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Abstract

Background

In acute kidney injury (AKI), medication dosing based on Cockcroft-Gault creatinine clear-
ance (CrCl) or Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) estimated
glomerular filtration rates (eGFR) are not valid when serum creatinine (SCr) is not in steady
state. The aim of this study was to determine the impact of a kinetic estimating equation that
incorporates fluctuations in SCrs on drug dosing in critically ill patients.

Methods

We used data from participants enrolled in the NIH Acute Respiratory Distress Syndrome
Network Fluid and Catheters Treatment Trial to simulate drug dosing category changes with
the application of the kinetic estimating equation developed by Chen. We evaluated whether
kinetic estimation of renal function would change medication dosing categories (>60, 30—
59, 15-29, and <15mL/min) compared with the use of CrCl or CKD-EPI eGFR.

Results

The use of kinetic CrCl and CKD-EPI eGFR resulted in a large enough change in estimated
renal function to require medication dosing recategorization in 19.3% [95 CI 16.8%—21.9%)]
and 23.4% [95% CI 20.7%—26.1%)] of participants, respectively. As expected, recategoriza-
tion occurred more frequently in those with AKI. When we examined individual days for
those with AKI, dosing discordance was observed in 8.5% of total days using the CG CrCl
and 10.2% of total days using the CKD-EPI equation compared with the kinetic
counterparts.
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Conclusion

In a critically ill population, use of kinetic estimates of renal function impacted medication
dosing in a substantial proportion of AKI participants. Use of kinetic estimates in clinical
practice should lower the incidence of medication toxicity as well as avoid subtherapeutic
dosing during renal recovery.

Introduction

Acute kidney injury (AKI) is a common occurrence in hospitalized patients [1,2] and has been
associated with increased mortality and longer length of stay [3]. Although newer AKI defini-
tions incorporate urine output, AKI has traditionally been defined based on changes in serum
creatinine (SCr). During AKI, when SCr is fluctuating, standard estimates of creatinine clear-
ance (CrCl) or estimated glomerular filtration rate (eGFR) are not valid, since these equations
assume SCr is at steady state. Furthermore, changes in SCr may lag behind actual changes in
renal function and may take several days to reach steady state during the development of and
recovery from AKI. Thus, estimated CrCl or eGFR may be higher than true GFR while AKI is
developing leading to medication overdosing and lower than true GFR during recovery, lead-
ing to medication underdosing.

Equations [4-8] that incorporate the rate of SCr change have been proposed to estimate
instantaneous GFR during AKI. However, they have not been widely used. In 2013, Chen [9]
developed a simpler algebraic kinetic eGFR (keGFR) equation. In several small cohorts, this
equation has been shown to predict renal-centered outcomes, including delayed graft function,
dialysis-requiring AKI, and renal recovery better than or as well as eGFR or novel biomarkers
[10-15]. As a result of these studies, keGFR is included in the Intensive Care Medicine Agenda
on AKI [16] and Acute Disease Quality Initiative 16 Workgroup [17] as a tool in need of fur-
ther research [18]. However, it is not necessarily surprising that keGFR is superior to standard
estimates of renal function in predicting renal-centered outcomes since by definition, the for-
mer incorporates change in SCr, whereas the latter does not.

Kinetic eGFR may have significant impact for medication dosing during the development
of and recovery from AKI. To date, two studies [19,20] have investigated the use of keGFR in
medication dosing, but neither has quantified the magnitude of changes that would occur if
keGFR was substituted for traditional methods in medication dosing. Dose adjustment based
on renal function has historically used Cockcroft-Gault (CG) CrCl, since this is what has been
recommended by the Food and Drug Administration for drug dosing categories during the
process of drug approval. However, most electronic health records report the Chronic Kidney
Disease-Epidemiology Collaboration (CKD-EPI) eGFR [21] along with SCr. In fact, the FDA
2010 draft guidance has been updated to include eGFR [22] in addition to CrCl to define renal
impairment stages and prepare pharmacokinetic results [23].

We hypothesized that the use of kinetic estimates of renal function could impact drug dos-
ing in a substantial number of critically ill patients with fluctuating renal function. The objec-
tive of the current study. was to examine the frequency with which drug dosing changes would
occur. To test this hypothesis, we conducted a simulation using data from a large, well charac-
terized, critically ill population with the acute respiratory distress syndrome (ARDS), since this
population is known to have a high incidence of AKI [24].
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Materials and methods
Data source

We used data collected from participants in the Acute Respiratory Distress Syndrome (ARDS)
Network Fluid and Catheter Treatment Trial (FACTT) to quantify medication dosing changes
that would occur with the application of keGFR in a critically ill population [25,26]. This data
is publicly available through the National Heart, Lung and Blood Institute via BloLINCC
(https://biolincc.nhlbi.nih.gov/home/). FACTT was a factorial, randomized clinical trial that
assigned 1000 participants with acute lung injury to either pulmonary artery catheter versus
central venous catheter as well as a fluid liberal versus fluid conservative management strategy.
The trial collected daily SCr closest to 8am and daily maximum values for the first 7 days post
enrollment. We limited the evaluation of kinetic estimates to 8am SCr values. If the 8am SCr
value was missing (9%), the daily maximum SCr value was used. SCr was censored once dialy-
sis was initiated. Participants with at least 2 SCr values remaining after censoring were
included in the study.

AKI definition

AKI was defined by the KDIGO consensus definition as an absolute increase in 0.3mg/dL over
a 48-hour window or a relative increase in serum creatinine of 50% from baseline or need for
dialysis within 7 days of enrollment. Baseline SCr was defined as the value closest to the time
preceding study randomization.

