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Abstract
Background: Augmented renal clearance (ARC) remains poorly evaluated in ICU. The objective of this study is to
provide a full description of ARC in ICU including prevalence, evolution profile, risk factors and outcomes.
Methods: This was a retrospective, single-center, observational study. All the patients older than 18 years admitted
for the first time in Medical ICU, Bichat, University Hospital, APHP, France, between January 1, 2017, and November 31,
2020 and included into the Outcomerea database with an ICU length of stay longer than 72 h were included. Patients
with chronic kidney disease were excluded. Glomerular filtration rate was estimated each day during ICU stay using
the measured creatinine renal clearance (CrCl). Augmented renal clearance (ARC) was defined as a 24 h CrCl greater
than 130 ml/min/m2.
Results: 312 patients were included, with a median age of 62.7 years [51.4; 71.8], 106(31.9%) had chronic cardio‑
vascular disease. The main reason for admission was acute respiratory failure (184(59%)) and 196(62.8%) patients
had SARS-COV2. The median value for SAPS II score was 32[24; 42.5]; 146(44%) and 154(46.4%) patients were under
vasopressors and invasive mechanical ventilation, respectively. The overall prevalence of ARC was 24.6% with a peak
prevalence on Day 5 of ICU stay. The risk factors for the occurrence of ARC were young age and absence of cardiovas‑
cular comorbidities. The persistence of ARC during more than 10% of the time spent in ICU was significantly associ‑
ated with a lower risk of death at Day 30.
Conclusion: ARC is a frequent phenomenon in the ICU with an increased incidence during the first week of ICU stay.
Further studies are needed to assess its impact on patient prognosis.
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Background
Augmented renal clearance (ARC) is most of the time
defined by a glomerular filtration rate (GFR) above
130 mL/min/1.73 m2 [1]. The pathophysiology of ARC
is generally difficult to elucidate and could be secondary to several factors in intensive care (ICU) including
1. Increase of cardiac output and therefore renal blood
flow [2–4], mostly in case of inflammatory response
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syndrome; 2. Mobilization of the functional nephron
reserve, mostly in younger and/or obese patients [5]; or 3.
Endocrine responses including atrial natriuretic peptide
[6].
Few studies focused on ARC in ICU. The prevalence
of ARC was between 20 and 65% [7], and was higher in
the sub groups of patient with cerebro-vascular disorders
[8] or severe burns [9]. The main factors of ARC were age
[10–14], reason for admission (trauma) [2, 11, 14–16]
and severity on admission [2, 15–17]. ARC was also associated with under antibiotic dosage including vancomycin [13, 16, 18–20] and beta-lactams [21–26]. However,
the relationship between ARC and therapeutic failure
or prognosis is less clear and not well described [21, 24,
27–29].
Unfortunately, those studies are scarce and most of the
time based on small and specific cohort of critically ill
patients.
Furthermore, very few studies focused on the evolution profile of ARC. Fuster-lluch et al. reported an incidence of ARC of 17.9% on admission which increased to
30% during the first week of ICU stay [17]. Similar results
were found by Udy et al. which also underlined that most
of the ARC occurred during the first week after ICU
admission [11]. Moreover, De Waele et al. underlined
that only 30% of the patients remained with ARC during
their whole ICU stay [12].
In that context, the aim of our study was to describe the
evolutionary profile of ARC in ICU, to determine the factors associated with the occurrence of early and secondary ARC and to assess the impact of ARC on ICU death.

Methods
Type of study, population, and data source

We conducted a retrospective, monocentric, observational study including patients admitted for the first time
to the medical and infectious resuscitation department
of Bichat-Claude-Bernard University Hospital, APHP,
France, between January 1, 2017 and November 31, 2020
and included in the OutcomeRea database. Patients were
excluded if they had dialysis-dependent chronic kidney
disease (CKD) as defined by the Knaus Scale [30], if their
length of stay (LOS) was less than 72 h, if serum creatinine was never measured during their ICU stay or if GFR
could not be measured during the whole ICU stay.
Ethical considerations

Outcomerea is an observational prospective multicenter
cohort. The clinical and biologic data of each included
patients are registered in the database each day of the
ICU stay. This database has been approved by the French
Advisory Committee for Data Processing in Health
Research (CCTIRS), by the Institutional Review Board
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(CECIC Clermont-Ferrand -IRB n°5891; Ref: 2007-16)
and the French Informatics and Liberty Commission
(CNIL) which waived the need for signed informed consent of the participants, in accordance with French legislation on non-interventional studies. This study did not
require individual patient consent because it involved
research on a previously approved database.
Collected data and definition

