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Introduction

In 1974, Lucius Dettle proposed using creatinine clearance to
estimate appropriate drug doses for patients with impaired renal
function and a lowered glomerular filtration rate (GFR).[1] This
likely represents the greatest clinical contribution that pharmacokinetics continues to make to the individualization of pharmacotherapy.[2] By contrast, attention has only recently been
focused on the phenomenon of augmented renal clearance that
in many critically ill patients counterintuitively accelerates drug
elimination. This widespread but generally unappreciated phenomenon has led to its being referred to as "the elephant" in the
intensive care unit.[3]
Although Zaske et al.[4,5] had previously noted that unusually
high doses of aminoglycosides were required to attain therapeutic blood concentrations in burn patients. it was Loirat et al.[6]
who in 1978 first attributed this to an increase in GFR. They
observed that creatinine clearance in burn patients was as much
as 200% higher than that of a comparator group of healthy
subjects and confirmed, using radioiothalamate and inulin
clearance measurements, that this reflected an increase in GFR.
They found that the increase in creatinine clearance was most
marked in the first two weeks after burn injury, that its magCopyright © 2018 Arthur J. Atkinson, Jr.
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nitude was inversely correlated with patient age, and that it resulted in an increase in the rate of tobramycin elimination. The
current consensus is that renal clearance should be considered
augmented when creatinine clearance exceeds 130 ml/min/1.73
m2.[7,8] Other conditions predisposing to ARC include trauma
other than burns,[9,10] infectious meningitis,[11] subarachnoid
hemorrhage,[12] sepsis,[13] and other illness severe enough to
merit intensive care unit admission.[14] Declerq et al.[15] have
reported that ARC even was present in 30% of patients who
had had abdominal surgery but did not require intensive care.
Finally, GFR and renal clearance also are increased as part of the
normal physiological adaptation to pregnancy.[16]

Recognition of ARC

The incidence of ARC has been reported to range from 30%
in patients after abdominal surgery[15] to 100% in patients
with subarachnoid hemorrhage,[12] with an incidence of 55.8%
in a general intensive care unit population.[14] Serum creatinine measurements have been within the normal range in all
ARC patients.[8] So actual measurement of creatinine clearance is considered essential to making the diagnosis and both
8-hour[9] and 24-hour urine collections[6,7,10-12] have been
used. Loirat et al.[6] found that creatinine clearance agreed
closely with inulin and iothalamate clearance in this setting, and
thus serves in these patients as a reliable measure of GFR. On
the other hand, the serum creatinine-based equations that are
routinely used to estimate renal function have been repeatedly
shown to provide poor estimates of GFR in patients with ARC.
[7,17-19]
Most studies have found that ARC is more common in
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Adding to the complexity of caring for critically ill patients is the fact that many of them have a
creatinine clearance that exceeds 130 mL/min/1.73 m2. This phenomenon, termed augmented renal
clearance (ARC), has only recently been widely recognized and its pathogenesis remains incompletely understood. However, ARC has been shown to result in increased dose requirements for
drugs that are primarily eliminated by renal excretion, including many antimicrobial agents and
enoxaparin. Recognition of ARC is hampered by the fact that the standard creatinine-based equations used to estimate renal function are not accurate in this clinical setting and the diagnosis is best
established using both serum and urine creatinine measurements to calculate clearance. So a high
index of clinical suspicion and awareness is usually required before this step is taken to confirm the
diagnosis of ARC.
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younger patients who are less than 50 years of age than in patients who are older.[8] Udy et al.[13] have measured cardiac
index in ARC patients with sepsis or trauma and have found it
somewhat correlated with creatinine clearance in septic patients
but not well correlated in trauma patients. A number of authors
have examined the relationship between various severity of
illness scores and the occurrence of ARC.[8,10] However, the
identification of patients with ARC remains challenging and no
satisfactory substitute has yet been found for actually measuring
creatinine clearance.

