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Background: Augmented renal clearance (ARC; creatinine clearance [CrCl] >130 mL/min/1.73 m2) is prevalent in patients with neuro-
logical injuries and may influence their exposure to important pharmacological therapies. Little is known about the relationship be-
tween estimated and measured CrCl in this population. 
Methods: This single-center, prospective, observational cohort study aimed to describe the association between ARC and estimated 
CrCl and neurological outcomes in a broad neurocritical care population. Prospective patient screening criteria included adults aged 
18–85 years, with critical illness due to neurologic causes (such as ischemic stroke or subarachnoid hemorrhage) and lack of renal 
dysfunction on admission. Patients who had at least one urine CrCl measurement performed within the first 7 days of hospitalization 
were included. Two cohorts were evaluated: those with ARC and those without ARC. 
Results: Fifty-seven patients were included, of whom 49 (86%) exhibited ARC. Subjects with ARC were more likely to be male and had 
a significantly higher median measured CrCl (201.7 mL/min/1.73 m2) than those without ARC (109.8 mL/min/ 1.73 m2). The Augment-
ed Renal Clearance in Trauma Intensive Care (ARCTIC) score displayed the strongest association (vs. CrCl equations) with ARC develop-
ment (area under the receiver operating characteristic curve, 0.648). 
Conclusion: The prevalence of ARC in the present study of a broad neurocritical care population appeared to be high (86%). The ARC-
TIC score had higher sensitivity and specificity for diagnosing ARC than the common serum creatinine-based estimation. 
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INTRODUCTION 

Neurologically injured patients are at high risk of developing 
augmented renal clearance (ARC) due to hemodynamic alter-
ations, aggressive fluid resuscitation, vasopressors usage, os-
motherapy agents, and increased cardiac output from sympa-

thetic nervous system responses to critical illness [1-5]. ARC is 
defined in critically ill patients as a measured creatinine clear-
ance (CrCl) ≥ 130 mL/min/1.73 m2 [6]. Previous studies have 
noted ARC in as many as 85%–100% of patients with severe neu-
rological injury [2,3]. This is notable when dosing patients on re-
nally-eliminated medications, particularly those with unavailable 
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routine serum concentration monitoring. Most medications have 
specific dosing recommendations for patients who exhibit re-
duced renal function, but recommendations for patients with so-
called normal renal function (typically an estimated CrCl > 60 
mL/min/1.73 m2) do not address patients with ARC. Patients 
admitted with neurological critical illness have extensive pharma-
cotherapy needs pertaining to the management of infection, intra-
cranial pressure, seizures, hemodynamics, and thromboembolic 
events, of which the expected pharmacokinetic/pharmacody-
namic relationship is impacted by ARC. Thus, the presence of 
ARC may be more than a curious observation but a factor that 
may influence the response to important therapies and could sub-
stantially impact the optimization of pharmacotherapy [7,8]. 

Despite previous studies demonstrating a significant prevalence 
of ARC in critically ill patients, its diagnosis remains challenging 
due to difficulties in directly measuring renal function. If a direct 
assessment of CrCl is not available, serum creatinine-based CrCl 
estimation equations can assist in the diagnosis; however, these 
equations have performed poorly in identifying ARC [9,10]. Sim-
ple, bedside diagnostic tools have been developed, including the 
Augmented Renal Clearance in Trauma Intensive Care (ARC-
TIC) score, which considers easily retrievable patient factors like 
age and serum creatinine; however, the ARCTIC score has not 
been extensively validated in the neurocritical care population 
[11]. 

This study aimed to describe the association between measured 
CrCl values and commonly used CrCl estimation equations in 
neurocritical care patients with ARC [11-17]. In addition, this 
study evaluated the association between ARC and neurological 
outcomes at discharge. The primary study hypothesis was that 
commonly used CrCl estimation equations lack the ability to ac-
curately predict actual CrCl in neurocritical care patients with 
ARC. 