The GFR was estimated using the measured Creatinine
Renal Clearance (CrCl) based on 24-h urine output, corresponding creatinine and urinary creatinine (Additional
file 1: Table S1).
ARC was defined by a GFR above 130 mL/min/1.73 m2.
Patients on renal replacement therapy had a zero GFR
from the beginning to the end of the last renal replacement therapy session during their stay in the ICU.
GFR was estimated from day 1 to day 30 in ICU.
Patients were considered to have ‘ARC on admission’ if
they had ARC on day 1 or day 2 of ICU stay. Patients who
had ARC for the first time after Day 2, were considered to
have ‘late ARC’.
Acute kidney injury (AKI) was defined using the
KDIGO (Kidney Disease: Improving Global Outcome)
[31] classification using serum creatinine item and urinary output (UO). However, since our database does not
track UO at 6 h, but only for 24 h, one cannot distinguish
between the subgroups of AKI (KDIGO stage 1 and 2).
Under the assumption that the requirement of the UO to
be less than 0.5 mg/kg/h for 24 h is more stringent than
for 6 h, we assigned all patients with UO less than 0.5 ml/
kg/h to KDIGO stage 2 [32].
Baseline serum creatinine levels were measured in
blood samples taken before hospital admission when
available. In times the baseline creatinine level or GFR
was not available, the lowest serum creatinine level measured during the patient’s hospital stay was used if the
GFR was ≥ 75 ml/min/1.73 m2. In other cases, the baseline creatinine level was estimated by using the Modification of Diet in Renal Disease equation with a normal GFR
value of 75 ml/min/ 1.73 m2 [33].
Severe COVID-19 pneumonia was defined as the combination of: (1) radiological features compatible with this
diagnosis; (2) PaO2/Fio2 ratio ≤ 300 mm Hg, and (3) a
positive severe acute respiratory syndrome coronavirus-2 test using reverse transcriptase polymerase chain
reaction.
Data collection

The following data were collected at admission: age, sex,
reason for admission, comorbidities as defined by the
Knaus Scale [30], severity of illness at ICU admission
(SAPS II, SOFA scores), main symptoms on admission,
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organ failures and organ support including vasopressors,
renal replacement therapy, invasive mechanical ventilation and other treatments including the use of parenteral
or enteral nutrition, vancomycin, aminoglycoside or proton-pump inhibitors and the administration of iodinated
contrast media during CT scans.
Outcomes recorded were ICU and hospital LOS, vital
status at the end of ICU and hospital stay.

discharged alive from ICU as competing risk and assessing the effect of ARC on Day 2 among the patients still
alive on Day 2, the effect of ARC on Day 3 among the
patients still alive on Day 3, and so on until Day 7 were
also achieved.
All analyses were performed with SAS software version
9.4 (SAS Institute Inc., Cary, North Carolina) or R software with the "mstate" library.

Outcomes and subgroup analyses

Results

Main outcomes were the occurrence of ARC on admission and late ARC and ICU death.

Baseline characteristics

Statistical analyses

The data were described as mean and standard deviation
or median and interquartile range for continuous data
according to their distribution, and the categorical data
as number and percentage. Comparisons relied on the
Fisher exact test for categorical data and Wilcoxon test
for continuous data.
Missing data were imputed linearly. GFR were first
measured using complete data and then linearly imputed.
Daily distributions of the missing data are reported in
Additional file 1: Table S2.
The cumulative incidence curve over time of the first
episode of ARC was plotted.
Univariate and then multivariate logistic regression
analysis were performed to determine factors associated with the presence of ARC at admission. Variables
achieving a p-value < 0.2 were tested in the multivariate
model. Variables were selected by forward–backward
analysis to define the final model. Only variables with a
p-value < 0.05 were retained in the final model.
The factors associated with the occurrence of ‘late
ARC’ were sought by a Fine Gray-type subdistribution
survival model, taking death or alive discharge from the
ICU as the competing risk. A univariate and then multivariate analysis were conducted in a similar manner
with univariate variable selection and forward/backward
selection for the final model.
Finally, we reported the cumulative probability of death
overtime according to admission status: ARC, No ARC/
No AKI; AKI KDIGO 1–2 and AKI KDIGO 3. Subgroup
analyses were achieved among the patients with SARSCOV 2 and under anti-microbial therapy.
A logistic regression model evaluating the association
between the occurrence of death and the "% of stay with
ARC" adjusted to the LOS was performed. As sensitive
analyses, cause-specific models with death and being discharged alive from ICU as outcomes considering ARC
as a time-dependent covariate during ICU stay were
achieved with a landmark approach from Day 2 to Day
7. Sub-distribution survival analyses considering being