Analysis of renal function and drug dosing categories

Daily renal function was initially determined using the CG CrCl [27] or the CKD-EPI eGFR
[21] equations. The CKD-EPI eGFRs were unadjusted for body surface area using the Mostel-
ler formula- taking the square root of (height in cm *weight in kg/3600) and dividing the value
by 1.73m” [28,29]. These were compared to kinetic versions of these estimates calculated using
the formula developed by Chen (Fig 1: Equation A) [9]. The maximum change in plasma cre-
atinine was based upon the rate of creatinine generation divided by the volume of distribution
(Fig 1: Equation B). Total body water (TBW), used to determine the volume of distribution,
was defined as 0.6*baseline weight in kilograms (kg).

Equation A:

KeGER — SSPar X CrCl ( 24 x AP, )

MeanP,, ~ ATime(h) x MaxAPCr/Day

Equation B:

Gen  SSP;, x CrCl

MaxAPCr = _
O = Y oIDistrib TBW

We categorized the standard and kinetic estimates of kidney function as recommended by
the FDA Guidance to Industry (> = 60, 30-59, 15-29 or < 15mL/min or mL/min/1.73m?)[23].
The proportion of concordant and discordant category assignments between the standard ver-
sus kinetic measurements were calculated for the participants and for individual study days.
We considered participants to be concordant if the standard and kinetic CrCl or eGFR catego-
ries were the same for all 7 days post-enrollment. Participants were considered discordant if
the standard and kinetic CrCl or eGFR categories were not the same on at least one of those 7
days. For participants with discordant medication dosing categories, the initial change in cate-
gory was used to quantify the impact of the use of kinetic eGFR or CrCl equation. 95%
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Equation A:

SSP.,. X CrCl
KeGFR = X
MeanP,

24 x AP,
=
ATime(h) X MaxAPCr/Day

Equation B:

Gen _ SSP¢ X CrCl
VolDistrib TBW

Fig 1. Kinetic eGFR equation as formulated by Chen et al. (Equation A) SSP, denotes steady state plasma creatinine (in this analysis, serum creatinine at
enrollment. CrCl is the estimated glomerular filtration rate calculated using the Cockcroft-Gault or CKD-EPI (unadjusted for body surface area) estimating
equation with the SSP¢,. Mean PCr is the mean of SCr from that day and SCr from 24 hours prior. APCr denotes the difference between the SCr from that
day and SCr from 24 hours prior. Max APCr indicates maximum change in creatinine per day as estimated by equation B. (Equation B) Max APCr is
calculated from the rate of creatinine generation divided by the volume of distribution. The total body water was defined as 0.6*baseline weight in kilograms.

https://doi.org/10.1371/journal.pone.0225601.g001

MaxAPCr =

confidence intervals for the percentages of concordance and discordance were calculated

Table 1. Baseline characteristics of all FACTT subjects included in the analysis of kinetic GFR, and then divided by the presence and absence of AKI.

ALL subjects No AKI AKI P value
Number of subjects, n 946 450 496
Demographics
Age (years) 50 + 16 49+ 16 50 + 16 0.30
Female, n (%) 437 (46%) 216 (48%) 221 (45%) 0.29
African American, n (%) 200 (21%) 76 (17%) 124 (25%) < 0.01
Weight (kg) 81+23 80 +22 82 +24 0.32
Fluid Liberal Arm, n (%) 470 (50%) 246 (54%) 228 (45%) <0.01
Comorbidities
Diabetes, n (%) 162 (18%) 62 (14%) 100 (21%) 0.02
HTN, n (%) 226 (29%) 90 (24%) 136 (34%) <0.01
Renal Function at Time of Study Enrollment
Creatinine (mg/dL) 1.0 [0.7-1.5] 0.9 [0.7-1.2] 1.2 [0.8-1.7] < 0.01
CG CrCl, ml/min 92 [58, 134] 104 [68-140] 81 [50-126] < 0.01
CKD-EPI eGFR, ml/min/1.73m? 90 [55-119] 100 [69-123] 79 [47-115] < 0.01
Severity of Illness
On vasopressors at time of enrollment, n (%) 396 (42%) 173 (38%) 223 (45%) 0.04
APACHE III Score 92 + 30 86+ 28 98 + 30 < 0.01
Outcomes
Ventilator Free Days 18 [0-23] 21 [10-25] 10 [0-22] < 0.01
Dialyzed within 60 days, n (%) 91 (10%) 4 (1%) 87 (18%) < 0.01
Mortality within 60 days, n (%) 240 (25%) 70 (16%) 170 (34%) <0.01

Data is displayed as mean + SD, median [IQR] and n (%).

https://doi.org/10.1371/journal.pone.0225601.t001
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using binomial distributions. A sensitivity analysis was also conducted where those whose esti-
mates (standard versus kinetic) were less than 5mL/min or 5mL/min/1.73m? apart were
counted among the proportion of those who did not require reclassification.

Fluid adjusted analyses

Because the FACTT trial included a fluid management strategy, and fluid overload may affect
ascertainment of serum creatinine and AKI [24], a secondary analysis was completed using
fluid-adjusted creatinine using the method described by Macedo et al [30]. For each study day,
the cumulative on-study fluid balance was calculated using the 24 hour fluid intake and output
where Adjust Cr = SCr *[1+ on study cumulative net fluid balance/TBW]. We examined the
proportion of subjects requiring drug dosing reclassification in 4 groups: those who did not
have AKI before or after adjustment for fluid balance, those with AKI only after adjustment
for fluid balance, those who had AKI before but not after adjustment for fluid balance, and
those with AKI both before and after adjustment for fluid balance, as previously described.

Statistical analyses

Differences in means were compared using analysis of variance (ANOVA) while rank differ-
ences were compared using the Kruskal-Wallis test. Differences in proportions were con-
ducted using Pearson’s chi squared test. Data analysis was conducted using Stata 15.1
(StataCorp, College Station, TX). P values < 0.05 were considered statistically significant.

