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ABSTRACT

Background. Changing creatinine concentrations during acute renal failure are often confusing to clinicians to interpret and
can cloud the patient’s true current state of renal injury. By modifying the formula for kinetic estimate of glomerular
filtration rate (KeGFR), a simple bedside clinical tool can be used to identify subtle changes in renal function.

Methods. The KeGFR was rewritten to instead calculate a predicted peak creatinine after renal injury. By comparing the
changes in predicted peak creatinine at two or more subsequent time intervals, the patient’s current state of renal injury
can be determined: whether improving, worsening or unchanged from prior.

Results. Three case examples are provided using the equation for predicted peak creatinine. In each case, the creatinine
concentration has continued to rise at three sequentially measured times. The change in predicted peak creatinine is
analyzed for each case, demonstrating scenarios involving (i) improving renal injury, (ii) unchanged renal injury continued
by unfavorable hemodynamics and (iii) worsening renal injury despite interventions.

Conclusions. The use of this model may provide clinicians with an easy bedside tool to assess a patient’s state of acute
kidney injury. Reassessment of how the creatinine is changing is already a nonquantitative part of a nephrologist’s
approach to acute kidney injury. Providing an assessment of the patient’s changing renal function would be a useful
addition to potentially detect early renal recovery or worsening renal injury and appropriately adjust treatment

strategies.
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INTRODUCTION

The traditional estimations of creatinine clearance and by ex-
tension glomerular filtration rate (GFR) were originally derived
from the general concept of clearance [1]. Classically, the
calculation has required both urine and serum measurements
of creatinine [2, 3]. Due to difficulty obtaining serial urinary
measurements in most patients, formulas requiring only

a single serum measurement of creatinine have been derived
[4-6]. A limitation of these improved equations is the underlying
assumption that creatinine has reached equilibrium across the
central and urinary compartments [5-7]. While relying on this
steady state allows creatinine production and excretion to be
systemically cancelled from the equation, this affords the
clinician no gauge of how to interpret any estimated GFR (eGFR)
when the serum creatinine is in flux [8, 9].
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Such a problem typically manifests when attempting to in-
terpret renal function during acute kidney injury (AKI) [1, 7-13].
The creatinine often continues to rise even as the patient is
beginning to recover renal function [14]. Even experienced
physicians may misinterpret this continued rise as worsening
injury and may subsequently tailor their management incor-
rectly. Detecting true early recovery presents a diagnostic chal-
lenge: common methods have traditionally required either
serial timed estimations of production and excretion [15] or se-
rial urinary measurements to continually reassess clearance [6].
Similarly, worsening renal function can be difficult to ascertain
as the continued rise of creatinine may be falsely written off as
the natural course of the patient’s existing injury.

Analysis of the ‘rate-of-change’ of serum creatinine over
time provides a potential framework to better estimate a
patient’s GFR. Several mathematical formulations have been
proposed in the literature [3, 7, 8, 10, 11]. Of particular interest is
the ‘KeGFR’ equation for kinetic GFR estimation [7], which can
compare change in eGFR by utilization of plasma creatinine
concentrations measured at discrete time intervals. This has
been explored as a predictive model in AKI and may have a fa-
vorable profile for adverse renal outcomes compared with the
Modification of Diet in Renal Disease equation [16]. Similarly, in-
vestigation of its application in renal transplant recipients also
illustrated the ability to potentially detect early delayed graft
function [17, 18]. In a broader population, prediction of the need
for renal replacement therapy (RRT) as well as early recovery by
comparing change in eGFR at subsequent time intervals has
also been described [19].

Since the first providers to identify a potential AKI are gener-
ally not nephrologists and are generally more comfortable com-
paring changes in creatinine rather than eGFR, our aim is to
manipulate the KeGFR equation to allow the clinician to deter-
mine changes in a patient’s renal function by comparing the
predicted peak creatinine values in a bedside tool for use in AKI.
Using the modified equation it would thus be possible to deter-
mine whether the patient’s renal injury is unchanged from
prior, continuing to actively worsen or improving as may be
expected from early recovery.

MATERIALS AND METHODS

The simple equation to provide a KeGFR as previously described
is demonstrated below (Equation 1) [7]

KeGFR — SSPcr x CrCl o (1

24 x APCr
1
MeanPcr ) @)

~ ATime (h) x MaxAPCr/day

In this equation, steady-state plasma creatinine (SSPcr) and
its corresponding creatinine clearance (CrCl) are used to esti-
mate the production rate of creatinine. The underlying assump-
tion is that the production rate is constant over the course of
the episode of AKI, which allows the rate to be calculated a sin-
gle time [7]. In the original article describing KeGFR, the steady
state chosen was the patient’s baseline and its corresponding
eGFR thus calculated from their baseline creatinine concentra-
tion. As any steady-state plasma creatinine measurement may
theoretically be used in this equation, we can instead explore
the case in which CrCl equals KeGFR. This would be the case in
an unchanging step-decrement injury that has neither im-
proved nor worsened [14]. Steady-state plasma creatinine
would then represent predicted peak creatinine should the
KeGFR remain depressed at the same value. As CrCl and KeGFR
are equivalent in this case, they are canceled from the equation.
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Solving for the SSPCr yields the modified equation demon-
strated below (Equation 2)

MaxAPCr/day x ATime x MeanPCr (2)

Predi k inine = :
redicted peak creatinine MaxAPCr/day x ATime — 24 x APCr

As in the original article, we will set MaxAPCr/day to
132.6 pmol/L (1.5 mg/dL) per day to set a good balance point in
the variability of the formula output and cover the case for most
patients, since the maximum plasma creatinine for anuric
patients is a rise of 88-133 pmol/L (1.0-1.5 mg/dL) per day [7].
The result is the simple equation below, which estimates peak
creatinine using two measured plasma creatinine values for
any interval (Equation 3).