During the period of the study, 1313 were admitted in
ICU but only 784 patients were recorded in the Outcomerea data base. Only 312 patients were included in the
study (Additional file 1: Fig. S1). Main characteristics of
the patients are presented in Additional file 1: Table S3.
The median age was 62.7 years [51.3; 71.8], 75% of the
patients were male, 26.9 of them were obese, the main
comorbidities were cardiovascular (31.9%), respiratory
(19.3%) and immunosuppression (18.7%). The main reason for admission was respiratory failure (59%) and shock
(13%) including 62.8% patients with COVID-19 pneumonia. The SAPS II score was 32 [24; 43]. Patients on
admission required treatment with vasopressor, mechanical ventilation, and extra renal replacement therapy in,
respectively, 44%, 46.4% and 14.5% of cases. The median
LOS in the ICU was 9 days [5; 17] with 31% of deaths in
the ICU.
ARC prevalence, incidence, and outcomes

The median daily prevalence of ARC during ICU stay
was 24.6%. At Day 2, the prevalence of ARC was 21%.
The maximum was reached at Day 6 (34.4%) and then
decreased from Day 7 until Day 12, to remain stable
afterwards at around 20% (Fig. 1A). The cumulative incidence rate was around 60% at Day 7 (Fig. 1B). Concerning the evolution of GFR according to renal function at
admission, patients with ARC stayed with high GFR during hospitalization. Patients without AKI and without
ARC, but also patients with AKI KDIGO 1–2 presented
a progressive increase in GFR up to the 5th day of hospitalization. The GFR then decreased over time. Most of
the patients with AKI KDIGO 3 kept their renal failure
during the whole ICU stay. Of note, only patients with
KDIGO CKD Stage 1 to 3 presented ARC during their
ICU stay, but none of the patients with KDIGO CKD
stage 4 on admission (Additional file 1: Table S4).
Risk factors and ARC on admission and late ARC

Comparisons of the patients with ARC and no ARC at
admission are reported in Table S3. Patients with ARC
at admission were younger (55 years [50.2; 63.5] vs.
64 years [53.1; 73], p < 0.01), with fewer cardiovascular
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Fig. 1 Daily prevalence (A) and cumulative incidence (B) of augmented renal clearance in ICU from day 1 to day 30

comorbidities and diabetes. They were less severe (SAPS
II: 24 [20; 34] vs 34 [26; 45]; p < 0.01); had less renal failure
and were less exposed to aminoglycosides. In multivariable analysis, a younger age, absence of cardiovascular
comorbidities and absence of exposition to aminoglycosides on admission were associated with the occurrence
of ARC at admission (Fig. 2, Additional file 1: Table S5).
The absence of renal failure on admission was associated
with late ARC (Fig. 3, Additional file 1: Table S6).
ARC and mortality in ICU

Risk factors for mortality before Day 30 are shown in
Additional file 1: Table S7. The survivors at Day 30 had
a higher rate of ARC at admission than non-survivors
(54(25.5%) vs 12(12%), p-value < 0.01), and spent more
time with ARC during their ICU stay (%time with ARC
16.7%[0; 50]) versus 0%[0; 18.2], p < 0.01).
The probability of death during the ICU stay differed
according to the renal admission status of the patient
(Fig. 4, Additional file 1: Table S8). Patients with ARC
at admission had a better survival compared to patients
with normal renal function on admission (79% vs. 73%).
Patients with normal renal function on admission also
had a better probability of survival over time compared
to patients with AKI on admission (68% KDIGO 1|2 and
57% for KDIGO 3).