METHODS 

This single-center, prospective, observational cohort study was 
conducted at an 865-bed tertiary academic medical center, which 
is also a Joint Commission accredited Comprehensive Stroke 
Center and level 1 trauma center. The center is a regional hub for 
the care of patients with complex neurological illnesses. Adult pa-
tients (aged 18–85 years) admitted to the neuroscience intensive 
care unit with a diagnosis of subarachnoid hemorrhage (SAH), 
traumatic brain injury (TBI), acute ischemic stroke (AIS), and in-
tracerebral hemorrhage (ICH), and had an indwelling urinary 
catheter in place at the time of screening were included. Study 
participants were excluded for incarceration, pregnancy, anticipat-

ed intensive care unit length of stay < 72 hours, or serum creati-
nine > 1.5 mg/dL at the time of screening. The study population 
included patients treated from May 2017 to April 2019. The man-
agement of SAH, TBI, AIS, and ICH was generally consistent 
with the published guidelines [18-21]. 

The study timeframe included the first 7 days of ICU stay for 
CrCl measurement and the time from admission to discharge for 
neurologic outcome. The unit protocol for 8-hour urine creati-
nine collection was performed to measure the CrCl level within 
the first few days of admission. Up to three 8-hour urine collec-
tions were performed during this 7-day period. The standard 
sampling procedure for an 8-hour urine creatinine collection in-
cluded documentation of collection time, urine volume, and stor-
age on ice throughout the duration of urine collection. The clini-
cal laboratory measured urine volume and performed the urine 
and serum creatinine assays by colorimetric assay using the Jaffe 
method [22]. Pertinent clinical and demographic data were col-
lected to describe study outcomes. The severity of illness mea-
sures varies based on the admission diagnosis. An etiology-specif-
ic severity measure was recorded for each patient: Hunt-Hess 
score (SAH), admission GCS score (TBI), National Institutes of 
Health (NIH) Stroke Scale (AIS), and ICH score [23-26]. While 
consecutive patients were screened for the need to measure urine 
CrCl, factors such as moribund state, long-standing or severe 
pre-existing disease that may affect renal function (such as diabe-
tes mellitus), or other clinically relevant issues may have led inves-
tigators to forego CrCl measurement in specific patients. This re-
sulted in the non-consecutive inclusion of patients in the overall 
cohort. 

Cohorts for comparison were derived from patients with and 
without ARC, defined as at least one instance of a measured CrCl 
of ≥ 130 mL/min/1.73 m2 by an 8-hour urine creatinine collec-
tion. The measured CrCl was calculated based on the urine cre-
atine clearance equation standardized to the body surface area 
(Fig. 1). The primary study outcome was the predictive ability 

Urine creatinine clearance equation utilized for measured CrCI

Cockcroft-Gault equation utilized for estimated CrCI

CrCI =
Urine creatinine × urine volume × 1.73

SCr × 480 × BSA

(× 0.85 if female)
(140 – Age) × weight × 1.73

SCr × 72 × BSA

Fig. 1. Creatinine clearance calculations. CrCl, creatinine clearance; 
SCr, serum creatinine (mg/dl); BSA, body surface area (m2).
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and diagnostic accuracy of the estimation equations compared 
with the measured CrCl [11-17]. The sensitivity, specificity, posi-
tive predictive value (PPV), and negative predictive value (NPV) 
of each diagnostic test (ARCTIC score and the various estimated 
CrCl) in the whole cohort and according to subgroup (SAH, TBI, 
AIS, ICH) were calculated. The secondary outcomes were the 
overall prevalence of ARC in the study population and the neuro-
logical outcome at discharge (measured using the discharge mod-
ified Rankin Scale [mRS]). The mRS was derived from com-
ments regarding patient functional status from the physical thera-
pist and the provided notes at discharge. Poor outcome was de-
fined as an mRS score of 4–6 (moderate disability to death), 
whereas an mRS of 1–3 was considered a good outcome. 

