min/1.73 nffor MDRD-4-IDMS) and a
precision of+ 61 mL/min and+ 77 mL/min/1.73 A respectively. In contrast to Baptista et al., reates predicted
higher CrCl than the measured values. This wagatéd to differences in the population (older,hvower body

weight and more severely ill) which could leaddtsély high renal function when estimated.

Udy et al. [25] assessed the performance of the@tiKidney Disease Epidemiology Collaboration (CEPI), CG
and MDRD-4-IDMS equations in a prospective obseéovat study in which they included 110 critically patients
with plasma creatinine concentration within themak range. In the subgroup analysis they obsetvadfor CrCl <
120 mL/min/1.73 rh the equations tend to overestimate the CrCl, wiiike opposite occurred for Cr& 120

mL/min/1.73 ni. Although a moderate correlation was found for GEBI (= 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 GxQI50 mL/min/1.73 rf there was
no significant correlation in patients with measuf@rCl between 120 and 149 mL/min/1.73. mll of the equations
underestimated the measured value of CrCl withifiigmt bias and imprecision (29.2+ 10.8 mL/minA.@#f for

CKD-EPI, 6.62+ 23.9 mL/min/1.73 ffor CG and 22.7+ 26.1 mL/min/1.73?rfor MDRD-4-IDMS) in patients with
measured CrCl between 120 and 149 mL/min/1.73 Bims and imprecision were even higher for pasientth

measured CrC 150 mL/min/1.73

Similar results have been obtained in other studiamely, weak correlations and significant biad amprecision, in
critically ill patients with serum creatinine comtgation within the normal range for CG [9,11,174235], MDRD-4-
IDMS [9,11,22] and CKD-EPI [9,11,22]. In all casesjuations tended to underestimate CrCl, comparedeasured

urinary CrCl, when there was ARC.

Steinke et al. [14] compared the agreement of stienated CrCl using equations based on plasmaicieat{CG and
CKD-EPI) or cystatin C (Hoek) with measured urin@yCl. This retrospective analysis included 10Giaally ill
patients from two pharmacokinetic studies, 16 obmthad ARC (urinary CrCl >130 mL/min/1.73)mBoth the Hoek
and CKD-EPI equations significantly underestimaiz@l in patients with ARC. The specificity to det@atients with
ARC was 0.81 (95% CI, 0.71-0.89), 0.96 (95% CI,00099) and 0.96 (95% CI, 0.90-0.99) for CG, CKD}&Rd

Hoek equations respectively, but the sensitivitys waly 0.69 (95% CI, 0.41-0.89), 0.25 (95% ClI, 60032) and 0.38



(95% CI, 0.15-0.65). Similar results were obtairmdBatista et al. [45] regarding the inaccuracytted Hoek and

Larson cystatin C-derived equations when applieCtd patients with ARC.

Only two studies have been identified in which angenous marker is used to assess GFR in patieritkaf ARC.
The first, conducted by Loirat et al. [50], foundckose correlation betweelfI-iothalamate clearance and CrCl
(r>=0.93; p<0.001) and between inulin clearance ar@l QF=0.74; p<0.001) in 20 burn patients, 13 of whom had
ARC. More recently, Udy et al. [21] used sinistclearance as a marker of GFR and compared it t@suned urinary
CrCl and the CKD-EPI equation. They found thatstiim clearance was highly correlated with meas@s@ (#=0,7;
p<0.01). Both measured CrCl and the CKD-EPI-estthatalue tended to underestimate sinistrin cleasaalkthough

the bias was smaller in the measured value.

Given the current evidence, measuring urinary Gr@uld be considered the method of choice for itj@ng critically
ill patients with ARC. Nevertheless, in most ICWsnal function is still determined based on estingaequations or

serum creatinine values. In England, for instanearly 60% of ICUs use serum creatinine [39].

3.5.2. ARC diagnostic scores

The limited usefulness of CrCl estimating equatibas motivated the creation of scales with greseesitivity and
specificity for identifying patients at risk of AR@s reported in an abstract, at the 2014 Congoéske European
Society of Intensive Care Medicine, Baptista eff4d] presented a retrospective analysis of uramames of patients
admitted to the ICU of a tertiary university hogpin 2012. They excluded urine samples with copt@mneous serum
creatinine>1.2 mg/dL and grouped patients according to theiasared urinary CrCl (<60 mL/min/1.73,60 to 130
mL/min/1.73 n{ and >130 mL/min/1.73 fh Overall, they analysed 4271 urine samples fraifi gatients, 33% of
whom had ARC and 20% renal dysfunction. The besgrbistic value for ARC was obtained using the cotinn of

urinary creatinine >45 mg/mL and age <65 yeard) wispecificity of 0.88 but low sensitivity (0.60).

Udy et al. [28] conducted a study including 71ically ill patients with trauma (n=28) or sepsis43), enrolled in a
wider pharmacokinetic study on antimicrobials, wiaal serum creatinine within the normal range (sig3dL). ARC

(urinary CrCl >130 mL/min/1.73 fjn was present in 58% of the patients. Based onrébalts of the multivariate
analysis, they created a scoring system to idei®Z patients in which modified SOFA scagé was given 1 point,

admission post-trauma 3 points and &§6 years 6 points. Scores were then summed anehfmativere grouped into
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categories of low (0-3), medium (4-6) or high (7-1i8k of ARC. Higher scores were strongly ass@tlawith a greater

prevalence of ARC with an area under the receiperating characteristic curve (AWgy) of 0.89 (p<0.001).

Recently, Barletta et al. [7] developed the AugradniRenal Clearance in Trauma Intensive Care (ARTEt0re to
predict ARC in trauma patients. They included 13Bitna patients with serum creatinine within thenmadrrange (<1.3
mg/dL) and performed a multivariate analysis toniifg independent predictors of ARC. The risk fastincluded in
the final ARCTIC score were: age below 56 yearpdihts), age between 56 and 75 years (3 pointa)psereatinine
less than 0.7 mg/dL (3 points) and male sex (2tppifThe score had an AWg: of 0.813 (p<0.001) and an ARCTIC

score of 6 or higher has a sensitivity of 0.84 arspecificity of 0.68.

We must bear in mind that all these studies s@latients with serum creatinine within the normalga. Therefore, the
application of ARC scores makes little sense inepés with serum creatinine higher than 1.3 mgftispite creatinine
levels not being included in the scores. Scoredetect patients at risk of ARC are useful and @¢asypply in ICUs.

They can help identify patients at the highest a6lARC and, based on the level of risk, indicdte heed 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 mhgve a negative impact on the attainment of thertipéevels of
many drugs. For example, the activity of enoxaphes been shown to be shorter in patients with ACHowever,
almost all of the scarce references published athisisubject are focused on antimicrobial theraghgre ARC is very

important because it conditions not only the drfiig@&cy but also the emergence of resistance.

ARC can influence the pharmacokinetic profile ofimicrobial drugs that are renally cleared and knaw have a
direct correlation between their renal clearanced @rCl such asp-lactams, vancomycin or aminoglycosides.
According to their activity pattern, antimicrobidtugs can be classified into three groups: comagoh-dependent
killing along with prolonged effects (aminoglycosg] fluorquinolones, polymyxins, daptomycin or rostdazole),
time-dependent activity with no or very short pstesit effectsf{-lactams) and concentration-independent killinghwit
prolonged persistent effects (tetracyclines, tigéog, macrolides, azithromycin, clindamycin, lioéd,
chloramphenicol, trimethoprim, sulphonamides andceaycin). For the first and the third groups th&¢HFD indexes

that best correlated with efficacy are the maximsenum concentration ({)/ minimum inhibitory concentration
11



(MIC) or the area under the concentration-time euf&UC)/MIC ratios, because the prolonged perststdfects
protect against regrowth when the active drug cotmation fall below the MIC. For the second grotime-dependent
activity, the PK/PD index that best correlated véfficacy is the duration of time that free antimoigial concentrations
exceeded the MIC.

Enhanced drug clearance will lead to shorter hff-llower G« and smaller AUC of renally cleared drugs
compromising their effectiveness [2,35ome research has been conducted attempting tesasseinfluence of ARC
on antimicrobial pharmacokinetics and clinical @aumes in critically ill patients and the main findsare outlined

below.