Finally, a time spent with an ARC > 10% of the ICU stay
prevented from death (between 10 and 25%: OR = 0.19
[0.08–0.47], p < 0.01; between 25 and 50%: OR = 0.4
[0.19–0.85], p = 0.01; > 50%: OR = 0.16 [0.07–0.39],
p < 0.01) (Fig. 5). The sensitive analyses using cause-specific survival models and subdistribution survival models
considering being discharged alive from ICU as a competing risk and using a landmark approach from Day 2
to Day 7 also found a protective effect of ARC on death
(Additional file 1: Table S9 and S10).
In the subgroup of patients with SARS-COV2 on
admission or anti-microbial therapy, the time spent with
ARC during ICU stay was similarly associated with death
at Day 28 (data not shown).

Discussion
We found a high overall prevalence of ARC at 24.6%, with
an increase of the incidence from the admission to Day
6 of ICU stay. The protective factors associated with the
occurrence of ARC on admission were young age and
low severity on admission. Patients with cardiovascular
comorbidities and AKI on admission (KDIGO 3) had less
chance of developing ARC during the stay. Finally, ARC
and its persistence during the ICU stay was associated
with a better patient prognosis.
These results deserve some comments.
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Fig. 2 Factors associated with ARC at admission. OR odds ratio, CI 95% confidence interval, HR hazard ratio. Factors tested in multivariate analysis
for the of ARC at admission were age, sex (male), cardiovascular comorbidities, immunosuppression, diabetes, SARS-COV2, catecholamines, invasive
mechanical ventilation, proton-pump inhibitors, enteral nutrition, aminoglycosides

First, we found a relatively high prevalence of ARC in
ICU, which was already reported [7], highlighting the
need to monitor GFR. However, it is interesting to notice
that the prevalence observed in the literature changed
with the methods used to estimate GFR. Indeed, studies evaluating GFR using equations based on serum creatinine often found lower prevalence of ARC (less than
10%), because of the underestimation of GFR by these
formulas [29, 34]. In addition, prevalence varies also
according to the inclusion criteria of the studies (e.g.,
exclusion of patients with AKI at admission), or definitions of ARC [6, 17].
Second, we observed a "rebound" of ARC between
Day 5 and Day 7, mostly for the patients with normal
renal function or AKI KDIGO 1 or 2. Several studies
have already reported this “rebound” effect. Udy et al.
showed that 65% of critically ill patients had at least one
episode of ARC, and that patients with ARC on admission tended to remain with ARC during their ICU stay.
They underlined also that the highest clearance value
was most of the time reached at Day 5 [11]. Fuster-lluch
et al. also found that most of the ARC were reached at

Day 5 with a 30% prevalence of ARC at Day 5 [17]. Similar results were found by Brown et al. in a cohort of polytraumatized patients [4]. The main explanation for this
"rebound" effect could be the implementation of compensatory and recovery mechanisms by the organism in
response to the administration of fluid therapy and vasopressors to improve cardiac output and renal perfusion
[3]. Our study thus underlines the need to monitor every
day renal clearance, with a particular interest for patients
without renal failure or with rapidly reversible AKI.
Third, we identified young age and the absence of cardiovascular comorbidities as factors associated with ARC
on admission in multivariate analysis. Young age is the
main factor associated with ARC in the literature. The
combination of a systemic inflammatory response syndrome and a higher renal functional reserve observed
in younger patients may explain why these patients
have more chance of developing ARC. The absence of
cardiovascular comorbidities on admission has not to
our knowledge been reported as a factor associated
with ARC. Cardiovascular pathologies being associated
with a risk of chronic kidney disease, this factor seems
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Fig. 3 Factors associated with late ARC—multivariate analyses. OR odds ratio, CI 95% confidence interval, HR hazard ratio. Factors tested in
multivariate analysis for the risk of late ARC were age, sex (male), BMI > 30 kg/m2, SARS COV 2 pneumoniae, immunosuppression, catecholamines,
KDIGO (Kidney Disease: Improving Global Outcome score), parenteral nutrition, aminoglycosides, vancomycins, proton-pump inhibitors