Results

A total of 54 FACTT participants were excluded as a result of dialysis requirement or death
within day 1 of recruitment [N = 28] or missing data that did not allow for kinetic estimates
[N = 26]. The final population was composed of 946 participants, with baseline characteristics
as shown in Table 1. 496 (52%) developed AKI within 7 days of enrollment. An additional 110
participants developed AKI later in the study but were not considered to have AKI for this
analysis. Age, sex, and weight were similar among those with and without AKI. However,
there were notably more African Americans who had AKI. Patients who developed AKI were
also more likely to have diabetes, hypertension, and have higher creatinine at baseline. At the
time of recruitment, they were also more likely to have greater severity of illness, with higher
rates of vasopressor use and higher acute physiology and chronic health evaluation III
(APACHE III) scores. In the primary analysis (where there was no adjustment for differences
in fluid balance between the treatment arms), participants with AKI were less likely than those
without AKI to be have been randomized to the fluid liberal arm (45 vs 54%, p<0.01), similar
to prior work [24,31]. Those with AKI had fewer ventilator free days (median 10 vs 21,

p < 0.01) and higher 60-day mortality (16% vs 34%, p < 0.01).

We next compared drug dosing CrCl or eGFR categories (>60, 30-59, 15-29, and <15mL/
min) using standard and kinetic estimates. Fig 2 illustrates CrCl over time in a subject who
had worsening AKI followed by renal recovery. In this subject, kinetic estimates were lower
than the CrCl in the setting of AKI and worsening renal function, whereas the kinetic esti-
mates were higher than the CrCl during recovery.

When kinetic estimates were compared to standard estimates, 19.3% [95% CI 16.8%-
21.9%] of participants and 23.4% [95% CI 20.7%-26.1%] required any change in dosing cate-
gory on at least one study day using the CG CrCl and unadjusted for BSA CKD-EPI equations,
respectively (Table 2). Those with AKI were more likely to have discordant standard and
kinetic dosing categories. For example, when CG CrCl was used, 33.5% [95% CI 29.3%-
37.6%)] of those with AKI versus 3.8% [95% CI 2.0%-5.5%] of those without AKI required any
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Fig 2. Sample application of kinetic estimate. Panel A illustrates the creatinine trajectory of one participant with AKI within
the first 7 study days; Panel B illustrates the corresponding calculated CG CrCl and CKD-EPI eGFRs and their corresponding
kinetic estimates. Horizontal lines in the figure demarcate FDA dosing categories (e.g., 15, 30, and 60mL/min). After the rapid
creatinine rise during the development of severe AKI, the kinetic CG CrCl fell to within the 15-30mL/min dosing category on
Day 1, while the CG CrCl dosing category was 30-60mL/min. This subject would be considered to have discordant drug dosing
categories on this day. Conversely, on Day 7, the kinetic estimate is higher than the CG CrCl because of the lag in SCr decline
during renal recovery. Using the CKD-EPI equation, discordant drug dosing categories only occurred on Day 1. On other study
days, drug dosing categories were concordant.

https://doi.org/10.1371/journal.pone.0225601.9002

change in dosing category using the kinetic estimate. Those who were not classified as having
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Table 2. Dosing recategorization using kinetic estimates of CrCl and eGFR. The percentage of patients who
required recategorization with use of kinetic estimates of each formula is shown, stratified by AKI status. The number
of drug dosing categories crossed (>60, 30-60, 15-29, < 15ml/min) refers to the initial study day that redosing was
required.

ALL (n = 946) No change % (n) +1 category % (n) +2 categories % (n)
[95% CI] [95% CI] [95% CI]
Cockcroft-Gault CrCl 80.7% (763) 18.3% (173) 1.0% (10)
(78.1%, 83.1%] [15.8%, 20.8%] [0.4%-1.7%]
CKD-EPI 76.6% (725) 22.6% (214) 0.7% (7)
[73.9%-79.3%] [20.0%, 25.3%] [0.1%-1.3%]
No AKI (n = 450) No change +1 category +2 categories
Cockcroft-Gault CrCl 96.2% (433) 3.8% (17) 0% (0)
[94.5%-98.0%] [2.0%-5.5%] —
CKD-EPI 92.7% (417) 7.3% (33) 0% (0)
[90.3%-95.1%] [4.9%-9.7%) —
AKI (n = 496) No change +1 category +2 categories
Cockcroft-Gault CrCl 66.5% (330) 31.5% (156) 2.0% (10)
[62.4-70.7%)] [27.3%-35.5%] [0.8%-3.3%]
CKD-EPI 62.1% (308) 36.5% (181) 1.4% (7)
[57.8%-66.4%] [32.3%-40.7%] [0.3%-2.4%])

https://doi.org/10.1371/journal.pone.0225601.t002

AKI mostly required dosing adjustment during falls in serum Cr which likely represent recov-
ery from AKI. In a sensitivity analysis, we removed small changes (< 5mL/min between
kinetic and nonkinetic estimates) from the recategorization analysis. For example, in the sensi-
tivity analysis, if the CrCl was 32mL/min and the kinetic CrCl was 28mL/min, the participant
was not considered to have a change in medication dosing category for that day. There was a
smaller proportion of individuals with discordant dosing categories (13.6% for CG Cl, [95% CI
11.4%-15.8%]; 16.0% [95% CI 13.7-18.4%] for CKD-EPI eGFR, S1 Table) but the proportion
was still substantial.