3.6.1. Impact of ARC on vancomycin phar macokinetics

Vancomycin is a glycopeptide that is primarily dliaited by the kidneys (90%) and whose clearandeestly related
to CrCl. It is bactericidal and exhibits conceritratindependent bacterial killing. Clinically, anJ&/MIC ratio > 400
has been linked to efficacy of this drug [3]. Sebetudies have been conducted to determine theeimfe of ARC on
the plasma concentration of vancomycin [13,18-182@7]. Baptista et al. [32] evaluated the effigcARC (urinary
CrCl >130 mL/min/1.73 /) in 93 critically ill septic patients who startechpirical or directed treatment that included
vancomycin by continuous infusion. Patients with@Q\RI0% of the study population; n=37) reached betw25% and
30% lower vancomycin levels (p<0.05) and ARC wasrsily associated with subtherapeutic serum conagons of
vancomycin on the first 3 days of treatment. Iubsequent study [18], these same authors devebpedogram for
dosing vancomycin administered by continuous imfasiduring the first 24 hours of treatment. Firstey
retrospectively analysed 79 patients, of which 38%29) had ARC, treated with the standard hospitatocol: only
28% (n=8) of the patients with ARC reached theeaatgvel of 20-30 mg/L, compared with 64% (n=32)ludse who
did not have ARC (p=0.092). Then, using these daty developed a predictive equation for vancomytéarance
and a dosing nomogram based on 8-hour urine cinlfecto measure urinary CrCl and tested it in 2tepss. Applying

the nomogram, 84% of patients, including all tha#th ARC, reached the target level.

Campassi et al. [19] conducted a prospective stodietermine the effect of ARC on vancomycin comiions. Out
of the 44 patients treated with vancomycin, 12 ARC (urinary CrCl >120 mL/min/1.73 T None of the patients
with ARC reached the target level by 24 hours afifarting treatment and they had lower vancomydasrma
concentrations during the first 48 hours after stat of the treatment (p<0.05). Further, they eeeligher doses of
the drug to finally reach the target level than #d®C patients (p<0.05). Another study, conductedSpadaro et al.

[13], aimed to estimate the efficacy of a vancomyabsing protocol in critically ill patients wittmd without kidney
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dysfunction. It was found that 50%, 66% and 80%pafients with subtherapeutic levels of vancomycad MRC
(urinary CrCl >130 mL/min/1.73 fhat the first (day 2), second (day 4) and thirdy(6) monitoring tests respectively.
Similar findings were obtained by Minkute et al6]2vho concluded that the risk of subtherapeuticcesnycin levels

is doubled in patients with ARC (estimated CrCl 818L/min) (p=0.011).

3.6.2. Impact of ARC on 3-lactam phar macokinetics

B-lactam antibacterials are primarily eliminated thg kidneys and have time-dependent antibactect@lity. Their
efficacy is best predicted by the duration of tifaewhich the free drug plasma concentration resainove the MIC
(fT>MIC). Traditionally, anfT>MIC of between 40 and 70% (depending on the gg#rthe dosing interval has been
accepted as a PK/PD target, although it has also beggested that greater drug exposure, up tdifoes the MIC for

the entire dosing interval, could improve clinicattcomes in critically ill patients [3,54].

Udy et al. [31] retrospectively analysed 52 troegincentrations of-lactam obtained in 48 critically ill patients. @nl
58% and 31% of patients had trough concentratidvea the MIC and four times above the MIC, respetyi
Patients having ARC (urinary CrCl > 130 mL/min/1.@8) was associated with trough concentrations lolvan tthe
MIC or lower than four times the MIC in 82% and 72% cases respectively (p<0.01). The multivariat@lgsis
confirmed that CrCI contributed significantly tcethikelihood of obtaining subtherapeutic level{ectams and a 25
mL/min/1.73 i increase in the measured CrCl was associated avithean 60% reduction in the probability of

achieving a trough concentration greater than aakip four times the MIC.

Carlier et al. [24] assessed the influence of ARfnary CrCl >130 mL/min/1.73 fnon PK/PD target attainment in
critically ill patients receiving meropenem or pigeillin/tazobactam administered as an extendegsioh. Overall,
only 33 out of 60 patients reached the PK/PD tacdet00% fT>MIC. ARC patients less often reached the PK/PD
targets of 100% T>MIC (24% vs. 84%, p<0.001) and of 50£8>MIC (63% vs. 94%, p<0.01). Further, the mean %
fT>MIC in ARC patients was lower (61% vs 94%; p<@ROMultivariate analysis demonstrated that CrCkvea

independent predictor of not achieving the PK/Pigda

Akers et al. [20] studied ARC as a predictor ofteebapeutic levels of piperacillin and tazobactaimey included 13
critically ill patients, treated with piperacillimzobactam and with an estimated CrCl >90 mL/m#¥hf according to

the MDRD-4-IDMS equation. Patients were classiftexdlow risk (0 to 6 points) or high risk (>6 poinkmsed on the
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ARC score proposed by Udy et al. [28]. The scokdaensitivity of 1 (95% CI, 0.52-1) and a spedifiof 0.71 (95%
Cl, 0.30-0.95) for detecting increased clearancereiased Vd and decreased AUC. The ARC score adoah
sensitivity of 1 (95% CI, 0.52-1) for predicting kgberapeutic levels of piperacillin/tazobactam &daring free
piperacillin concentrations greater than the MI€dbleast 50% of the dose interval the PK/PD trgiean MIC of 16

pg/mL.

ARC patients often need higher dosegdéctams and there is a strong relationship betwdR@ and subtherapeutic
levels of these antimicrobials, as has been obderve several studies [15,38,41,46]. In this contettie
individualization of dosage regimens, for examplg the administration of antimicrobials in extendefilision can be
useful, as demonstrated by Roberts et al. [29]y Tescribe the population pharmacokinetics of dargm in critically
ill patients with nosocomial pneumonia and foundtttoripenem clearance was correlated with cresgiclearance
and peripheral Vd with patient body weight. Theaytiperformed Monte Carlo dosing simulations to mj#ée dosing
schedules. Extended infusions were found to masinilee likelihood of achieving target blood concatitms,

especially in patients with ARC or obesity and wiitfections caused by organisms with borderlinespsbility.

3.6.3. Impact of ARC on clinical outcomesin patientstreated with antimicrobials

Studies investigating the relationship between A&f@ clinical outcome in patients treated with amtiobial drugs
are scarce. Claus et al. [27] conducted an obSenah prospective study in which they investigated impact of
ARC on clinical outcome in critically ill patientseated with antimicrobial agents. Of the 128 patiéncluded, 51.6%
(n=66) had ARC, this being permanently presengughout the antimicrobial treatment, in 23% (n=486y transient,
lasting just one day, in 35% (n=23). The rate eatment failure was higher in patients who had thase who did not
have ARC (27.3% vs 12.9%; p=0.04), and also teadsethigher in those with permanent than transd(€ (33.3%
vs 17.4%, p=0.436), though the difference was mptificant, probably due to the small number ofi@ats in this

subgroup.

In another observational prospective study, Hutiteal. [15] investigated the relationship betwedRC, plasma
concentrations off-lactam antibacterials and clinical outcome inicaily ill patients. They recruited 100 criticalily
patients with suspected or documented severe Ictarfection for which treatment with intravenous

imipenem/cilastatin, meropenem, piperacillin/tazziben or cefepime was initiated. Overall, 64% (n=6#dhe patients
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had ARC. Despite ARC strongly predicting undeteletalbough concentrations [odds ratio (OR)= 3.3; 96%1.11-

9.94], no link was observed between ARC and clirfaidure.

Recently, Udy et al. [5] performed a substudy & BLING-II trial seeking to explore the relationgthetween ARC
and clinical outcomes in 254 critically ill patisnwith severe sepsis, among which 45 (17.7%) ha@ ARinary CrCl
>130 mL/min/1.73 ). They found no differences in ICU-free days ay @8 or in 90-day mortality. On the contrary,
they found that the clinical cure rate at 14 dafysraceasing antimicrobial administration was diigaintly higher in
patients with ARC (73.3% vs 55%; p=0.024). Nevddhs, this association was lost in the multivariat&lysis
adjusted for age, modified SOFA and dosing straté@dpey also found no difference between ARC stang clinical

outcomes according to the dosing strategy empl¢y@atinuous infusion vs intermittent infusion).