Continuous variables were tested for distribution using histo-
gram visualization and the Shapiro-Wilk test. Continuous vari-
ables with a normal distribution are presented as mean (standard 
deviation), and non-normally distributed continuous variables are 
presented as median (interquartile range [IQR]). These were an-
alyzed using the Student t-test or Wilcoxon rank-sum test, respec-
tively. Categorical variables were presented as frequencies and 
proportions and analyzed using the Pearson’s chi-square or Fish-
er’s exact test, as appropriate. The diagnostic test performance for 
ARC, comparing the measured CrCl (gold standard) to the ARC-
TIC score and serum creatinine-based CrCl equations, was per-
formed using 2 × 2 tables with calculations of sensitivity, specifici-
ty, PPV, and NPV, and visualization of receiver operating charac-
teristic (ROC) curves. ROC curves were constructed using mul-
tiple CrCl equations, and the areas were compared using the De-
Long test. Percent agreement between the measured CrCl and 
ARCTIC score was assessed with the Κappa statistic [27]. Miss-
ing data were omitted from specific calculations and noted when 
appropriate. All statistical tests were performed using Stata/IC 
14.2 (StataCorp., College Station, TX, USA). 

RESULTS 

A total of 57 patients were included, of which 49 of 57 (86%) ex-
hibited ARC via measured CrCl on at least one study day. All pa-
tients had at least one 8-hour urine collection. The demographic 
data of the cohort are presented in Table 1. The mean age in those 
with ARC was 49.7 years (13.5) versus 56 years (13.74) in those 
without ARC, P= 0.231. Patients with ARC were more likely to 
be male (51% vs. 12.5%, P= 0.043). Overall, admission diagnoses 
included 63.2% SAH, 14% ICH, 14% TBI, and 8.8% AIS. No dif-
ferences were identified in the primary neurological diagnoses be-
tween patients with and without ARC (P= 0.981) (Table 1). Be-
tween the two cohorts, however, with the number of patients in 

the study, the balance based on the severity of illness is difficult to 
assess. Overall, patients with SAH had a median Hunt and Hess 
score of 3 (IQR, 2–3), patients with ICH had a median ICH score 
of 2 (IQR, 2–3), and patients with TBI had a median admission 
Glasgow Coma Scale score of 7 (IQR, 5–10). Patients with AIS 
had a median NIH Stroke score of 15 (IQR, 13–18). These met-
rics suggest high severity of illness across the spectrum of diagno-
ses. 

Patients with ARC had a significantly higher median measured 
CrCl of 201.7 mL/min/1.73 m2 (IQR, 172.1–250.8) compared 
to those without ARC, 109.8 mL/min/1.73 m2 (IQR, 100.6–
123.3) (P< 0.0001). Overall, male patients exhibited a higher 
median measured CrCl compared to female patients, 213.5 mL/
min/1.73 m2 (IQR, 158–273) versus 175.6 mL/min/1.73 m2 
(IQR, 138.9–200.1), respectively (P= 0.006). The creati-
nine-based estimation equations routinely underestimated the 
measured CrCl (Tables 1 and 2). For example, the CrCl estimat-
ed by Cockcroft-Gault underestimated the measured CrCl in each 
of the four disease states (Fig. 2). The diagnostic performances of 
the creatinine-clearance-based equations are presented in Table 2. 
Overall, each equation was performed with a high sensitivity and 
PPV ( > 80%) and a low specificity and NPV ( < 25%), with the 
ARCTIC score displaying the strongest association with mea-
sured CrCl. Using the standard pre-defined cutoff of ARCTIC 
score ≥ 6, 79.6% (45/49) of patients in the ARC group were at 
high risk for ARC, and 50% (4/8) of the non-ARC group were at 
high risk for ARC (P= 0.071). The PPV and NPV for the ARC-
TIC score were 91% and 71%, respectively. The Κappa statistic 
for percent agreement between ARCTIC score and estimated 
CrCl was 0.31 (31% agreement), denoting a fair strength of agree-
ment outside of chance between the two assessments. There was 
no difference among the areas under the ROC curve for all equa-
tions and the ARCTIC score (P= 0.74) (Fig. 3). 

There was no difference in neurologic outcome, as determined 
by the discharge mRS score (Table 1). The median mRS in the 
ARC group was 4 (IQR, 4–5) compared with that in those with-
out ARC 4 (IQR, 4–6) (P= 0.428). A poor outcome was ob-
served in 47 of 49 (95.9%) subjects in the ARC group and 8 of 8 
(100%) subjects in those without ARC (P= 1.000). 