logically associated with the absence of ARC. Then, we
are the first to report factors associated with secondary
ARC occurrence, that is absence of KDIGO 2–3 AKI.
This result agrees with the rebound of GFR observed in
patients without AKI or with KDIGO 1 AKI, highlighting
once again the importance of close monitoring of renal
clearance in these patients during the whole ICU stay.
Moreover, these results highlight that patients with ARC
have a better renal functional reserve explaining also the
association found between ARC and young age.
At last, we showed that ARC and its persistence during ICU stay were associated with a better prognosis.
Several studies have investigated the association between
ARC and poor prognosis and therapeutic failures related
to underdosing of antibiotics in ICU. Most of them were
negative [21, 28, 29, 34]. One explanation could be that
ARC is also an organ failure recovery marker, and therefore associated with better outcome. Mulder et al. found
in their study an association between ARC and a decrease
in mortality in a trauma unit, hypothesizing that ARC is
a beneficial compensation mechanism for trauma [35].
However, it is difficult to establish a relationship between

prognosis and ARC in the ICU. ARC is both a marker of
good renal functional reserve and may be responsible for
antibiotic underdosing and thus therapeutic failure. The
relationship between ARC and prognosis is therefore
complex and deserves to be studied in more detail. In our
study, only a part of the patients was admitted for sepsis
and received antibiotics at admission. In addition, drug
dosing especially antibiotics are adapted according to the
estimated glomerular filtration rate. In case of ARC antibiotic dosing is increased. It is therefore very likely that
the prognosis observed in relation to ARC is primarily a
reflection of the severity of the patients and their young
age.
Our study has several limitations. First, it is a retrospective, single-center study, limiting the internal validity
of our results. Second, the population is mainly medical
patients, with 18.9% of patients of the immunocompromised cohort and a significant proportion of patients
hospitalized for SARS-COV-2 pneumonia, which limits
the external validity of our results. Third, several variables of interest were not recorded including diuretic use,
calory and protein intakes and fluid balance, preventing
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Fig. 4 Cumulative probability of being at a state at a given time after the ICU stay for patients with (from left to right) ARC at admission, without
renal failure or ARC, with KDIGO (KDIGO (Kidney Disease: Improving Global Outcome score) 1 or 2 renal failure, and with KDIGO 3 renal failure at
admission

from time-dependant analyses. Another important issue
concerns the GFR measurement technique. CrCl overestimates GFR, due to tubular secretion of creatinine, but
remains well correlated with inulin clearance [36]. Furthermore, collection of urine over 24 h may be difficult,
with a risk of urine loss. In this context, some authors
suggest measuring GFR over shorter periods [37, 38].
There is still, however, no clear consensus on the duration of the urine collection period to obtain a more accurate estimate of GFR. Other exogenous markers can also
be used to better characterize ARC, in particular the use
of iodinated contrast agent. Sangla et al. have found a
low precision and an important bias of CrCl compared
with plasma iohexol clearance probably due to imprecision in urine collection, sarcopenia and renal secretion of
creatinine [39]. Although there are different techniques
for estimating GFR, the calculation of urinary creatinine
clearance remains the main technique for assessing GFR

in ICU due to its feasibility and low cost. Then, we could
not precisely distinguish patient with KDIGO 1 from
patient with KDIGO 2 AKI because our database does
not track UO at 6 h or 12 h. Lastly, missing data concerning GFR during ICU stay might have biased our results.
However, most of the GFR missing were related to missing urinary creatine, with low urinary output and therefore considered with low GFR.
This work opens several perspectives, including studies
focusing on patients without AKI or only AKI KDIGO 1
or 2 on admission, i.e., those at risk of ARC. More reliable
measurements of GFR by exogenous markers combined
with cardiac output, renal perfusion and fluid balance
measurements and data on diuretics intakes would allow
better characterization of the evolutionary profile of ARC
in the ICU. The study of antibiotic dosage in the presence
of ARC and the impact of their adaptation would also
deserve a prospective work.
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Fig. 5 Association between the percentage of time with ARC (augmented renal clearance) during ICU (intensive care unit) stay and ICU mortality
(multivariate logistic regression model), LOS (length of stay)

Conclusion
In conclusion, one-quarter of our patients had an episode of ARC in the ICU. To detect ARC and adapt antimicrobial therapy, a daily GFR measurement should
therefore mostly be performed for the ICU patients
under anti-microbial therapy with a particular attention for younger patients without ARC on admission,
with a normal or moderately impaired renal function.
ARC is a common phenomenon in the ICU, but its
pathophysiology and impact on patient outcomes are
still poorly understood. Further studies are needed to
better understand the evolutionary profile of ARC and
its implication in the management of ICU patients.