4. DISCUSSION

Critically ill patients undergo physiological chasgthat can alter drug pharmacokinetics. Traditipndne main focus
of assessing kidney function has been to adjushambbial dosing in renal impairment. Recentlywaver, ARC has
begun to be recognized as an alteration that cae le accelerated drug elimination and suboptinmat devels.
Although there is no standardized definition of ARKEre is a broad consensus among authors todesrisas a CrCl
higher than 130 mL/min/1.73%nEven if changes in renal tubular function are @spected [21], this definition seems
reasonable considering that GFR is recognizedeabdht overall index of renal function, that thenmal GFR values in
young adult patients are approximately 125 mL/mit@Inf [52] and the emerging evidence linking CrCl higttean
130 mL/min/1.73 rh with subtherapeutic antimicrobial concentratioris,18,24,26,31-32,47]. Current evidence
indicates that, in critically ill patients, renairiction should be evaluated by measuring urinaGl.C3everal diagnostic
scores [7,28,40] have been published that may teeldentify critically ill patients at increasedski of developing

ARC, but they are unable to establish a definitlizgnosis.

The phenomenon of ARC is not negligible in the isige care setting, being present in 20 to 65%,13-92,15,17-
19,22-28,30,32-34,36,43-44,48,51] of patients, asignificantly more common in young patients [5,19,
12,15,19,22-23,26-28,32,34, 37,43,50-51]. ARC hesnbsignificantly and consistently related to satdabeutic3-
lactam [15,20,24,29,31,38,41,46] and vancomycin1839, 26,32,47] levels. Despite the fact that eh@ence is

scarce, it is expected that the influence of thismomenon is not restricted felactams and vancomycin but will also
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affect other antimicrobials such as aminoglycosidiesrquinolones or daptomycin [37,50,55-57], asttier kind of

drugs, such as enoxaparin [6].

We have found only three studies evaluating thecef6f ARC on clinical outcomes, and the resules discordant.
Claus et al. [27] found a higher rate of treatnfaittire in patients with ARC (23.7% vs. 8%, p =4).vhereas Huttner
et al. [15] and Udy et al. [5] found no relatiorshietween ARC and clinical outcomes. Huttner etagd. the only
authors that performed plasma monitoring of antiohi@ls. On the other hand, they do not providerimiation on the
MIC of isolated microorganisms and they use EUCASTONn-species-related thresholds to establish stdgikutic
concentrations. Further, they found no relationg@fween undetectable trough levels and clinicadamues. As stated
by the authors, this apparent lack of relationshight reflect their low-resistance setting, wheoene pathogens may
have such low MICs that they lie beneath the ligfitplasma antimicrobial detection and, thus, evatiepts with

seemingly undetectable plasma concentrations magthiing the PK/PD target of 100£5>MIC.

It is difficult to establish a relationship betwe&RC and clinical outcomes in the critically ill ffent due to the
complexity and variability of this population. Tpaysiological mechanism responsible for ARC inically ill patients
is still not well defined but a possible mechanisscepted by several authors, is the combinatiosystemic
inflammation together with a greater physiologieaial reserve. In this sense it should be notedaltiaough ARC can
increase antimicrobial elimination increasing tiek of therapeutic failure, it has also been comgd a marker of a

good prognosis, as it may predict a host’s increéasslity to adapt to and withstand severe infet{, 15].

Overall, when ARC is present in critically ill patits, two scenarios should be considered for fusearch. On the
one hand, the possibility that critically ill patis with ARC, could be less likely to develop cartargan dysfunction
such as acute kidney injury (AKI). Patients witttlbeepsis and AKI are widely recognized as havimgi@acceptably
high mortality rate [58,59] and the same occurdwiauma patients [60,61]. The development of AKkimarker of
bad prognosis [62-65] while the development of ARMId reflect the opposite situation. On the otmend, although
the ARC itself may not be a factor of poor progeasi the critical patient, its influence on drugapimacokinetics is
clear. The success of antimicrobial treatment id M&pends on early initiation, correct drug setectind the use of a
suitable dosage regimen to attain the PK/PD taj@@L Currently, there is great evidence on the dngnce of
therapeutic drug monitoring and the applicatioP&f/ PD criteria in antimicrobial treatment of IQdatients [54, 67-
69]. An increase in antimicrobial clearance canehaggative consequences, but could be overcomealtémative
dosing strategies that optimize drug exposure sslhigher daily doses, continuous/extended infgsimnloading

doses [70-75]. Recently, several guidelines andseasus documents such as Surviving Sepsis Camfgbihgthe
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AGORA project for intra-abdominal infections [76} ¢DSA guidelines for management of adults with phited-
acquired and ventilator-associated pneumonia [@¥ghmade specific mention to ARC and include recendations

on the use of dosing strategies based on the PifPDiples.

Renal impairment is successfully staged in chrdainey disease according to GFR, defining a nor@BR as
>90mL/min/1.73mM [52]. The use of reduced doses in patients witpained renal function is widely accepted,
however, the appearance of the phenomenon of AR@itically ill patients could raise the need tdadsish dose
recommendations based on increasing GFR. In 20&2Etiropean Medicines Agency published a press selea
recommending to double the dose of Doribax® (davgme) for the treatment of nosocomial pneumoniaaitiepts with
ARC and/or with infections caused by non- fermaptimam-negative pathogens [78]. The reason waprileninary
results from a clinical trial in which patients dted with Doribax® were less likely to recover thaatients in the
control group. The Agency’'s Committee for Medicifabducts for Human Use considered that factorh ssCARC
and infections involving specific types of bactemigght influence the effectiveness of treatmenhvidtoribax®. But
the influence of ARC is not limited to antimicrolsiaand, similarly, recently marketed drugs sucle@sxaban [79-80]
already include in their summary of product charastics (SmPC) specific recommendations or wamiagout

reduced efficacy in nonvalvular atrial fibrillatigratients with increased CrCl.

Given the high frequency of ARC in the intensiveecsetting, further studies in this subgroup dicaily ill patients in
order to explore the need to stage the ARC and rdakage recommendations are warranted. Similacute &kidney
injury, ARC could be a dynamic and temporary situatn critically ill patients, so a continuous dévation of the renal

function would be necessary.

4.1. Limitations

All the studies included are observational, witlatigely few patients and mostly from single cestréhey also present
a great deal of variability in terms of patienteyselection criteria and definition of the studyiables. In addition, not
all of them define ARC in the same way or deteatith the same diagnostic techniques. For thessorea only a
descriptive analysis has been performed and a agisthof the results has not been considered apatepr
Nevertheless, we consider that this descriptivdyshas allowed us to focus on the main featureSRE and that this
global vision of the problem will be very usefukfdesigning future clinical studies. Finally, anathimitation in our
search strategy was the English language restiiciad hence, information may have been overlodkédwas

published in other languages.
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5. Conclusions

ARC is a prevalent condition in critically ill patits, especially in young people. The use of GRRhatng equations
leads to the underdiagnosis of ARC in the intensiaee setting, so urinary CICr measurement is recended. The
presence of ARC has a clear influence on antimiatgbasma levels but further research is needatkfime its impact

on clinical outcomes in patients treated with aitnwbials or other kind of drugs.

As it happens with acute renal failure, ARC is aayic condition and modulation of dosing accordinghe daily
variations in renal clearance would be necessanreMrials with greater statistical power need ¢éoumdertaken to
develop a validated pharmacokinetic population rhade drug dosing guidelines for critically ill peits with ARC.
PK/PD analysis and Monte Carlo simulation can bglia@ in this setting to simulate different antinubial dosage
regimens (e.g., higher doses, and extended ornuants infusions) and establish the optimal apprdacknhance

clinical outcomes.

The concept of ARC is becoming increasingly relé\ard even included in the SmPC of some new diaghe near

future, patients with ARC could be considered aspacial subpopulation with specific dosage adjustmén the

SmPC.
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FIGURE LEGENDS

Fig 1. Study flow diagram

Fig 2. Risk factors associated with augmented releakrance (ARC)

24



AUTHORS

Idoia Bilbao-Meseguer?, Alicia Rodriguez-Gascén?, Helena Barrasa3, Arantxazu Isla2*, Maria Angeles Solinis?”*
TITLE

Augmented Renal Clearance in Critically Ill Patients: A Systematic Review

AFFILIATIONS AND ADDRESSES

1 Department of Pharmacy, Cruces University Hospital, Plaza de Cruces 12, 48903 Barakaldo, Bizkaia, Spain.
2 Pharmacokinetic, Nanotechnology and Gene Therapy Group (PharmaNanoGene), Faculty of
Pharmacy, Lascaray Research Center, University of the Basque Country UPV/EHU, Paseo de la

Universidad, 7, 01006 Vitoria-Gasteiz, Spain.
3 Intensive Care Unit, University Hospital of Alava, c/ Olaguibel n? 29, Vitoria-Gasteiz, Spain.