For a given participant, the use of kinetic estimates may only affect drug dosing practices
on a subset of study days. As illustrated by data from a study participant with AKI in Fig 2,
kinetic estimates would have changed daily dosing practices on 3 of 7 study days (Day 1, 3, and
7). When we examined individual days for the entire study population (Table 3), dosing dis-
cordance was observed in 4.6% of total days using the CG CrCl and 6.0% of total days using
the CKD-EPI equation (S2 Table). Irrespective of AKI status, concordance between CG CrCl
and kinetic GFR estimated drug categories decreased with lower GFR. In those with AKI, the
drug dosing discordance increased to 8.5% of total days using the CG CrCl equation and
10.2% of total days using the CKD-EPI equation. Discordance occurred during both the estab-
lishment of AKI and recovery. The discrepancy occurred most frequently immediately post
study enrollment and declined over time (S3 Table). The decline in discordance over time was
more prominent when the CG CrCl was applied compared to the CKD-EPI equation.

As a final sensitivity analysis, because the FACTT trial involved a specific fluid management
strategy, the analysis was repeated using fluid corrected SCr as described in Macedo et al (S4
Table) [30]. 3 subjects were excluded because they had only 1 day of fluid data. With fluid cor-
rection, the proportion of subjects requiring drug dosing recategorization increased overall
(from 19.4% to 23.4% using the CG CrCl equation and from 23.4% to 25.2% using the
CKD-EPI equation). Recategorization occurred least in those who did not meet the AKI defi-
nition using either non-fluid corrected or fluid corrected creatinine values (3.2% using the CG
CrCl equation and 3.9% using the CKD-EPI equation) and most in those who met AKI
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Table 3. Dosing recategorization by study days. Comparison of dosing categories for all study days using the kinetic versus standard Cockcroft Gault CrCl in all subjects
and then divided by AKI status. Subjects along the diagonal have concordant drug dosing using the two estimates, whereas those in the off-diagonal cells have discordant
drug dosing using the two estimates. The majority of drug redosing occurs in subjects who experienced AKI.

ALL Subjects Kinetic CG CrCl Categories (4.6% Recategorized)

CG CrCl Categories > = 60mL/min 30-59 mL/min 15-29mL/min < 15mL/min Total

> =60 mL/min 4481 39 0 0 4520
30-59 mL/min 28 848 77 10 963
15-29 mL/min 0 30 222 82 334
< 15 mL/min 0 0 4 49 53
Total 4509 917 303 141 5870 days
No AKI Kinetic CG CrCl Categories (0.6% Recategorized)

CG CrCl Categories > = 60mL/min 30-59 mL/min 15-29mL/min < 15mL/min Total

> = 60 mL/min 2597 2 0 0 2599
30-59 mL/min 10 272 1 0 283
15-29 mL/min 0 4 24 0 28
< 15 mL/min 0 0 0 1 1
Total 2607 278 25 1 2911 days
AKI Kinetic CG CrCl Categories (8.5% Recategorized)

CG CrCl Categories > = 60mL/min 30-59 mL/min 15-29mL/min < 15mL/min Total

> =60 mL/min 1884 37 0 0 1921
30-59 mL/min 18 576 76 10 680
15-29 mL/min 0 26 198 82 306
< 15 mL/min 0 0 4 48 52
Total 1902 639 278 140 2959 days

https://doi.org/10.1371/journal.pone.0225601.t003

definitions using both non-fluid corrected and fluid corrected group (44.0% using the CG
CrCl equation and 44.2% using the CKD-EPI equation).

Discussion

At present, there is no standardized way to dose medications in AKI given fluctuating kidney
function and filtration markers such as SCr. This is problematic during the development of
AKI, when CrCl or eGFR will overestimate renal function and may lead to drug accumulation
and potential toxicity as well as during renal recovery, when CrCl or eGFR will underestimate
renal function and therapeutic drug levels may not be attained. There has been interest in the
use of kinetic equations to refine estimates of renal function. Here, we show in a critically ill
population of patients with ARDS that the use of the Chen kinetic estimating equation might
affect drug dosing in a quarter of critically ill patients. Amongst those with AKI, drug dosing
would be impacted in 33.5% and 37.9% of patients using the CrCl equation and CKD-EPI
equation, respectively.

Furthermore, we found that the kinetic equation impacts drug dosing the most at lower
eGFRs. This may be because at lower estimates of renal function, a 50mL/min adjustment (e.g.
from 60 to 10mL/min) by the kinetic equation results in a change of two dosing categories. In
contrast, at higher levels of renal function, similar adjustments (e.g. from 120 to 70mL/min)
would not require any drug redosing. The impact of kinetic equations is also most prominent
in the first few days of hospitalization and wanes over time, especially when kinetic CrCl is
applied rather than the kinetic CKD-EPI equation. We suspect that the differential impact of
the two equations over time is secondary to lower serum creatinine values observed during
renal recovery later in the hospitalization. Traditionally, the CG CrCl equation results in
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higher estimates of renal function compared to the CKD-EPI equation at low values of serum
creatinine, and, as described above, at higher levels of estimated renal function, kinetic adjust-
ments are less likely to result in changes in drug dosing categories.

Over the last few years, Chen’s kinetic equation has been increasingly used and validated in
various settings. In the intensive care setting, keGFR performed better than several novel bio-
markers in predicting renal recovery and major adverse kidney events [11]. KeGFR has been
also tested in patients undergoing cardiac surgery for predicting AKI and operative mortality
[14]. The equation has also been implemented in the renal transplant population to improve
early AKI detection in living donors [32], to predict delayed graft function in renal transplant
recipients [10,13] and as a secondary endpoint for a randomized clinical trial where those ran-
domized to balanced salt solutions (Plasma-lyte) versus normal saline trended towards better
keGFR [33]. Together, these studies show that keGFR improves prediction and understanding
of renal function in AKI when the serum creatinine is rapidly fluctuating. However, there are
limited studies evaluating keGFR for the purposes of drug dosing[19,20]. Harada [19] et al.
compared measured vancomycin concentrations with predicted vancomycin concentrations
derived using varying estimates of renal function, but the predicted concentration [34] was
derived from CG CrCl, which will bias the results in favor of the CG equation. Pharmacist-led
medication dosing tends to use CG CrCl because the previous US Food and Drug Administra-
tion guidance on pharmacokinetic categories is based on CrCl. In contrast, nephrologists typi-
cally use eGFR estimates for medication dosing in CKD, which may lead to discrepant dosing
recommendations [35,36].