DISCUSSION 

The prevalence of ARC in our broad neurocritical care population 
was 86%, which is similar to previous reports in both general criti-
cal care populations and other specific neurocritical care cohorts, 
such as TBI, ICH, and SAH [2,3,5]. The severity of illness was 
high in the current study at baseline and the discharge mRS in this 
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Table 1. Baseline characteristics

Variable ARC (n=49) Non-ARC (n=8) Total (n=57) P-value
Age (yr) 49.7±13.5 56±13.74 50.59±13.62 0.231
Male 25 (51.02) 1 (12.5) 26 (45.61) 0.043
Weight (kg) 85.2 (76.0–113.6) 81.6 (25.0–104.75) 85.0 (75.6–112.5) 0.291
Height (cm) 177.8 (162.5–182.8) 158.7 (151.1–168.9) 172.7 (160.0–182.8) 0.012
Diagnosis 0.981
 ICH 7 (14.29) 1 (12.5) 8 (14.04)
 SAH 31 (63.27) 5 (62.5) 36 (63.16)
 TBI 7 (14.29) 1 (12.5) 8 (14.04)
 AIS 4 (8.16) 1 (12.5) 5 (8.77)
Severity score
 ICH score (ICH only) 2.16±0.75 (n=7) 2 (n=1) 2.14±0.69 (n=8) -
 Hunt and Hess score (SAH only) 2.5 (2–3) (n=31) 3 (3–3) (n=5) 3 (2–3) (n=36) 0.412
 GCS (TBI only) 7 (5–9) (n=7) 11 (n=1) 7 (5–9.5) (n=8) 0.122
 NIHSS (AIS only) 15 (13–18) (n=4) 18 (n=1) 17 (14–23) (n=5) -
Renal function
 24-Hour fluid balance (mL) 4,180±4,012.3 5,239±3,934.1 4,328.74±3,983.9 0.491
 Serum creatinine (mg/dL) 0.69±0.21 0.66±0.14 0.68±0.20 0.775
Total collections 0.209
 1 7 (87.50) 42/57 (85.71) 49 (85.86)
 2 0 6/57 (12.24) 6 (10.53)
 3 1 (12.55) 1/49 (2.04) 2 (3.51)
Measured CrCl 201.7 (172.1–250.8) 109.8 (100.6–123.3) 187.8 (144.7–226.5) <0.001
ARTIC score 6 (6–7) 5.5 (3.5–7) 6 (6–7) 0.125
ARTIC score ≥6 39 (79.59) 4 (50.00) 43 (75.44) 0.071
Outcome
 mRS score 4 (4–5) 4 (4–6) 4 (4–5) 0.428
 mRS poor (4–6) 47 (95.92) 8 (100) 55 (96.49) 1.000

Values are presented as mean±standard deviation, number (%), or median (interquartile range).
ARC, augmented renal clearance; ICH, intracerebral hemorrhage; SAH, subarachnoid hemorrhage; TBI, traumatic brain injury; AIS, acute ischemic stroke; 
GCS, Glasgow Coma Score; NIHSS, National Institutes of Health Stroke Score; AIS, acute ischemic stroke; CrCl, creatinine clearance; ARTIC, Augmented 
Renal Clearance in Trauma Intensive Care; mRS, modified Rankin Scale.

Table 2. Test diagnostics of various creatinine clearance equations

Equation Sensitivity (%) Specificity (%) PPV (%) NPV (%)
ARCTIC score ≥6 80 50 91 71
C-G 80 25 87 17
MDRD 35 75 89 16
Jelliffe 24 75 92 16
Hull 84 25 87 20
CKD-EPI 12 100 100 16
Davis 53 63 90 18

PPV, positive predictive value; NPV, negative predictive value; ARCTIC, 
Augmented Renal Clearance in Trauma Intensive Care; C-G, Cockcroft-
Gault; MDRD, Modification of Diet in Renal Disease; CKD-EPI, Chronic 
Kidney Disease Epidemiology Collaboration.

study was not different in patients with or without ARC. The high 
incidence of poor outcome is commensurate with the relatively 
high admission severity of illness for the current study population, 
as well as the screening criteria favoring patients with an anticipat-

ed prolonged ICU stay. Patients with neurological critical illness 
appear to be at a high risk for developing ARC early in the course 
of illness, as suggested by the high prevalence in the current study. 