Supplementary Information

Abbreviations
ARC: Augmented renal clearance; AKI: Acute kidney injury; CCTIRS: Com‑
mittee for Data Processing in Health Research; CKD: Chronic kidney disease;
CNIL: French informatics and liberty commission; CrCl: Measured creatinine
renal clearance; GFR: Glomerular filtration rate; ICU: Intensive care unit; KDIGO:
Kidney Disease: Improving Global Outcome; LOS: Length of stay; OR: Odds
ratio; SOFA: Sequential Organ Failure Assessment; SAPS: Simplified Acute
Physiology Score; UO: Urine output.

Ethics approval and consent to participate
Outcomerea database has been approved by the French Advisory Committee
for Data Processing in Health Research (CCTIRS), by the Institutional Review
Board (CECIC Clermont-Ferrand -IRB n°5891; Ref: 2007-16) and the French
Informatics and Liberty Commission (CNIL) which waived the need for signed
informed consent of the participants, in accordance with French legislation on
non-interventional studies.

The online version contains supplementary material available at https://doi.
org/10.1186/s13613-022-01058-w.
Additional file 1. Additional tables and figures.
Author contributions
AE, CD, BS, JFT designed the study, assisted in data collection and analysis,
and drafted and edited the manuscript. EdM, PHW, JP, PJ, LL, FS, MM, RM and
LB assisted in data collection and edited the manuscript. All authors read and
approved the final manuscript.
Availability of data and materials
Data are available upon request from the corresponding author.

Declarations

Egea et al. Annals of Intensive Care

(2022) 12:88

Consent for publication
This study did not require individual patient consent because it involved
research on a previously approved database.
Competing interests
We declare that we have no conflicts of interest.
Author details
1
Service d’Anesthésie Réanimation, CHU Saint Antoine, APHP, Paris, France.
2
Service de Médecine Intensive et Réanimation, CHU Clermont Ferrand, CHU
Hôpital Gabriel-Montpied, 58 Rue Montalembert, 63000 Clermont Ferrand,
France. 3 Medical and Infectious Intensive Care Unit, CHU Bichat-Claude, APHP,
Paris, France. 4 IAME UMR 1137, Université de Paris, 75018 Paris, France. 5 Service
de Médecine Intensive‑Réanimation, iCAN, Institut de Cardiologie, Sor‑
bonne Université Hôpital Pitié-Salpêtrière, APHP, Paris, France. 6 Réanimation
Polyvalente/Surveillance Continue, Hôpitaux Publics de l’Artois, Lens, France.
7
Université de Paris, UMR1148, Team 6, 75018 Paris, France.
Received: 28 December 2021 Accepted: 31 August 2022