In AKI, steady state estimating equations perform poorly. In a study conducted by Braga-
dottir et al. [37], the within group-error was 68.7%, 67.7% and 68.0% for MDRD eGFR,
CKD-EPI eGFR and CG CrCl respectively when compared to the measured GFR (measured
by *'Cr-EDTA) in early AKI. Equations that account for SCr kinetics may improve the evalua-
tion of renal function in AKI. The Jelliffe formula, one of the first kinetic GFR equations, has
been shown to be superior to estimating equations in small prior studies [6,38]. In AKI, eGFR
by the CG CrCl, MDRD eGFR and Jelliffe formulas overestimated urinary creatinine clearance
80%, 33% and 10% of the time respectively [38]. Although the Chen formula was not tested,
these results imply that kinetic approaches may improve the evaluation of kidney function in
AKI. Compared to earlier formulas, the Chen formula provides algebraic simplicity that allows
for easier implementation into clinical practice.

Our study sought to determine the impact of keGFR on drug dosing if keGFR was widely
applied into the electronic health record, eliminating the need for labor intensive timed urine
clearance measurements. Although therapeutic drug level monitoring can be used for certain
medications (e.g., vancomycin), there are relatively few medications where real-time monitor-
ing is feasible. Commonly used, important medications in critically ill patients often require
redosing based on GFR category. For example, the therapeutic dose range for cefepime varies
from 2 g every 8 hours in the setting of normal renal function to 1 g intravenous every 24
hours in the setting of GFR < 10 mL/min for pseudomonal infections. Cefepime accumulation
can lead to encephalopathy and coma, yet underdosing can lead to inadequate treatment of
infections. Incorporation of keGFR into the electronic health record may help critical care pro-
viders easily adjust cefepime dosing daily to avoid toxicity in the setting of worsening AKI
and, just as importantly, avoid underdosing during renal recovery. Future approaches may
also include the use of novel filtration biomarkers such as cystatin C and real time GFR mea-
surement, which are likely to be soon available to evaluate drug clearance in AKI. However, it
is unlikely that real time GFR measurement will be implementable in all patients across all set-
tings. Therefore, further studies are necessary to compare keGFR with measured GFR to allow
for a cost-effective and efficient way for estimating GFR in AKI.
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The strengths of this study include the use of a diverse, large critically ill population with
daily creatinine data. We selected drug dosing categories that are large and clinically meaning-
ful. Therefore, the results should be relatively robust to small changes in eGFR. Furthermore,
there is limited missing data. In cases where patients were excluded due to kinetic estimates
not available secondary to death/early dialysis, it is presumed that if kinetic GFR was applied at
later dates, the proportion of participants who need dosing adjustment with application of
keGFR would increase. Thus, this study provides a relatively conservative estimate of those
who would be affected.

This study has some limitations. First, while we quantified the proportion of participants
and days that required a change in medication dosing, we did not have drug toxicity or levels
available; in fact, drug levels are rarely available to guide dosing. As such, we cannot identify
whether redosing medications using these kinetic formulas would directly impact participant
outcomes. Higher mortality was observed in those who would have required medication
redosing, but this is likely due to the severity of illness associated with AKI rather than medica-
tion toxicity or subtherapeutic medications.

Conclusions

In this large critically ill population with ARDS and an overall AKI rate of 52%, the use of
kinetic estimates of renal function would likely impact drug dosing in a quarter of all subjects
during the first week of admission. Most of this drug redosing would occur in participants
with AKI, and in this analysis, approximately 8-10% of study days among those with AKI
would be impacted. Thus, the magnitude of drug redosing that might occur in critically ill
patients with the use of keGFR warrants additional studies to further test the clinical utility of
keGFR.

Supporting information

S1 Table. Sensitivity analysis eliminating changes in dosing category due to differences of
less than 5 mL/min between standard and kinetic estimates.
(DOCX)

S2 Table. Dosing category changes using standard and kinetic CKD-EPI eGFR.
(DOCX)

$3 Table. Discordant dosing categories in both equations across study days.
(DOCX)

S$4 Table. Fluid adjusted analysis of standard versus kinetic renal function.
(DOCX)

Acknowledgments

We would like to acknowledge the contributions of FACTT participants who contributed data
for our analysis.

Author Contributions
Conceptualization: Yuenting D. Kwong, Kathleen D. Liu.
Data curation: Yuenting D. Kwong, Kathleen D. Liu.

Formal analysis: Yuenting D. Kwong.

PLOS ONE | https://doi.org/10.1371/journal.pone.0225601 November 26, 2019 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225601.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225601.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225601.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0225601.s004
https://doi.org/10.1371/journal.pone.0225601

@ PLOS|ONE

Kinetic GFR estimation in AKI

Investigation: Yuenting D. Kwong.

Methodology: Yuenting D. Kwong, Sheldon Chen, Rima Bouajram, Fanny Li, Kala M. Mehta,

David V. Glidden, Kathleen D. Liu.

Supervision: Kathleen D. Liu.

Visualization: Rima Bouajram.

Writing - original draft: Yuenting D. Kwong.

Writing - review & editing: Yuenting D. Kwong, Sheldon Chen, Rima Bouajram, Fanny Li,

Michael A. Matthay, Kala M. Mehta, David V. Glidden, Kathleen D. Liu.

References

1.

10.

11.

12

13.

14.

15.