The gold standard for identifying ARC is the prospective col-
lection of urine samples for creatinine analysis. Although feasible 
at most institutions, limitations exist, including inconvenience 
due to collection time, specimen processing and storage require-
ments, and reduced reliability in patients who do not have an 
in-dwelling catheter. Therefore, in most clinical settings, there is a 
reliance on serum creatinine-based CrCl equations to provide in-
sights into a patient’s renal function. However, these equations 
consistently fail to fully characterize glomerular filtration in pa-
tients with ARC, as illustrated in the current study and others 
[2,10]. For example, the current study demonstrated an overall 
sensitivity of 79.6% and specificity of only 25% for the Cock-
croft-Gault equation to predict the presence of ARC (the Cock-
croft-Gault equation is the equation used in nearly all package in-
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Estimated vs. measured CrCI by disease state
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Fig. 2. Estimated versus measured creatinine clearance (CrCl) 
by disease state. Comparison of creatinine clearance values 
(estimated and measured) by disease state. This graph depicts 
the creatinine clearance values of all patients with or without 
augmented renal clearance. ICH, intracerebral hemorrhage; SAH, 
subarachnoid hemorrhage; TBI, traumatic brain injury; AIS, acute 
ischemic stroke. P>0.05 for all comparisons between estimated 
and measured CrCl.

Fig. 3. Receiver operating characteristic (ROC) curves of various 
creatinine clearance equations (≥130 mL/min/m2) and Augmented 
Renal Clearance in Trauma Intensive Care (ARCTIC) score (≥6) 
(P-value for comparison, 0.74). MDRD, Modification of Diet in 
Renal Disease; CKD-EPI, Chronic Kidney Disease Epidemiology 
Collaboration.
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sert dosing recommendations). 
The ARCTIC score, validated to identify ARC in trauma pa-

tients, is a tool that uses readily available patient-specific data, 
which may be useful in the neurocritical care population [11]. 
The performance of ARCTIC in this neurocritical care popula-
tion is comparable to the original findings by Barletta et al. [11], 
where the ARCTIC score demonstrated acceptable sensitivity 
(0.843), specificity (0.682), PPV (0.843), and NPV (0.682). In 
the current study, the ARCTIC score had a numerically higher 

area under the ROC than the Cockcroft-Gault, Modification of 
Diet in Renal Disease [MDRD], Jelliffe, Hull, CKD-EPI, and Da-
vis-Chandler equations for predicting ARC occurrence; however, 
this difference was not statistically significant. The relative inaccu-
racy of the CrCl equations in the critical care population is a 
known limitation. The current analysis corroborates prior work 
that also assessed the discrepancies found in estimating CrCl us-
ing equations versus measuring the urine CrCl in ARC and high 
CrCl settings [10]. More research using the ARCTIC score is 
needed in a broader neurocritical care population to validate the 
usefulness of this predictor for the risk of ARC. A different ap-
proach that would likely require additional patients to be studied 
would be the development of an adjustment to the Cock-
croft-Gault equation (or creation of a new equation) to estimate 
renal clearance more accurately in this population. A larger and 
more diverse dataset is necessary to accomplish this. Until a reli-
able approach is determined, however, institutions may opt to di-
rectly measure renal clearance via urine collection as the most ac-
curate method in high-risk patients, despite the associated diffi-
culties.  