CONTACT INFORMATION

*Co-corresponding Authors
Arantxazu Isla arantxa.isla@ehu.eus Telephone: +34 945 01 45 39
Maria Angeles Solinis marian.solinis@ehu.eus Telephone: +34 945 01 34 69

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 context. Nevertheless, augmented renal clearance (ARC) is a
less well studied phenomenon that could lead to faster elimination of drugs, resulting in subtherapeutic
concentrations and poorer clinical outcomes when standard dosage guidelines are followed.

Objective: To gather and summarise all the available evidence on ARC in critically ill patients, including its
definition, underlying mechanisms, epidemiology, diagnosis and impact on antimicrobial pharmacokinetics and
on 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 PRISMA guidelines.

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

Conclusion: ARC is a prevalent condition in critically ill patients, especially in young people, that increases renal
drug elimination, leading to lower plasma drug concentrations than expected. ARC, usually underdiagnosed, is a
dynamic condition and modulation of dosing accagydio the daily variations observed in urinary dir@ae clearance
would be necessarfurther studies are needed to define the impact of ARC on clinical outcomes, and to evaluate
the usefulness of developing specific dosage guidelines.

KEY POINTS

— ARC, defined as a creatinine clearance greater than 130 mL/min/1.73 m?, is present in 20% to 65% of
critically ill patients. The best diagnostic method for the identification of critically ill patients with ARC is
mesured urinary creatinine clearance

— 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.



1. INTRODUCTION

Antimicrobial treatment in critically ill patient®mains challenging. During critical iliness, phlgtegical changes and
therapeutic interventions can alter drug pharmaugldis making the standard dosage guidelines @ideitDrugs in
critically ill patients usually have a greater vole of distribution (Vd) due to capillary leak, iafhmatory response and
aggressive fluid loading. Increased Vd has beenodstrated for hydrophilic antimicrobials such asraglycosides,
B-lactams, daptomycin, linezolid and glycopeptide2]. Hypoalbuminemia, also frequently found instipiopulation,
might change the unbound drug fraction in blood,thaturn, would be likely to influence the pharmoéinetics of
antimicrobials that are highly protein bound (>90&6)d have high extraction rates. For a drug thighly protein
bound, hypoalbuminemia is likely to lead to a higke fraction of antimicrobial in the early stageétbe dosing
interval, which might result in advantageously higbound concentrations. On the other hand, chaimg¥sl and
protein binding can lead to low unbound concerdreilater in the dosing interval which could redtie=effectiveness
of time-dependent antimicrobials [1-3]. These altens, together with some intensive care procedsgch as
continuous renal replacement therapies, could tedawer plasma levels of antimicrobials [1-3].dontrast, kidney or
liver impairment can result in an accumulation s trugs in plasma and, therefore, higher plasmaestrations [1-

3],

Traditionally, renal function in critically ill pa&nts has been routinely assessed with the obgctivdetecting renal
impairment and adjusting drug doses. Neverthelasgmented renal clearance (ARC) has also beenifiddnin

intensive care unit (ICU) patients. As a resulhaledrug clearance can be increased in these tmtiempared to non-
critically ill patients. This may be particularlynportant for antibacterial agents that are elingdaty the kidney and
whose activity is time-dependent, suchBasictams. Patients with ARC could be at risk of-spltimal antimicrobial

exposure when conventional dosage regimens are used

Changes in antimicrobial pharmacokinetics that faleee in the critically ill can lead to clinicaifure or an increased
risk of adverse effects. In this context, indiviised antimicrobial dosing and the application of
pharmacokinetic/pharmacodynamic (PK/PD) princifdes recommended [1-3]. The use of PK/PD analysiseases
the probability of treatment success, minimizes ¢neergence of resistance and reduces adverseseffjctThe
combination of the PK/PD analysis with Monte Cagimulation can guide antimicrobial prescribing, sidering the
individual characteristics of patients and adjugtine antimicrobial therapy to their clinical s&tuhich is especially
relevant in certain subpopulations such as crlticéll patients with ARC. Monte Carlo simulation & statistical

modelling tool that allows expanding the samples simnsidering the variability of the PK and PD paegers in the
2



estimation of the PK/PD indices [3]. It allows imiualization of antimicrobial therapy and simutatiof different
scenarios (higher doses, extended or continuousiatis...) to support decision making and therebyrawe clinical
outcome. One of the principal requirements to perfdonte Carlo simulations is a validated populatf®k model
including PK parameters, their variability and aagate model [3]. For these reasons, it is impurta investigate the

pharmacokinetic alterations that take place intkensive care setting and their influence on aictiobial treatment.

In line with the fact that ARC is a relatively n@encept and the difficulty of conducting reseanthhe intensive care
setting, the evidence available to date concerARE is scarce and diverse. The aim of this revigewoi gather and
summarize all the evidence on ARC in critically phatients, including its definition, underlying nmamisms,

epidemiology, diagnosis and impact on antimicroptermacokinetics and clinical outcomes.

2. METHODS

2.1. Adherenceto PRISMA guidelines

This systematic review is reported following theplgable criteria of the Preferred Reporting Itefos Systematic

Reviews and Meta-Analyses (PRISMA) Statement girdel[4].

2.2. Search strategy

Medline, Embase and International Pharmaceuticadtidbts databases were systematically searcheah their
inception until May 2017, for all studies that rejgal information on ARC in critically ill patient3.he following terms
were used: (augmented renal clearance OR hypatifiliy) AND (critic* OR intensive). The search waddaionally

limited to “English Language”. Secondary literatwas identified using the references included fthenfirst search.

2.3. Eligibility criteria

All the references that reported information on enlying mechanisms, epidemiology, diagnosis or ichjpd ARC in

critically ill patients were included. Articles weexcluded if they assessed paediatric patienifstbey were clinical

cases, reviews, letters or editorials.



2.4. Study selection

Records obtained from Medline, Embase and Intaynati Pharmaceutical Abstracts were compared anticdtgs
were eliminated. Abstracts of all the records wameeened to identify relevant publications accaydim the selection

criteria. If there was insufficient information ihe abstract, the full text was retrieved and aesks

2.5. Data collection processand analysis

For each record, the following data concerning AR@®gen reported, were extracted: definition of ARZoposed
mechanism(s), frequency, course, related factoethoad of diagnosis, and impact on drug pharmactikmend on
clinical outcome. Given the nature of the topicdgtd, that ARC is a fairly new concept and thatd@mized trials

were not expected, we conducted a descriptivecaliinalysis of the records included.

3. RESULTS

3.1. Study Selection

As described in Fig. 1, we reviewed the abstratthe 183 records obtained. Of these, 131 werdnutdded for not
meeting selection criteria. One paper was not dedubecause we were unable to access the full Aexlitionally,

seven conference abstracts were excluded becaeygavdre based on the same study and gave the sanitsras an
original article published subsequently and inctudethis review. Of the 44 records included, 3¥ewveriginal articles
[5-35] and 13 conference abstracts [36-48]. Furttheee other original articles were identifiedrfrahe reference lists

of selected papers [49-51].

3.2. Definition of ARC

Augmented renal clearance refers to enhanced etmimof solutes as compared with an expected ibasel process
that involves changes in glomerular filtration eredial tubular function. Glomerular filtration ra@FR) is generally
accepted as the best overall index of kidney foncind ARC has been associated with elevated yrizr@atinine

clearance (CrCl); hence, this parameter is useifioe it [21,52].



The normal GFR in young adults is approximately f5min/1.73 Mi[52]. ARC is a fairly new concept and does not
have a standard definition. Nevertheless, curretttigre is a broad consensus in considering 130mink1.73 ni as
the lower limit of CrCl for the diagnosis of ARCinse there are studies linking CrCl >130 mL/minBLA¥ with

subtherapeutic antimicrobial concentration [15,4&8,31-32,47].