References
1. Cook AM, Hatton-Kolpek J. Augmented Renal Clearance. Pharmacother‑
apy. 2019;39:346–54.
2. Udy AA, Roberts JA, Shorr AF, Boots RJ, Lipman J. Augmented renal clear‑
ance in septic and traumatized patients with normal plasma creatinine
concentrations: identifying at-risk patients. Crit Care. 2013;17:R35.
3. Udy AA, Roberts JA, Lipman J. Implications of augmented renal clearance
in critically ill patients. Nat Rev Nephrol. 2011;7:539–43.
4. Brown R, Babcock R, Talbert J, Gruenberg J, Czurak C, Campbell M. Renal
function in critically ill postoperative patients: sequential assessment of
creatinine osmolar and free water clearance. Crit Care Med. 1980;8:68–72.
5. Sharma A, Mucino MJ, Ronco C. Renal functional reserve and renal recov‑
ery after acute kidney injury. Nephron Clin Pract. 2014;127:94–100.
6. Udy AA, Jarrett P, Lassig-Smith M, Stuart J, Starr T, Dunlop R, et al. Aug‑
mented renal clearance in traumatic brain injury: a single-center observa‑
tional study of atrial natriuretic peptide, cardiac output, and creatinine
clearance. J Neurotrauma. 2017;34:137–44.
7. Bilbao-Meseguer I, Rodríguez-Gascón A, Barrasa H, Isla A, Solinís MÁ.
Augmented renal clearance in critically ill patients: a systematic review.
Clin Pharmacokinet. 2018;57:1107–21.
8. Morbitzer KA, Jordan JD, Dehne KA, Durr EA, Olm-Shipman CM, Rhoney
DH. Enhanced renal clearance in patients with hemorrhagic stroke. Crit
Care Med. 2019;47:800–8.
9. Loirat P, Rohan J, Baillet A, Beaufils F, David R, Chapman A. Increased
glomerular filtration rate in patients with major burns and its effect on
the pharmacokinetics of tobramycin. N Engl J Med. 1978;299:915–9.
10. Baptista JP, Neves M, Rodrigues L, Teixeira L, Pinho J, Pimentel J. Accuracy
of the estimation of glomerular filtration rate within a population of criti‑
cally ill patients. J Nephrol. 2014;27:403–10.
11. Udy AA, Baptista JP, Lim NL, Joynt GM, Jarrett P, Wockner L, et al. Aug‑
mented renal clearance in the ICU: results of a multicenter observational
study of renal function in critically ill patients with normal plasma creati‑
nine concentrations*. Crit Care Med. 2014;42:520–7.
12. De Waele JJ, Dumoulin A, Janssen A, Hoste EA. Epidemiology of
augmented renal clearance in mixed ICU patients. Minerva Anestesiol.
2015;81:1079–85.
13. Campassi ML, Gonzalez MC, Masevicius FD, Vazquez AR, Moseinco M,
Navarro NC, et al. Augmented renal clearance in critically ill patients:
incidence, associated factors and effects on vancomycin treatment. Rev
Bras Ter Intensiva. 2014;26:13–20.
14. Kawano Y, Morimoto S, Izutani Y, Muranishi K, Kaneyama H, Hoshino K,
et al. Augmented renal clearance in Japanese intensive care unit patients:
a prospective study. J Intensive Care. 2016. https://doi.org/10.1186/
s40560-016-0187-7.
15. Minville V, Asehnoune K, Ruiz S, Breden A, Georges B, Seguin T, et al.
Increased creatinine clearance in polytrauma patients with normal serum
creatinine: a retrospective observational study. Crit Care. 2011;15:R49.