Mechanism underlying ARC

Brown et al.[20] evaluated creatinine clearance and cardiac
index in 50 surgical intensive care patients who had been
admitted for trauma or nontraumatic surgical emergencies.
Creatinine clearance was elevated in patients who did not develop renal failure and the extent of elevation was significantly
correlated with cardiac index but ARC was not seen in patients
who were more than 50 years old. These authors concluded that
the increase in creatinine clearance represented part of a normal
recovery response in younger patients. Udy et al.[21] extended
these observations by using sinistrin and para-aminohippuric
acid (PAH) as respective markers for GFR and effective renal

Figure 1. Current understanding of the pathophysiology of ARC in
which critical illness triggers the systemic inflammatory response syndrome (SIRS) or mobilizes renal functional reserve (RFR) to eventually
increase renal blood flow and glomerular filtration rate (GFR). Intravenous fluids and drugs administered to critically ill patients may increase
cardiac output and contribute to the increase in renal blood flow. Atrial
natriuretic peptide (ANP) plasma concentrations are also elevated in
patients with ARC and may play a role in increasing renal blood flow.
(Modified from Sime FB, Udy AA, Roberts JA. Curr Opin Pharmacol
2015;24:1-6.)
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plasma flow and demonstrated that both of these parameters
were elevated in patients with ARC. Although both tubular
anion secretion of PAH and tubular reabsorption of fluconazole were increased, tubular cationic secretion of pindolol
was reduced. Udy[22] also reported that changes in creatinine
clearance generally paralleled changes in cardiac output in ARC
patients.
Both cardiac output and GFR increase as part of the normal
physiological response to pregnancy.[23] However, the increase
in cardiac output occurs subsequent to the initial increase in
GFR which results from widespread peripheral vasodilation.
A similar sequence of events in other settings of ARC has been
attributed to the systemic inflammatory response syndrome
(SIRS).[24] Although the concept of SIRS was initially developed to help characterize patients with sepsis, it has subsequently been found to be equally applicable to patients with
burns and other trauma in which an initial injury leads to the
subsequent release of multiple cytokine mediators of inflammation that cause widespread vasodilation.[25] Further stimuli
that could increase cardiac output in critically ill patients include administration of fluids and drugs such as dopamine.[24]
This concept of pathophysiology has led to the schema shown
in Figure 1.
Udy et al.[22] found that atrial natriuretic peptide (ANP)
plasma concentrations were also increased in patients with traumatic brain injury. They speculated that this could be contributing to the ARC observed in brain injury patients since ANP is
known to increase both GFR and renal sodium excretion.[26]
However, sequential measurements of creatinine clearance and
ANP concentrations in individual patients indicated that there
was an inverse relationship between changes in creatinine clearance and ANP concentrations. They concluded that intravascular volume and atrial wall stretch decreased as GFR increased,
thus causing ANP secretion to be decreased.
Activation of renal functional reserve has also been postulated
to contribute to ARC.[21] The existence of renal functional
reserve was first identified by Shannon, Jolliffe, and Smith[27]
who noted a marked increase in GFR after dogs were fed a high
protein meal. This phenomenon has since been studied extensively and Molitoris[28] feels that basal GFR measurements do
not adequately characterize kidney function because they do
not take renal functional reserve into account. Although it has
been demonstrated in pregnant women that renal functional
reserve is normal, and thus has not been activated by pregnancy
itself,[16] similar studies have not been conducted in other categories of patients with ARC. So this remains one of the factors
that may be contributing, probably in combination with other
factors, to what appears to be a fairly general response to injury.