Assessing the presence of ARC in critically ill ipats is still challenging. GFR measured as tharelece of an
exogenous filtration marker is the best overalleiaf kidney function. The “gold standard” methdsl the urinary
clearance of inulin during a continuous intravenmiigsion. This is an invasive and expensive mettmivever, and,
to simplify the procedure, alternative endogenditimfion markers are used in clinical practice,imhacreatinine and
cystatin C. In the general population, GFR estintagquations to derive GFR from serum creatinileepaeferred over
relying on serum creatinine concentration aloneesehequations have been developed from large ejuibecal
studies with the aim of diagnosing and monitoriagignts with chronic kidney disease and stablelremetion. As
they all assume that endogenous serum markers ateddy state and this cannot be assumed initloalty ill, use of
measured creatinine clearance in urine is genepaliferred in this setting. A good correlation hesen observed
between measured GFR using inulin or radioactitiealamate and urine creatinine clearance in cliyick patients
[16,50]. In summary, ARC is defined as a CrCl geeghan 130 mL/min/1.73 fpreferably calculated by measuring

CrCl in urine (urinary CrClI).

3.3. Mechanism of ARC in critically ill patients

No articles were found whose main objective wagdtablish the mechanism(s) underlying ARC. The iolhygical
mechanism responsible for ARC in critically ill fgatts is not well defined and the propositions fontvard so far need
to be studied further. It has been postulatedghstemic inflammatory response syndrome (SIRShnaal syndrome
resulting from the general and nonspecific actoratf the immune system, could be associated WRIC A25]. SIRS
may occur in several conditions that may or may mtrelated to infection, including sepsis, seweaema, major
surgery and burns. The release of cytokines andnfieonmatory mediators leads to decreased vascetastance and
increased cardiac output which, together with igien fluid therapy and inotropic drugs commonlydigecritically ill

patients, may increase renal blood flow and GFR3334].

Nevertheless, trials have been unable to establistatistically and clinically significant relatisinp between cardiac
index (Cl), fluid balance or use of vasopressos ARC. Although a weak correlation has been notetsvben Cl and

CrCl, it has been shown to be of little use in tifging patients at risk of ARC [28].



Other theories suggest that renal functional resemay play a role in ARC. The concept of renal fiomal reserve
refers to the capacity of the kidney to increas&k@¥response to certain physiological or pathaabstimuli [53]. In
clinical conditions in which ARC is present (preghaomen, kidney donors or critically ill patientsgnal functional
reserve may be used to achieve normal or supraheemal function. Renal functional reserve can bgeased after a
protein load and it seems to be significantly loweelderly than in young healthy individuals. Thi®uld explain
some of the demographic characteristics that haas& nonsistently been linked to the presence of ARG itically ill

patients such as young age and diagnosis of palyid28].

The combination of systemic inflammation coupledhwa greater physiological reserve, rather than single
mechanism, has been accepted by several authaspassible mechanism for ARC [19,23]. ARC has ebean
considered a marker of a good prognosis, as it pnaglict a host's increased ability to adapt to wsttistand severe

infection [5,15].

Recently, Dias et al. [10] documented a relatigmdfetween brain autoregulation impairment and egéoh kidney
GFR in critically ill patients after severe trauiodirain injury. Autoregulation of blood flow isehinherent capacity of
the vascular bed to maintain constant perfusiorpittesariations in arterial blood pressure (ABPY antracranial
pressure (ICP), and is an important mechanism faintaining cerebral and kidney blood flow constarih the
aforementioned study, CrCl was found to be neghtiverrelated with the cerebrovascular pressuretiaty index
(PRXx), which expresses the correlation between AB®PICP. For each 10 mL/min increase in estimateél, @ mean
decrease in PRx of 0.01 was expected, that id)itgher the CrCl the better the cerebrovasculartiggc Furthermore,
the mean PRx value for a fatal outcome was sigmifly greater than the mean PRx for a non-fatataut. This study
opens a new line of research on the mechanism & #Rhis population and further studies are neddashderstand
the pathophysiological mechanism between brain kiddey autoregulation and the practical implicasioof this

relationship.



3.4. Epidemiology of ARC in critically ill patients

3.4.1. Frequency and cour se

Observational studies show that ARC is presentQfo 20 65% of critically ill patients [5-9,11-12,15-19,22-
28,30,32-34,36,43-44,48,51], and that it seemsetmbre common in certain conditions, such as tréiarbaain injury

(85%) [10,49], subarachnoid haemorrhage (100%) §8] burns (65%) [50].

Most studies define patients with ARC as those fictv a single measurement of urinary CrCl is gretiten a given
limit (120-130 mL/min/1.73 A). In some studies, patients have been considerbdve ARC if more than 50% of the
CrCl measurements during admission had been hitteer 130 mL/min/1.73 f These studies have shown that
betweerb5.4% and 74% [22-23] of patients who have CrChhigthan 130 mL/min/1.73 fin one measurement are
found to have values higher than this level in ntben 50% of measurements. De Waele et al. [12jdahat 59% of
patients found to have CrCl higher than 130 mL/tif nf once had ARC throughout their ICU stay. Anothedgt
showed that ARC was permanently present in 23%ramdient (lasting 1 day) in 35% of patients witlecCrClI value
higher than 130 mL/min/1.73%{27], while Grootaert et al. [43] found that 40% mdtients who had one CrCl value
higher than 120 mL/min/1.73nhad episodes of CrCl higher than this level foleast 5 days and that 5 days was also
the relative duration of ARC per patient. In adutitiwe have identified two studies that describeCARRevalence over
time in patients admitted to the ICU. In both, thighest prevalence of ARC is observed on day 5 aftienission

[23,34].

3.4.2. Related factors

ARC has been associated with a wide range of fag€kig. 2). One that has most consistently bedwdrto a high risk
of ARC, in both univariate and multivariate anasyss younger age [5,7-9,11-12,15,19, 22-23,26284 37,43,50-
51]. Most studies show a difference of 10 to 20rydetween patients with and without ARC. The maamedian age
of patients with ARC is between 34 and 50 yeamnast studies, while in the case of patients withaRC, it is always

of over 50 years and, in most studies, over 60syehist two studies have not found significantedéhces in age,

probably because the majority of the participaresasyoung (mean age <40 years old) [6,17].

Trauma has also been described as a risk factodeeeloping ARC in several studies [8,11, 15,192832,51].

Publications that provide information on demograptharacteristics by reason for admission [23,48dicate that
7



patients admitted for trauma are significantly ygein On the other hand, trauma admission has likatified as a
significant risk factor in multivariate analysids@a considering age [11,28,51], and hence, itsogichl influence

remains uncertain.

Research has also focused on the relationship & ARh illness severity, assessed by the Acute Blogy And
Chronic Health Evaluation 1l (APACHE Il) score, Sitified Acute Physiology Score (SAPS Il) and/or Seqtial
Organ Failure Assessment (SOFA) score. Some stidies found a significant relationship between logeverity
and ARC [5,15,28,32,34,51]. This relationship has lpeen observed in other studies [22-23,27] or drdg been
observed using the SAPS Il and APACHE Il score, ttthe SOFA score [8,11,19]. It should be consdethat

SAPS Il and APACHE Il score are influenced by age.

Other factors for which associations with ARC h&reen found in univariate analysis but not subsettjuennfirmed
include: male sex [5,7,22-23,28,51], mechanicatilation [23,26], high diastolic blood pressure [3dlevated cardiac
index [28], high [26,49] or low [12] vasopressoeutow use of furosemide [19,23], high diureticwmokes [19,34,51]

and a less positive fluid balance [19,34].

3.5. ldentification of ARC in critically ill patients

3.5.1. Estimated ver sus measured CrCl

Over recent years, several observational studige baen conducted to establish the usefulness & &fimating
equations in the diagnosis of critically ill patiswith ARC. A detailed overview of the studiesritiied is provided in
Table 1. The conclusions should be interpreted wéthtion because the comparator used is CrCl me@dsnrurine
which, despite being a pragmatic alternative, ihdg the "gold standard". All the equations mergrare given in

Table 2.