Uchino S, Kellum JA, Bellomo R, Doig GS, Morimatsu H, Morgera S, et al. Acute renal failure in critically
ill patients: a multinational, multicenter study. JAMA. 2005; 294: 813-818. https://doi.org/10.1001/jama.
294.7.813 PMID: 16106006

Mehta RL, Pascual MT, Soroko S, Savage BR, Himmelfarb J, Ikizler TA, et al. Spectrum of acute renal
failure in the intensive care unit: the PICARD experience. Kidney Int. 2004; 66: 1613—1621. https://doi.
org/10.1111/j.1523-1755.2004.00927.x PMID: 15458458

Chertow GM, Burdick E, Honour M, Bonventre JV, Bates DW. Acute kidney injury, mortality, length of
stay, and costs in hospitalized patients. J Am Soc Nephrol. 2005; 16: 3365-3370. https://doi.org/10.
1681/ASN.2004090740 PMID: 16177006

Mark Moran S, Myers BD. Course of acute renal failure studied by a model of creatinine kinetics. Kidney
International. 1985; 27: 928-937. https://doi.org/10.1038/ki.1985.101 PMID: 4021321

Chiou WL, Hsu FH. A new simple and rapid method to monitor the renal function based on pharmacoki-
netic consideration of endogeneous creatinine =. Res Commun Chem Pathol Pharmacol. 1975; 10:
315-330. PMID: 1153839

Jelliffe R. Estimation of creatinine clearance in patients with unstable renal function, without a urine
specimen. Am J Nephrol. 2002; 22: 320—-324. https://doi.org/10.1159/000065221 PMID: 12169862

Jelliffe RW, Jelliffe SM. A computer program for estimation of creatinine clearance from unstable serum
creatinine levels, age, sex, and weight. Mathematical Biosciences. 1972; 14: 17-24. https://doi.org/10.
1016/0025-5564(72)90003-X

Yashiro M, Ochiai M, Fujisawa N, Kadoya Y, Kamata T. Evaluation of estimated creatinine clearance
before steady state in acute kidney injury by creatinine kinetics. Clin Exp Nephrol. 2012; 16: 570-579.
https://doi.org/10.1007/s10157-012-0602-x PMID: 22331371

Chen S. Retooling the Creatinine Clearance Equation to Estimate Kinetic GFR when the Plasma Creati-
nine Is Changing Acutely. JASN. 2013; 24: 877—-888. https://doi.org/10.1681/ASN.2012070653 PMID:
23704286

Pianta TJ, Endre ZH, Pickering JW, Buckley NA, Peake PW. Kinetic Estimation of GFR Improves Pre-
diction of Dialysis and Recovery after Kidney Transplantation. PLoS ONE. 2015; 10: e0125669. https://
doi.org/10.1371/journal.pone.0125669 PMID: 25938452

Dewitte A, Joannés-Boyau O, Sidobre C, Fleureau C, Bats M-L, Derache P, et al. Kinetic eGFR and
Novel AKI Biomarkers to Predict Renal Recovery. Clin J Am Soc Nephrol. 2015; 10: 1900—-1910. https:/
doi.org/10.2215/CJN.12651214 PMID: 26342047

O’Sullivan ED, Doyle A. The clinical utility of kinetic glomerular filtration rate. Clin Kidney J. 2017; 10:
202-208. https://doi.org/10.1093/ckj/sfw108 PMID: 28396736

Endre ZH, Pianta TJ, Pickering JW. Timely Diagnosis of Acute Kidney Injury Using Kinetic eGFR and
the Creatinine Excretion to Production Ratio, E/leG—Creatinine Can Be Useful! Nephron. 2016; 132:
312-316. https://doi.org/10.1159/000444456 PMID: 26950884

Seelhammer TG, Maile MD, Heung M, Haft JW, Jewell ES, Engoren M. Kinetic estimated glomerular fil-
tration rate and acute kidney injury in cardiac surgery patients. J Crit Care. 2016; 31: 249-254. https://
doi.org/10.1016/j.jcrc.2015.11.006 PMID: 26700609

de Oliveira Marques F, Oliveira SA, de Lima E Souza PF, Nojoza WG, da Silva Sena M, Ferreira TM,
et al. Kinetic estimated glomerular filtration rate in critically ill patients: beyond the acute kidney injury
severity classification system. Crit Care. 2017; 21: 280. https://doi.org/10.1186/s13054-017-1873-0
PMID: 29149864

PLOS ONE | https://doi.org/10.1371/journal.pone.0225601 November 26, 2019 11/13


https://doi.org/10.1001/jama.294.7.813
https://doi.org/10.1001/jama.294.7.813
http://www.ncbi.nlm.nih.gov/pubmed/16106006
https://doi.org/10.1111/j.1523-1755.2004.00927.x
https://doi.org/10.1111/j.1523-1755.2004.00927.x
http://www.ncbi.nlm.nih.gov/pubmed/15458458
https://doi.org/10.1681/ASN.2004090740
https://doi.org/10.1681/ASN.2004090740
http://www.ncbi.nlm.nih.gov/pubmed/16177006
https://doi.org/10.1038/ki.1985.101
http://www.ncbi.nlm.nih.gov/pubmed/4021321
http://www.ncbi.nlm.nih.gov/pubmed/1153839
https://doi.org/10.1159/000065221
http://www.ncbi.nlm.nih.gov/pubmed/12169862
https://doi.org/10.1016/0025-5564(72)90003-X
https://doi.org/10.1016/0025-5564(72)90003-X
https://doi.org/10.1007/s10157-012-0602-x
http://www.ncbi.nlm.nih.gov/pubmed/22331371
https://doi.org/10.1681/ASN.2012070653
http://www.ncbi.nlm.nih.gov/pubmed/23704286
https://doi.org/10.1371/journal.pone.0125669
https://doi.org/10.1371/journal.pone.0125669
http://www.ncbi.nlm.nih.gov/pubmed/25938452
https://doi.org/10.2215/CJN.12651214
https://doi.org/10.2215/CJN.12651214
http://www.ncbi.nlm.nih.gov/pubmed/26342047
https://doi.org/10.1093/ckj/sfw108
http://www.ncbi.nlm.nih.gov/pubmed/28396736
https://doi.org/10.1159/000444456
http://www.ncbi.nlm.nih.gov/pubmed/26950884
https://doi.org/10.1016/j.jcrc.2015.11.006
https://doi.org/10.1016/j.jcrc.2015.11.006
http://www.ncbi.nlm.nih.gov/pubmed/26700609
https://doi.org/10.1186/s13054-017-1873-0
http://www.ncbi.nlm.nih.gov/pubmed/29149864
https://doi.org/10.1371/journal.pone.0225601