While ARC has been described consistently in the critical care 
population, it is not well known whether the severity of illness is a 
differentiating factor for exhibiting ARC or whether ARC influ-
ences outcomes. Many iatrogenic factors that contribute to the 
ARC, such as the need for fluid resuscitation, vasopressors, and 
osmotherapy agents, are more extensively used in patients with 
increasing severity of illness [28]. Therefore, it may be that the 
presence of ARC is a marker of the severity of illness and possibly 
a harbinger of poor outcomes. Hypermetabolic and catabolic 
states such as TBI, polytrauma, sepsis, and burns are all associated 
with ARC, perhaps as a physiological response to handling the 
solute load in a hypercatabolic state [29-33]. 

ARC may result in suboptimal exposure to many integral thera-
pies used in neurocritical patents such as antiepileptic agents and 
antimicrobials (renally eliminated solutes) [8,34-36]. This may 
lead to complications such as breakthrough seizures and infection 
persistence or recurrence [8,34]. Evaluating outcomes in neuro-
critical care patients with more diversity in severity and etiology 
of illness may help to better define any relationship with ARC and 
outcome. Future studies should also evaluate outcomes specific to 
medication that might be affected by ARC (for example, renally 
eliminated medications such as levetiracetam, and the incidence 
of seizures. 

As previously noted, the incidence of ARC in neurocritical care 
patients with TBI, SAH, and ICH has been considerably de-
scribed in the literature [2,3,5]. However, ARC has not yet been 
reported in patients with AIS, which is notable in this study. The 

ROC area
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majority of patients with AIS in the current study had large mid-
dle cerebral artery strokes, with one patient presenting with ve-
nous sinus thrombosis and concomitant ICH. This represents a 
subset of ischemic stroke that may exhibit elevated intracranial 
pressure, a pronounced swelling period early after ictus, increased 
intensive care unit needs, and an increased risk of complications 
such as seizures. While aspects of critical care such as fluid resusci-
tation or use of vasopressors are usually not necessary after a large 
AIS, we hypothesize that the vigorous swelling pattern typical of 
middle cerebral artery stroke, the common use of permissive hy-
pertension early in care, and the use of hypertonic solutions to 
prevent or treat hyponatremia and cerebral edema may have con-
tributed to the presence of ARC in these patients. Although AIS 
patients comprise a small percentage of the total population, re-
porting this group’s susceptibility to ARC is valuable. However, 
further research in this population is necessary to better describe 
the physiological and iatrogenic factors that may promote ARC 
after AIS. 

One important limitation of this study is that the sample size 
was too small to compare the outcomes in patients with and with-
out ARC. The small sample size also limits the use of more so-
phisticated statistical tests. Continued evaluation of ARC and 
clinical outcomes is needed to better define any association be-
tween the two variables. In addition, not all patients underwent 
multiple urine CrCl measurements. Future studies using serial 
collections of the same patient would provide more insight into 
the clinical progression of ARC throughout a patient’s critical ill-
ness. Additionally, future studies that collect data on a wider 
breadth of neurological diagnoses, such as AIS or status epilepti-
cus, would be valuable to expand these conclusions. The degree 
of illness in this study’s patient population was also particularly se-
vere; therefore, further studies with a broader range of severity 
would be worthwhile. Finally, further pharmacokinetic studies in 
patients with ARC could precisely describe how the aforemen-
tioned renally cleared medications are affected throughout the 
course of a patient’s critical illness. Underexposure to vital thera-
pies, such as agents for seizure prevention or treatment (for exam-
ple, levetiracetam), or antimicrobials for hospital-acquired infec-
tions (for example, beta-lactams) can adversely affect patient re-
sponses [34-36]. 

In the present study, the prevalence of ARC in a broad neuro-
critical care population appeared to be high, at 86%. The ARC-
TIC score had improved sensitivity and specificity for diagnosing 
ARC when compared to common serum creatinine-based estima-
tion equations, but did not exhibit a strong performance in pre-
dicting measured CrCl. If feasible, prospective urine collection 
and creatinine measurements remain accurate in directly detect-

ing the presence of ARC. In this study, ARC was not associated 
with inferior outcomes compared with those who did not have 
ARC. Given the high likelihood of ARC in the neurocritical care 
population and the potential that it may affect common pharma-
cotherapy options, clinicians should consider prospective moni-
toring of ARC in at-risk patients. 
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