Baptista et al. [33] were the first to charactetize accuracy of four commonly used estimating gqas, Cockcroft—
Gault (CG), Modified CG, 4-variable Modification Biiet in Renal Disease (MDRD-4) and 6-variable Miodition of
Diet in Renal Disease (MDRD-6). In 86 critically flatients with ARC (CrCl >130 mL/min/1.73%nall the equations
except MDRD-6 yielded values that were statisticalgnificantly but weakly correlated with measungtihary CrCl
(r* <0.3; p<0.05). All of them significantly underestited the measured value of CrCl with a bias of betw39

mL/min/1.73 n (for CG) and 84 mL/min/1.73 fn(for modified CG) and a precision af 70-75 mL/min/1.73 &
8



which is clinically unacceptable. Grootaert et[20] conducted a similar study comparing, retrosipely, the validity

of two estimating equations, the CG and the updstBiRD-4 (MDRD-4-IDMS) equations, in 1679 samplesrfr 390

critically ill adults with a measured CrCl of 120Lfmin/1.73 nf or more. Estimates showed poor agreement with

measured CrCl values with a bias between 11.2 nii(fmi CG) and 19.9 mL/min/1.73 nffor MDRD-4-IDMS) and a
precision of+ 61 mL/min and+ 77 mL/min/1.73 A respectively. In contrast to Baptista et al., reates predicted
higher CrCl than the measured values. This wagatéd to differences in the population (older,hvower body

weight and more severely ill) which could leaddtsély high renal function when estimated.

Udy et al. [25] assessed the performance of the@tiKidney Disease Epidemiology Collaboration (CEPI), CG
and MDRD-4-IDMS equations in a prospective obseéovat study in which they included 110 critically patients
with plasma creatinine concentration within themak range. In the subgroup analysis they obsetvadfor CrCl <
120 mL/min/1.73 rh the equations tend to overestimate the CrCl, wiiike opposite occurred for Cr& 120

mL/min/1.73 ni. Although a moderate correlation was found for GEBI (= 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 GxQI50 mL/min/1.73 rf there was
no significant correlation in patients with measuf@rCl between 120 and 149 mL/min/1.73. mll of the equations
underestimated the measured value of CrCl withifiigmt bias and imprecision (29.2+ 10.8 mL/minA.@#f for

CKD-EPI, 6.62+ 23.9 mL/min/1.73 ffor CG and 22.7+ 26.1 mL/min/1.73?rfor MDRD-4-IDMS) in patients with
measured CrCl between 120 and 149 mL/min/1.73 Bims and imprecision were even higher for pasientth

measured CrC 150 mL/min/1.73

Similar results have been obtained in other studiamely, weak correlations and significant biad amprecision, in
critically ill patients with serum creatinine comtgation within the normal range for CG [9,11,174235], MDRD-4-
IDMS [9,11,22] and CKD-EPI [9,11,22]. In all casesjuations tended to underestimate CrCl, comparedeasured

urinary CrCl, when there was ARC.

Steinke et al. [14] compared the agreement of stienated CrCl using equations based on plasmaicieat{CG and
CKD-EPI) or cystatin C (Hoek) with measured urin@yCl. This retrospective analysis included 10Giaally ill
patients from two pharmacokinetic studies, 16 obmthad ARC (urinary CrCl >130 mL/min/1.73)mBoth the Hoek
and CKD-EPI equations significantly underestimaiz@l in patients with ARC. The specificity to det@atients with
ARC was 0.81 (95% CI, 0.71-0.89), 0.96 (95% CI,00099) and 0.96 (95% CI, 0.90-0.99) for CG, CKD}&Rd

Hoek equations respectively, but the sensitivitys waly 0.69 (95% CI, 0.41-0.89), 0.25 (95% ClI, 60032) and 0.38



(95% CI, 0.15-0.65). Similar results were obtairmdBatista et al. [45] regarding the inaccuracytted Hoek and

Larson cystatin C-derived equations when applieCtd patients with ARC.

Only two studies have been identified in which angenous marker is used to assess GFR in patieritkaf ARC.
The first, conducted by Loirat et al. [50], foundckose correlation betweelfI-iothalamate clearance and CrCl
(r>=0.93; p<0.001) and between inulin clearance ar@l QF=0.74; p<0.001) in 20 burn patients, 13 of whom had
ARC. More recently, Udy et al. [21] used sinistclearance as a marker of GFR and compared it t@suned urinary
CrCl and the CKD-EPI equation. They found thatstiim clearance was highly correlated with meas@s@ (#=0,7;
p<0.01). Both measured CrCl and the CKD-EPI-estthatalue tended to underestimate sinistrin cleasaalkthough

the bias was smaller in the measured value.

Given the current evidence, measuring urinary Gr@uld be considered the method of choice for itj@ng critically
ill patients with ARC. Nevertheless, in most ICWsnal function is still determined based on estingaequations or

serum creatinine values. In England, for instanearly 60% of ICUs use serum creatinine [39].

3.5.2. ARC diagnostic scores

The limited usefulness of CrCl estimating equatibas motivated the creation of scales with greseesitivity and
specificity for identifying patients at risk of AR@s reported in an abstract, at the 2014 Congoéske European
Society of Intensive Care Medicine, Baptista eff4d] presented a retrospective analysis of uramames of patients
admitted to the ICU of a tertiary university hogpin 2012. They excluded urine samples with copt@mneous serum
creatinine>1.2 mg/dL and grouped patients according to theiasared urinary CrCl (<60 mL/min/1.73,60 to 130
mL/min/1.73 n{ and >130 mL/min/1.73 fh Overall, they analysed 4271 urine samples fraifi gatients, 33% of
whom had ARC and 20% renal dysfunction. The besgrbistic value for ARC was obtained using the cotinn of

urinary creatinine >45 mg/mL and age <65 yeard) wispecificity of 0.88 but low sensitivity (0.60).

Udy et al. [28] conducted a study including 71ically ill patients with trauma (n=28) or sepsis43), enrolled in a
wider pharmacokinetic study on antimicrobials, wiaal serum creatinine within the normal range (sig3dL). ARC

(urinary CrCl >130 mL/min/1.73 fjn was present in 58% of the patients. Based onrébalts of the multivariate
analysis, they created a scoring system to idei®Z patients in which modified SOFA scagé was given 1 point,

admission post-trauma 3 points and &§6 years 6 points. Scores were then summed anehfmativere grouped into
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categories of low (0-3), medium (4-6) or high (7-1i8k of ARC. Higher scores were strongly ass@tlawith a greater

prevalence of ARC with an area under the receiperating characteristic curve (AWgy) of 0.89 (p<0.001).

Recently, Barletta et al. [7] developed the AugradniRenal Clearance in Trauma Intensive Care (ARTEt0re to
predict ARC in trauma patients. They included 13Bitna patients with serum creatinine within thenmadrrange (<1.3
mg/dL) and performed a multivariate analysis toniifg independent predictors of ARC. The risk fastincluded in
the final ARCTIC score were: age below 56 yearpdihts), age between 56 and 75 years (3 pointa)psereatinine
less than 0.7 mg/dL (3 points) and male sex (2tppifThe score had an AWg: of 0.813 (p<0.001) and an ARCTIC

score of 6 or higher has a sensitivity of 0.84 arspecificity of 0.68.

We must bear in mind that all these studies s@latients with serum creatinine within the normalga. Therefore, the
application of ARC scores makes little sense inepés with serum creatinine higher than 1.3 mgftispite creatinine
levels not being included in the scores. Scoredetect patients at risk of ARC are useful and @¢asypply in ICUs.

They can help identify patients at the highest a6lARC and, based on the level of risk, indicdte heed 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 mhgve a negative impact on the attainment of thertipéevels of
many drugs. For example, the activity of enoxaphes been shown to be shorter in patients with ACHowever,
almost all of the scarce references published athisisubject are focused on antimicrobial theraghgre ARC is very

important because it conditions not only the drfiig@&cy but also the emergence of resistance.

ARC can influence the pharmacokinetic profile ofimicrobial drugs that are renally cleared and knaw have a
direct correlation between their renal clearanced @rCl such asp-lactams, vancomycin or aminoglycosides.
According to their activity pattern, antimicrobidtugs can be classified into three groups: comagoh-dependent
killing along with prolonged effects (aminoglycosg] fluorquinolones, polymyxins, daptomycin or rostdazole),
time-dependent activity with no or very short pstesit effectsf{-lactams) and concentration-independent killinghwit
prolonged persistent effects (tetracyclines, tigéog, macrolides, azithromycin, clindamycin, lioéd,
chloramphenicol, trimethoprim, sulphonamides andceaycin). For the first and the third groups th&¢HFD indexes

that best correlated with efficacy are the maximsenum concentration ({)/ minimum inhibitory concentration
11



(MIC) or the area under the concentration-time euf&UC)/MIC ratios, because the prolonged perststdfects
protect against regrowth when the active drug cotmation fall below the MIC. For the second grotime-dependent
activity, the PK/PD index that best correlated véfficacy is the duration of time that free antimoigial concentrations
exceeded the MIC.