@ PLOS|ONE

Kinetic GFR estimation in AKI

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Pickkers P, Ostermann M, Joannidis M, Zarbock A, Hoste E, Bellomo R, et al. The intensive care medi-
cine agenda on acute kidney injury. Intensive Care Med. 2017; 43: 1198-1209. https://doi.org/10.1007/
s00134-017-4687-2 PMID: 28138736

Chawla LS, Bellomo R, Bihorac A, Goldstein SL, Siew ED, Bagshaw SM, et al. Acute kidney disease
and renal recovery: consensus report of the Acute Disease Quality Initiative (ADQI) 16 Workgroup. Nat
Rev Nephrol. 2017; 13: 241-257. https://doi.org/10.1038/nrneph.2017.2 PMID: 28239173

Chen S. Kinetic Glomerular Filtration Rate in Routine Clinical Practice-Applications and Possibilities.
Adv Chronic Kidney Dis. 2018; 25: 105—114. https://doi.org/10.1053/j.ackd.2017.10.013 PMID:
29499881

Harada D, Uchino S, Kawakubo T, Takinami M. Predictability of serum vancomycin concentrations
using the kinetic estimated glomerular filtration rate formula for critically ill patients. Int J Clin Pharmacol
Ther. 2018; 56: 612—-616. https://doi.org/10.5414/CP203266 PMID: 30220291

Carrié C, Rubin S, Sioniac P, Breilh D, Biais M. The kinetic glomerular filtration rate is not interchange-
able with measured creatinine clearance for prediction of piperacillin underexposure in critically ill
patients with augmented renal clearance. Critical Care. 2018; 22: 177. https://doi.org/10.1186/s13054-
018-2117-7 PMID: 30037335

Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF, Feldman HI, et al. A new equation to esti-
mate glomerular filtration rate. Ann Intern Med. 2009; 150: 604—612. https://doi.org/10.7326/0003-
4819-150-9-200905050-00006 PMID: 19414839

Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D. A more accurate method to estimate glo-
merular filtration rate from serum creatinine: a new prediction equation. Modification of Diet in Renal
Disease Study Group. Ann Intern Med. 1999; 130: 461-470. https://doi.org/10.7326/0003-4819-130-6-
199903160-00002 PMID: 10075613

US Department of Health and Human Services. Guidance for Industy: Pharamacokinetics in Patients

with Impaired Renal Function- Study Design, Data Analysis and Impact on Dosing and Labeling. Food
and Drug Administration. Center for Drug Evaluation and Research; 2010. Available: https://www.fda.
gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM204959.pdf

Liu KD, Thompson BT, Ancukiewicz M, Steingrub JS, Douglas IS, Matthay MA, et al. Acute Kidney
Injury in Patients with Acute Lung Injury: Impact of Fluid Accumulation on Classification of Acute Kidney
Injury and Associated Outcomes. Crit Care Med. 2011; 39: 2665-2671. https://doi.org/10.1097/CCM.
0b013e318228234b PMID: 21785346

The National Heart Lung, Network BIARDS (ARDS) CT. Comparison of Two Fluid-Management Strate-
gies in Acute Lung Injury. New England Journal of Medicine. 2006; 354: 2564—2575. https://doi.org/10.
1056/NEJM0a062200 PMID: 16714767

National Heart, Lung, and Blood Institute Acute Respiratory Distress Syndrome (ARDS) Clinical Trials
Network, Wheeler AP, Bernard GR, Thompson BT, Schoenfeld D, Wiedemann HP, et al. Pulmonary-
artery versus central venous catheter to guide treatment of acute lung injury. N Engl J Med. 2006; 354:
2213-2224. https://doi.org/10.1056/NEJMoa061895 PMID: 16714768

Cockcroft DW, Gault MH. Prediction of creatinine clearance from serum creatinine. Nephron. 1976; 16:
31-41. https://doi.org/10.1159/000180580 PMID: 1244564

Stevens LA, Nolin TD, Richardson MM, Feldman HI, Lewis JB, Rodby R, et al. Comparison of drug dos-
ing recommendations based on measured GFR and kidney function estimating equations. Am J Kidney
Dis. 2009; 54: 33—42. https://doi.org/10.1053/j.ajkd.2009.03.008 PMID: 19446939

Jones GR. Estimating Renal Function for Drug Dosing Decisions. Clin Biochem Rev. 2011; 32: 81-88.
PMID: 21611081

Macedo E, Bouchard J, Soroko SH, Chertow GM, Himmelfarb J, lkizler TA, et al. Fluid accumulation,
recognition and staging of acute kidney injury in critically-ill patients. Crit Care. 2010; 14: R82. https://
doi.org/10.1186/cc9004 PMID: 20459609

Grissom CK, Hirshberg EL, Dickerson JB, Brown SM, Lanspa MJ, Liu KD, et al. Fluid management with
a simplified conservative protocol for the acute respiratory distress syndrome*. Crit Care Med. 2015;
43: 288-295. https://doi.org/10.1097/CCM.0000000000000715 PMID: 25599463