Clinical consequences of ARC

ARC is generally considered to be a favorable marker of a
host's ability to respond to injury.[8] So the main concern is that
the increased renal function will lead to suboptimal therapy
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with drugs that are primarily eliminated by renal excretion. In
fact, the need for burn patients to receive increased doses of
gentamicin[4] and amikacin[5] was noted even before Loirat
et al.[6] reported that an increase in GFR required increased
tobramycin doses in this clinical setting. The clinical impact of
ARC has largely been reported in the context of antimicrobial
therapy, not only with aminoglycosides, but also with vancomycin[29] and β-lactams.[30] In addition, patients with ARC have
also been found to have a shorter duration of anticoagulant effect when standard doses of enoxaparin were administered.[31]
Although it seems intuitively obvious that ARC should lead
to an increased rate of treatment failure unless doses of renally
excreted drugs are appropriately increased, conflicting results
have been reported in the few outcome studies that have been
conducted. An initial study reported by Claus et al.[32] did find
that antibiotic failures were more common in critically ill patients with ARC than in those with lower measured creatinine
clearance. Thus, therapeutic failure was present for 33.3% of patients with ARC that lasted for more than one day, for 17.4% of
patients with transient ARC that lasted for only one day but for
just 12.9% of patients without ARC. The authors excluded aminoglycosides, teicoplanin, and vancomycin because therapeutic
drug monitoring (TDM) was used to adjust doses of these antibiotics, but TDM was not used for the β-lactams, quinolone,
and other antibiotics that were included in the study.
More recent outcome studies have focused solely on β-lactam
antibiotics and have yielded conflicting results. Hutter et al.[33]
studied 100 critically ill patients with clinically suspected or
microbiologically proven severe bacterial infections. TDM was
employed and intermediate and trough antibiotic concentrations were compared with the non-species-related breakpoints
published by the European Committee on Antimicrobial Susceptibility Testing (EUCAST).[34] Standard antibiotic doses
were administered and patients with ARC at study inclusion
were found to be 3.3 times more likely to have at least one undetectable β-lactam trough concentration (<0.2 μg/mL). However
neither the presence of ARC nor extremely low trough β-lactam
concentrations were significantly associated with clinical failure.
The authors reasoned that their use of antibiotics in addition to
β-lactams and the fact that organism minimum inhibitory concentrations (MICs) were not measured, and might have been
less than 0.2 μg/mL, both might have contributed to these surprising results. Further confounding the analysis of their results
is the fact that the underlying prognosis of patients with ARC is
generally more favorable that than of patients with lower creatinine clearances.
Udy et al.,[35] in an analysis of 254 patients with severe sepsis,
also found that ARC did not compromise the efficacy of either
intermittent or continuous infusion of β-lactam antibiotics.
In fact, clinical cure, defined by patient response observed 14
days after stopping antibiotic therapy, was more common in
ARC patients than in those with lower creatinine clearances.
Unfortunately, interpretation of these results is clouded by the
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facts that antibiotic doses, antibiotic plasma concentrations, or
susceptibility of the infecting organisms to the administered antibiotics were not reported.
Carrie[30] recently reported a study of 79 critically ill patients
with sepsis but without renal failure who were treated with
continuous intravenous infusions of standard doses of β-lactam
antibiotics. The MIC of the infecting organisms was either
measured or estimated from the EUCAST clinical breakpoints.
Non-protein bound (free) antibiotic concentrations were measured during the first three days of therapy. Although 44 of the
79 patients had a creatinine clearance ≥ 150 mL/min, none of
the patients had measured antibiotic concentrations below the
MIC of the known pathogen. On the other hand, taking free
concentrations of ≥ 4 times the MIC as a target for maximal efficacy, patients with creatinine clearance values ≥ 170 mL/min
were statistically more likely to be under dosed, with a β-lactam
subexposure rate of 20%. Those patients with β-lactam subexposure had a higher rate of secondary acquisition of β-lactam
resistance and therapeutic failure. The interpretation of these
results is again complicated by the frequent administration of
combination antibiotic therapy and the underlying better prognosis of ARC patients. In addition to MIC measurements, some
indication of bacterial load as well as TDM should probably also
be incorporated in future studies.[36]
The presumption is that ARC may adversely impact the effectiveness of any drugs that depend primarily on renal excretion
for their elimination. Udy et al.[37] have pointed out that "you
only find what you look for" and have emphasized that the finding of a normal serum creatinine concentration does not equate
to normal renal function in the setting of ARC. So a high index
of suspicion needs to be maintained if ARC is to be diagnosed
so that critically ill patients can be treated appropriately. Once
ARC is diagnosed, TDM, if available, might be helpful in treating these patients with a number of drugs that are primarily
eliminated by renal excretion.
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