Enhanced drug clearance will lead to shorter hff-llower G« and smaller AUC of renally cleared drugs
compromising their effectiveness [2,35ome research has been conducted attempting tesasseinfluence of ARC
on antimicrobial pharmacokinetics and clinical @aumes in critically ill patients and the main findsare outlined

below.

3.6.1. Impact of ARC on vancomycin phar macokinetics

Vancomycin is a glycopeptide that is primarily dliaited by the kidneys (90%) and whose clearandeestly related
to CrCl. It is bactericidal and exhibits conceritratindependent bacterial killing. Clinically, anJ&/MIC ratio > 400
has been linked to efficacy of this drug [3]. Sebetudies have been conducted to determine theeimfe of ARC on
the plasma concentration of vancomycin [13,18-182@7]. Baptista et al. [32] evaluated the effigcARC (urinary
CrCl >130 mL/min/1.73 /) in 93 critically ill septic patients who startechpirical or directed treatment that included
vancomycin by continuous infusion. Patients with@Q\RI0% of the study population; n=37) reached betw25% and
30% lower vancomycin levels (p<0.05) and ARC wasrsily associated with subtherapeutic serum conagons of
vancomycin on the first 3 days of treatment. Iubsequent study [18], these same authors devebpedogram for
dosing vancomycin administered by continuous imfasiduring the first 24 hours of treatment. Firstey
retrospectively analysed 79 patients, of which 38%29) had ARC, treated with the standard hospitatocol: only
28% (n=8) of the patients with ARC reached theeaatgvel of 20-30 mg/L, compared with 64% (n=32)ludse who
did not have ARC (p=0.092). Then, using these daty developed a predictive equation for vancomytéarance
and a dosing nomogram based on 8-hour urine cinlfecto measure urinary CrCl and tested it in 2tepss. Applying

the nomogram, 84% of patients, including all tha#th ARC, reached the target level.

Campassi et al. [19] conducted a prospective stodietermine the effect of ARC on vancomycin comiions. Out
of the 44 patients treated with vancomycin, 12 ARC (urinary CrCl >120 mL/min/1.73 T None of the patients
with ARC reached the target level by 24 hours afifarting treatment and they had lower vancomydasrma
concentrations during the first 48 hours after stat of the treatment (p<0.05). Further, they eeeligher doses of
the drug to finally reach the target level than #d®C patients (p<0.05). Another study, conductedSpadaro et al.

[13], aimed to estimate the efficacy of a vancomyabsing protocol in critically ill patients wittmd without kidney
12



dysfunction. It was found that 50%, 66% and 80%pafients with subtherapeutic levels of vancomycad MRC
(urinary CrCl >130 mL/min/1.73 fhat the first (day 2), second (day 4) and thirdy(6) monitoring tests respectively.
Similar findings were obtained by Minkute et al6]2vho concluded that the risk of subtherapeuticcesnycin levels

is doubled in patients with ARC (estimated CrCl 818L/min) (p=0.011).

3.6.2. Impact of ARC on 3-lactam phar macokinetics

B-lactam antibacterials are primarily eliminated thg kidneys and have time-dependent antibactect@lity. Their
efficacy is best predicted by the duration of tifaewhich the free drug plasma concentration resainove the MIC
(fT>MIC). Traditionally, anfT>MIC of between 40 and 70% (depending on the gg#rthe dosing interval has been
accepted as a PK/PD target, although it has also beggested that greater drug exposure, up tdifoes the MIC for

the entire dosing interval, could improve clinicattcomes in critically ill patients [3,54].

Udy et al. [31] retrospectively analysed 52 troegincentrations of-lactam obtained in 48 critically ill patients. @nl
58% and 31% of patients had trough concentratidvea the MIC and four times above the MIC, respetyi
Patients having ARC (urinary CrCl > 130 mL/min/1.@8) was associated with trough concentrations lolvan tthe
MIC or lower than four times the MIC in 82% and 72% cases respectively (p<0.01). The multivariat@lgsis
confirmed that CrCI contributed significantly tcethikelihood of obtaining subtherapeutic level{ectams and a 25
mL/min/1.73 i increase in the measured CrCl was associated avithean 60% reduction in the probability of

achieving a trough concentration greater than aakip four times the MIC.

Carlier et al. [24] assessed the influence of ARfnary CrCl >130 mL/min/1.73 fnon PK/PD target attainment in
critically ill patients receiving meropenem or pigeillin/tazobactam administered as an extendegsioh. Overall,
only 33 out of 60 patients reached the PK/PD tacdet00% fT>MIC. ARC patients less often reached the PK/PD
targets of 100% T>MIC (24% vs. 84%, p<0.001) and of 50£8>MIC (63% vs. 94%, p<0.01). Further, the mean %
fT>MIC in ARC patients was lower (61% vs 94%; p<@ROMultivariate analysis demonstrated that CrCkvea

independent predictor of not achieving the PK/Pigda

Akers et al. [20] studied ARC as a predictor ofteebapeutic levels of piperacillin and tazobactaimey included 13
critically ill patients, treated with piperacillimzobactam and with an estimated CrCl >90 mL/m#¥hf according to

the MDRD-4-IDMS equation. Patients were classiftexdlow risk (0 to 6 points) or high risk (>6 poinkmsed on the

13



ARC score proposed by Udy et al. [28]. The scokdaensitivity of 1 (95% CI, 0.52-1) and a spedifiof 0.71 (95%
Cl, 0.30-0.95) for detecting increased clearancereiased Vd and decreased AUC. The ARC score adoah
sensitivity of 1 (95% CI, 0.52-1) for predicting kgberapeutic levels of piperacillin/tazobactam &daring free
piperacillin concentrations greater than the MI€dbleast 50% of the dose interval the PK/PD trgiean MIC of 16

pg/mL.

ARC patients often need higher dosegdéctams and there is a strong relationship betwdR@ and subtherapeutic
levels of these antimicrobials, as has been obderve several studies [15,38,41,46]. In this contettie
individualization of dosage regimens, for examplg the administration of antimicrobials in extendefilision can be
useful, as demonstrated by Roberts et al. [29]y Tescribe the population pharmacokinetics of dargm in critically
ill patients with nosocomial pneumonia and foundtttoripenem clearance was correlated with cresgiclearance
and peripheral Vd with patient body weight. Theaytiperformed Monte Carlo dosing simulations to mj#ée dosing
schedules. Extended infusions were found to masinilee likelihood of achieving target blood concatitms,

especially in patients with ARC or obesity and wiitfections caused by organisms with borderlinespsbility.

3.6.3. Impact of ARC on clinical outcomesin patientstreated with antimicrobials

Studies investigating the relationship between A&f@ clinical outcome in patients treated with amtiobial drugs
are scarce. Claus et al. [27] conducted an obSenah prospective study in which they investigated impact of
ARC on clinical outcome in critically ill patientseated with antimicrobial agents. Of the 128 patiéncluded, 51.6%
(n=66) had ARC, this being permanently presengughout the antimicrobial treatment, in 23% (n=486y transient,
lasting just one day, in 35% (n=23). The rate eatment failure was higher in patients who had thase who did not
have ARC (27.3% vs 12.9%; p=0.04), and also teadsethigher in those with permanent than transd(€ (33.3%
vs 17.4%, p=0.436), though the difference was mptificant, probably due to the small number ofi@ats in this

subgroup.

In another observational prospective study, Hutiteal. [15] investigated the relationship betwedRC, plasma
concentrations off-lactam antibacterials and clinical outcome inicaily ill patients. They recruited 100 criticalily
patients with suspected or documented severe Ictarfection for which treatment with intravenous

imipenem/cilastatin, meropenem, piperacillin/tazziben or cefepime was initiated. Overall, 64% (n=6#dhe patients
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had ARC. Despite ARC strongly predicting undeteletalbough concentrations [odds ratio (OR)= 3.3; 96%1.11-

9.94], no link was observed between ARC and clirfaidure.