Hekmat R, Eshraghi H, Esmailpour M, Hassankhani GG. Kinetic Glomerular Filtration Rate Estimation
Compared With Other Formulas for Evaluating Acute Kidney Injury Stage Early After Kidney Donation.
Exp Clin Transplant. 2017; 15: 104—109. https://doi.org/10.6002/ect.mesot2016.0104 PMID: 28260446

Weinberg L, Harris L, Bellomo R, lerino FL, Story D, Eastwood G, et al. Effects of intraoperative and
early postoperative normal saline or Plasma-Lyte 148® on hyperkalaemia in deceased donor renal
transplantation: a double-blind randomized trial. British Journal of Anaesthesia. 2017; 119: 606-615.
https://doi.org/10.1093/bja/aex163 PMID: 29121282

PLOS ONE | https://doi.org/10.1371/journal.pone.0225601 November 26, 2019 12/13


https://doi.org/10.1007/s00134-017-4687-2
https://doi.org/10.1007/s00134-017-4687-2
http://www.ncbi.nlm.nih.gov/pubmed/28138736
https://doi.org/10.1038/nrneph.2017.2
http://www.ncbi.nlm.nih.gov/pubmed/28239173
https://doi.org/10.1053/j.ackd.2017.10.013
http://www.ncbi.nlm.nih.gov/pubmed/29499881
https://doi.org/10.5414/CP203266
http://www.ncbi.nlm.nih.gov/pubmed/30220291
https://doi.org/10.1186/s13054-018-2117-7
https://doi.org/10.1186/s13054-018-2117-7
http://www.ncbi.nlm.nih.gov/pubmed/30037335
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
http://www.ncbi.nlm.nih.gov/pubmed/19414839
https://doi.org/10.7326/0003-4819-130-6-199903160-00002
https://doi.org/10.7326/0003-4819-130-6-199903160-00002
http://www.ncbi.nlm.nih.gov/pubmed/10075613
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM204959.pdf
https://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM204959.pdf
https://doi.org/10.1097/CCM.0b013e318228234b
https://doi.org/10.1097/CCM.0b013e318228234b
http://www.ncbi.nlm.nih.gov/pubmed/21785346
https://doi.org/10.1056/NEJMoa062200
https://doi.org/10.1056/NEJMoa062200
http://www.ncbi.nlm.nih.gov/pubmed/16714767
https://doi.org/10.1056/NEJMoa061895
http://www.ncbi.nlm.nih.gov/pubmed/16714768
https://doi.org/10.1159/000180580
http://www.ncbi.nlm.nih.gov/pubmed/1244564
https://doi.org/10.1053/j.ajkd.2009.03.008
http://www.ncbi.nlm.nih.gov/pubmed/19446939
http://www.ncbi.nlm.nih.gov/pubmed/21611081
https://doi.org/10.1186/cc9004
https://doi.org/10.1186/cc9004
http://www.ncbi.nlm.nih.gov/pubmed/20459609
https://doi.org/10.1097/CCM.0000000000000715
http://www.ncbi.nlm.nih.gov/pubmed/25599463
https://doi.org/10.6002/ect.mesot2016.O104
http://www.ncbi.nlm.nih.gov/pubmed/28260446
https://doi.org/10.1093/bja/aex163
http://www.ncbi.nlm.nih.gov/pubmed/29121282
https://doi.org/10.1371/journal.pone.0225601

@ PLOS|ONE

Kinetic GFR estimation in AKI

34.

35.

36.

37.

38.

Yasuhara M, Iga T, Zenda H, Okumura K, Oguma T, Yano Y, et al. Population pharmacokinetics of van-
comycin in Japanese adult patients. Ther Drug Monit. 1998; 20: 139—148. https://doi.org/10.1097/
00007691-199804000-00003 PMID: 9558127

Gill J, Malyuk R, Djurdjev O, Levin A. Use of GFR equations to adjust drug doses in an elderly multi-eth-
nic group—a cautionary tale. Nephrol Dial Transplant. 2007; 22: 2894—-2899. https://doi.org/10.1093/
ndt/gfm289 PMID: 17575316

Golik MV, Lawrence KR. Comparison of dosing recommendations for antimicrobial drugs based on two
methods for assessing kidney function: cockcroft-gault and modification of diet in renal disease. Phar-
macotherapy. 2008; 28: 1125—1132. https://doi.org/10.1592/phco.28.9.1125 PMID: 18752383

Bragadottir G, Redfors B, Ricksten S-E. Assessing glomerular filtration rate (GFR) in critically ill patients
with acute kidney injury—true GFR versus urinary creatinine clearance and estimating equations. Crit
Care. 2013; 17: R108. https://doi.org/10.1186/cc12777 PMID: 23767877

Bouchard J, Macedo E, Soroko S, Chertow GM, Himmelfarb J, Ikizler TA, et al. Comparison of methods
for estimating glomerular filtration rate in critically ill patients with acute kidney injury. Nephrol Dial
Transplant. 2010; 25: 102—-107. https://doi.org/10.1093/ndt/gfp392 PMID: 19679558

PLOS ONE | https://doi.org/10.1371/journal.pone.0225601 November 26, 2019 13/13


https://doi.org/10.1097/00007691-199804000-00003
https://doi.org/10.1097/00007691-199804000-00003
http://www.ncbi.nlm.nih.gov/pubmed/9558127
https://doi.org/10.1093/ndt/gfm289
https://doi.org/10.1093/ndt/gfm289
http://www.ncbi.nlm.nih.gov/pubmed/17575316
https://doi.org/10.1592/phco.28.9.1125
http://www.ncbi.nlm.nih.gov/pubmed/18752383
https://doi.org/10.1186/cc12777
http://www.ncbi.nlm.nih.gov/pubmed/23767877
https://doi.org/10.1093/ndt/gfp392
http://www.ncbi.nlm.nih.gov/pubmed/19679558
https://doi.org/10.1371/journal.pone.0225601