Page 9 of 10

16. Baptista JP, Sousa E, Martins PJ, Pimentel JM. Augmented renal clearance
in septic patients and implications for vancomycin optimisation. Int J
Antimicrob Agents. 2012;39:420–3.
17. Fuster-Lluch O, Gerónimo-Pardo M, Peyró-García R, Lizán-García M. Glo‑
merular hyperfiltration and albuminuria in critically ill patients. Anaesth
Intensive Care. 2008;36:674–80.
18. Ocampos-Martinez E, Penaccini L, Scolletta S, Abdelhadii A, Devigili A,
Cianferoni S, et al. Determinants of early inadequate vancomycin concen‑
trations during continuous infusion in septic patients. Int J Antimicrob
Agents. 2012;39:332–7.
19. Minkutė R, Briedis V, Steponavičiūtė R, Vitkauskienė A, Mačiulaitis R.
Augmented renal clearance–an evolving risk factor to consider during
the treatment with vancomycin. J Clin Pharm Ther. 2013;38:462–7.
20. Bakke V, Sporsem H, Von der Lippe E, Nordøy I, Lao Y, Nyrerød HC,
et al. Vancomycin levels are frequently subtherapeutic in critically ill
patients: a prospective observational study. Acta Anaesthesiol Scand.
2017;61:627–35.
21. Huttner A, Von Dach E, Renzoni A, Huttner BD, Affaticati M, Pagani L, et al.
Augmented renal clearance, low β-lactam concentrations and clinical
outcomes in the critically ill: an observational prospective cohort study.
Int J Antimicrob Agents. 2015;45:385–92.
22. Udy AA, Varghese JM, Altukroni M, Briscoe S, McWhinney BC, Ungerer JP,
et al. Subtherapeutic initial β-lactam concentrations in select critically
ill patients: association between augmented renal clearance and low
trough drug concentrations. Chest. 2012;142:30–9.
23. Carlier M, Carrette S, Roberts JA, Stove V, Verstraete A, Hoste E, et al. Mero‑
penem and piperacillin/tazobactam prescribing in critically ill patients:
does augmented renal clearance affect pharmacokinetic/pharmacody‑
namic target attainment when extended infusions are used? Crit Care.
2013;17:R84.
24. Carrié C, Petit L, d’Houdain N, Sauvage N, Cottenceau V, Lafitte M, et al.
Association between augmented renal clearance, antibiotic exposure
and clinical outcome in critically ill septic patients receiving high doses of
β-lactams administered by continuous infusion: a prospective observa‑
tional study. Int J Antimicrob Agents. 2018;51:443–9.
25. Wu C-C, Tai C-H, Liao W-Y, Wang C-C, Kuo C-H, Lin S-W, et al. Augmented
renal clearance is associated with inadequate antibiotic pharmacoki‑
netic/pharmacodynamic target in Asian ICU population: a prospective
observational study. Infect Drug Resist. 2019;12:2531–41.
26. Ollivier J, Carrié C, d’Houdain N, Djabarouti S, Petit L, Xuereb F, et al. Are
standard dosing regimens of ceftriaxone adapted for critically ill patients
with augmented creatinine clearance? Antimicrob Agents Chemother.
2019. https://doi.org/10.1128/AAC.02134-18.
27. Claus BOM, Hoste EA, Colpaert K, Robays H, Decruyenaere J, De Waele
JJ. Augmented renal clearance is a common finding with worse clinical
outcome in critically ill patients receiving antimicrobial therapy. J Crit
Care. 2013;28:695–700.
28. Udy AA, Dulhunty JM, Roberts JA, Davis JS, Webb SAR, Bellomo R, et al.
Association between augmented renal clearance and clinical outcomes
in patients receiving β-lactam antibiotic therapy by continuous or
intermittent infusion: a nested cohort study of the BLING-II randomised,
placebo-controlled, clinical trial. Int J Antimicrob Agents. 2017;49:624–30.
29. Burnham JP, Micek ST, Kollef MH. Augmented renal clearance is not a risk
factor for mortality in Enterobacteriaceae bloodstream infections treated
with appropriate empiric antimicrobials. PLoS ONE. 2017;12:e0180247.
30. Knaus WA, Draper EA, Wagner DP, Zimmerman JE. APACHE II: a severity of
disease classification system. Crit Care Med. 1985;13:818–29.
31. Kidney Disease: Improving Global Outcomes (KDIGO) Acute Kidney Injury
Work Group. (2012) KDIGO clinical practice guideline for acute kidney
injury. Kidney Int 2012;(Suppl 2):1–138
32. Joannidis M, Metnitz B, Bauer P, Schusterschitz N, Moreno R, Druml
W, et al. Acute kidney injury in critically ill patients classified by
AKIN versus RIFLE using the SAPS 3 database. Intensive Care Med.
2009;35(10):1692–702.
33. Legrand M, Dupuis C, Simon C, Gayat E, Mateo J, Lukaszewicz A-C, et al.
Association between systemic hemodynamics and septic acute kidney
injury in critically ill patients: a retrospective observational study. Crit
Care. 2013;17(6):R278.
34. Kawano Y, Maruyama J, Hokama R, Koie M, Nagashima R, Hoshino K, et al.
Outcomes in patients with infections and augmented renal clearance: a
multicenter retrospective study. PLoS ONE. 2018;13: e0208742.

Egea et al. Annals of Intensive Care

(2022) 12:88

35. Mulder MB, Eidelson SA, Sussman MS, Schulman CI, Lineen EB, Iyenger RS,
et al. Risk factors and clinical outcomes associated with augmented renal
clearance in trauma patients. J Surg Res. 2019;244:477–83.
36. Carlier M, Dumoulin A, Janssen A, Picavet S, Vanthuyne S, Van Eynde R,
et al. Comparison of different equations to assess glomerular filtration in
critically ill patients. Intensive Care Med mars. 2015;41(3):427–35.
37. Herrera-Gutiérrez ME, Seller-Pérez G, Banderas-Bravo E, Muñoz-Bono J,
Lebrón-Gallardo M, Fernandez-Ortega JF. Replacement of 24-h creatinine
clearance by 2-h creatinine clearance in intensive care unit patients: a
single-center study. Intensive Care Med. 2007;33:1900–6.
38. Wilson RF, Soullier G. The validity of two-hour creatinine clearance studies
in critically ill patients. Crit Care Med. 1980;8:281–4.
39. Sangla F, Marti PE, Verissimo T, Pugin J, de Seigneux S, Legouis D. Meas‑
ured and estimated glomerular filtration rate in the ICU: a prospective
study. Crit Care Med. 2020;48:e1232–41.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Page 10 of 10