Recently, Udy et al. [5] performed a substudy & BLING-II trial seeking to explore the relationgthetween ARC
and clinical outcomes in 254 critically ill patisnwith severe sepsis, among which 45 (17.7%) ha@ ARinary CrCl
>130 mL/min/1.73 ). They found no differences in ICU-free days ay @8 or in 90-day mortality. On the contrary,
they found that the clinical cure rate at 14 dafysraceasing antimicrobial administration was diigaintly higher in
patients with ARC (73.3% vs 55%; p=0.024). Nevddhs, this association was lost in the multivariat&lysis
adjusted for age, modified SOFA and dosing straté@dpey also found no difference between ARC stang clinical

outcomes according to the dosing strategy empl¢y@atinuous infusion vs intermittent infusion).

4. DISCUSSION

Critically ill patients undergo physiological chasgthat can alter drug pharmacokinetics. Traditipndne main focus
of assessing kidney function has been to adjushambbial dosing in renal impairment. Recentlywaver, ARC has
begun to be recognized as an alteration that cae le accelerated drug elimination and suboptinmat devels.
Although there is no standardized definition of ARKEre is a broad consensus among authors todesrisas a CrCl
higher than 130 mL/min/1.73%nEven if changes in renal tubular function are @spected [21], this definition seems
reasonable considering that GFR is recognizedeabdht overall index of renal function, that thenmal GFR values in
young adult patients are approximately 125 mL/mit@Inf [52] and the emerging evidence linking CrCl higttean
130 mL/min/1.73 rh with subtherapeutic antimicrobial concentratioris,18,24,26,31-32,47]. Current evidence
indicates that, in critically ill patients, renairiction should be evaluated by measuring urinaGl.C3everal diagnostic
scores [7,28,40] have been published that may teeldentify critically ill patients at increasedski of developing

ARC, but they are unable to establish a definitlizgnosis.

The phenomenon of ARC is not negligible in the isige care setting, being present in 20 to 65%,13-92,15,17-
19,22-28,30,32-34,36,43-44,48,51] of patients, asignificantly more common in young patients [5,19,
12,15,19,22-23,26-28,32,34, 37,43,50-51]. ARC hesnbsignificantly and consistently related to satdabeutic3-
lactam [15,20,24,29,31,38,41,46] and vancomycin1839, 26,32,47] levels. Despite the fact that eh@ence is

scarce, it is expected that the influence of thismomenon is not restricted felactams and vancomycin but will also
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affect other antimicrobials such as aminoglycosidiesrquinolones or daptomycin [37,50,55-57], asttier kind of

drugs, such as enoxaparin [6].

We have found only three studies evaluating thecef6f ARC on clinical outcomes, and the resules discordant.
Claus et al. [27] found a higher rate of treatnfaittire in patients with ARC (23.7% vs. 8%, p =4).vhereas Huttner
et al. [15] and Udy et al. [5] found no relatiorshietween ARC and clinical outcomes. Huttner etagd. the only
authors that performed plasma monitoring of antiohi@ls. On the other hand, they do not providerimiation on the
MIC of isolated microorganisms and they use EUCASTONn-species-related thresholds to establish stdgikutic
concentrations. Further, they found no relationg@fween undetectable trough levels and clinicadamues. As stated
by the authors, this apparent lack of relationshight reflect their low-resistance setting, wheoene pathogens may
have such low MICs that they lie beneath the ligfitplasma antimicrobial detection and, thus, evatiepts with

seemingly undetectable plasma concentrations magthiing the PK/PD target of 100£5>MIC.

It is difficult to establish a relationship betwe&RC and clinical outcomes in the critically ill ffent due to the
complexity and variability of this population. Tpaysiological mechanism responsible for ARC inically ill patients
is still not well defined but a possible mechanisscepted by several authors, is the combinatiosystemic
inflammation together with a greater physiologieaial reserve. In this sense it should be notedaltiaough ARC can
increase antimicrobial elimination increasing tiek of therapeutic failure, it has also been comgd a marker of a

good prognosis, as it may predict a host’s increéasslity to adapt to and withstand severe infet{, 15].

Overall, when ARC is present in critically ill patits, two scenarios should be considered for fusearch. On the
one hand, the possibility that critically ill patis with ARC, could be less likely to develop cartargan dysfunction
such as acute kidney injury (AKI). Patients witttlbeepsis and AKI are widely recognized as havimgi@acceptably
high mortality rate [58,59] and the same occurdwiauma patients [60,61]. The development of AKkimarker of
bad prognosis [62-65] while the development of ARMId reflect the opposite situation. On the otmend, although
the ARC itself may not be a factor of poor progeasi the critical patient, its influence on drugapimacokinetics is
clear. The success of antimicrobial treatment id M&pends on early initiation, correct drug setectind the use of a
suitable dosage regimen to attain the PK/PD taj@@L Currently, there is great evidence on the dngnce of
therapeutic drug monitoring and the applicatioP&f/ PD criteria in antimicrobial treatment of IQdatients [54, 67-
69]. An increase in antimicrobial clearance canehaggative consequences, but could be overcomealtémative
dosing strategies that optimize drug exposure sslhigher daily doses, continuous/extended infgsimnloading

doses [70-75]. Recently, several guidelines andseasus documents such as Surviving Sepsis Camfgbihgthe
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AGORA project for intra-abdominal infections [76} ¢DSA guidelines for management of adults with phited-
acquired and ventilator-associated pneumonia [@¥ghmade specific mention to ARC and include recendations

on the use of dosing strategies based on the PifPDiples.

Renal impairment is successfully staged in chrdainey disease according to GFR, defining a nor@BR as
>90mL/min/1.73mM [52]. The use of reduced doses in patients witpained renal function is widely accepted,
however, the appearance of the phenomenon of AR@itically ill patients could raise the need tdadsish dose
recommendations based on increasing GFR. In 20&2Etiropean Medicines Agency published a press selea
recommending to double the dose of Doribax® (davgme) for the treatment of nosocomial pneumoniaaitiepts with
ARC and/or with infections caused by non- fermaptimam-negative pathogens [78]. The reason waprileninary
results from a clinical trial in which patients dted with Doribax® were less likely to recover thaatients in the
control group. The Agency’'s Committee for Medicifabducts for Human Use considered that factorh ssCARC
and infections involving specific types of bactemigght influence the effectiveness of treatmenhvidtoribax®. But
the influence of ARC is not limited to antimicrolsiaand, similarly, recently marketed drugs sucle@sxaban [79-80]
already include in their summary of product charastics (SmPC) specific recommendations or wamiagout

reduced efficacy in nonvalvular atrial fibrillatigratients with increased CrCl.

Given the high frequency of ARC in the intensiveecsetting, further studies in this subgroup dicaily ill patients in
order to explore the need to stage the ARC and rdakage recommendations are warranted. Similacute &kidney
injury, ARC could be a dynamic and temporary situatn critically ill patients, so a continuous dévation of the renal

function would be necessary.

4.1. Limitations

All the studies included are observational, witlatigely few patients and mostly from single cestréhey also present
a great deal of variability in terms of patienteyselection criteria and definition of the studyiables. In addition, not
all of them define ARC in the same way or deteatith the same diagnostic techniques. For thessorea only a
descriptive analysis has been performed and a agisthof the results has not been considered apatepr
Nevertheless, we consider that this descriptivdyshas allowed us to focus on the main featureSRE and that this
global vision of the problem will be very usefukfdesigning future clinical studies. Finally, anathimitation in our
search strategy was the English language restiiciad hence, information may have been overlodkédwas

published in other languages.
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5. Conclusions

ARC is a prevalent condition in critically ill patits, especially in young people. The use of GRRhatng equations
leads to the underdiagnosis of ARC in the intensiaee setting, so urinary CICr measurement is recended. The
presence of ARC has a clear influence on antimiatgbasma levels but further research is needatkfime its impact

on clinical outcomes in patients treated with aitnwbials or other kind of drugs.

As it happens with acute renal failure, ARC is aayic condition and modulation of dosing accordinghe daily
variations in renal clearance would be necessanreMrials with greater statistical power need ¢éoumdertaken to
develop a validated pharmacokinetic population rhade drug dosing guidelines for critically ill peits with ARC.
PK/PD analysis and Monte Carlo simulation can bglia@ in this setting to simulate different antinubial dosage
regimens (e.g., higher doses, and extended ornuants infusions) and establish the optimal apprdacknhance

clinical outcomes.

The concept of ARC is becoming increasingly relé\ard even included in the SmPC of some new diaghe near

future, patients with ARC could be considered aspacial subpopulation with specific dosage adjustmén the

SmPC.
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FIGURE LEGENDS

Fig 1. Study flow diagram

Fig 2. Risk factors associated with augmented releakrance (ARC)
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