132.6 umol/L x ATime x MeanPCr 3)
132.6 umol/L x ATime — 24 x APCr

Predicted peak creatinine =

Comparing the predicted peak creatinine calculated at two
time intervals yields information on the state of the patient’s
renal function compared with a single step decrement with
unchanging renal injury [7]. A change in the KeGFR from
improving or worsening renal function will be reflected in the
respective change in predicted peak creatinine (higher if wors-
ening and lower if improving). Comparing peak creatinine
measurements is equivalent to comparing kinetic changes in
KeGFR and affords two major advantages. First, physicians at
the forefront of diagnosis and treatment of AKI, who are often
not nephrologists, are more comfortable with the concept of the
comparison of creatinine concentrations as opposed to changes
in GFR. This likely stems from the Kidney Disease: Improving
Global Outcomes (KDIGO) guidelines, which require such com-
parisons for diagnosis and staging [20]. Second, bypassing the
requirement for a baseline creatinine allows for useful expan-
sion of our bedside tool to the common case when a patient’s
historical creatinine measurement is very old or missing
entirely.

RESULTS

The following case examples illustrate how the comparison can
be used in each of the following scenarios: (i) an unchanging re-
nal injury, (ii) a prerenal process with early intervention and im-
provement and (iii) continued worsening of renal function. In
each case, the patient is a 60-year-old male with active lung
cancer admitted with concern for respiratory failure secondary
to presumed pulmonary sepsis, who subsequently receives
piperacillin/tazobactam in the emergency department as well
as a contrasted computed tomography scan to evaluate for pul-
monary embolism. Repeat labs on admission reveal a worsen-
ing creatinine, and upon realization of the kidney injury, the
patient empirically receives a 1 L intravenous bolus of isotonic
fluid. The creatinine concentrations for each case are shown in
Table 1. For simplicity, the first two creatinine values are the
same for each case while the third is allowed to be varied.

Using Equation 3 above the predicted peak creatinine is
calculated from the initial two creatinine values collected in a
12-h interval. The mean of the two creatinine concentrations
is 93 pmol/L and the difference is 44 pmol/L. The calculation is
shown below:

132.6 x (12.00 — 0.00) x 93

Predicted peak creatinine = 1326 x (12.00 —0.00) — 24 44

=276 umol/L
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Table 1. Sample serial creatinine values describing a single decre-
ment of renal function with ongoing injury and no recovery (Case 1),
an improving pre-renal renal injury (Case 2) and active worsening
renal injury (Case 3)

PCr (umol/L)
Event T (h) Case 1 Case 2 Case 3
Admission (t;) 0.00 71 71 71
Morning labs (t,) 12.00 115 115 115
Post-rounds recheck (ts) 24.00 150 141 159

For our initial case (Case 1), an additional measurement at t3
is obtained (Table 1). A new predicted peak creatinine can be
calculated in the same method by using the creatinine concen-
trations at times t2 and t3 as inputs. This yields a new predicted
creatinine of 281 umol/L (3.2 mg/dL). Note that the predicted cre-
atinine has only varied by 2% from the original value, which
suggests the renal injury is unchanged as compared with the
original step decrement. It is theorized that the patient has
acute tubular necrosis, but has neither worsened nor improved
from his original state as his predicted peak creatinine (and
thus his KeGFR) has not changed. Fluids goals are tempered
from active resuscitation to maintaining a euvolemic state in an
attempt to avoid overt hypervolemia.

Compare this with the second case (Case 2) where the patient’s
creatinine is continuing to worsen over the course of his presenta-
tion, but to a lesser degree than the initial scenario. Once more, us-
ing Equation 3 with the creatinine measurements at t2 and t3 in
the table below, his predicted peak creatinine is instead discovered
to be 211 pmol/L (2.4 mg/dL), a 24% improvement. Despite his ris-
ing creatinine, it appears that the correction of the patient’s hypo-
volemia has likely begun to improve the patient’s renal injury. If
he maintains this trajectory, eventually his creatinine concentra-
tion will reflect his increase in renal function.

The final case (Case 3) explores the scenario in which the
patient is actively worsening. Recalculation based on the third
creatinine value at t3 demonstrates a worsening predicted peak
of 407 pmol/L (4.6 mg/dL), which comprises a 47% worsening
between the two predicted peaks. This affords the clinician
evidence that the uptrend in creatinine does indeed represent
an active worsening renal injury despite their initial interven-
tions and should be monitored accordingly. Such changes in
KeGFR from baseline injury are more visually recognizable
when viewing the projected future creatinine curves graphically
based on the value of the predicted peak creatinine for each
case (Figure 1).

DISCUSSION

These cases highlight the common difficulty in interpreting a
continuous uptrend in creatinine. Clinicians often incorrectly
assume that there is worsening renal injury based upon the
common, yet false assumption that creatinine must stabilize or
improve before renal recovery occurs [14]. In Case 1, the sugges-
tion of a non-changing renal injury allows for the temperance
of intravenous fluids to lower the risk of hypervolemia. In Case
2, the improvement with correction of hypovolemia is sugges-
tive of renal recovery even before the creatinine has begun to
stabilize. Finally, in Case 3, the clinician is alerted to the
patient’s continued worsening renal decline despite their inter-
ventions and monitoring can be adjusted accordingly while a
search for unaddressed nephrotoxic insults occurs.

Use of this model may provide the clinician with an easy
bedside tool to assess a patient’s AKI over time. Reassessment
of how the creatinine is changing is already a nonquantitative
part of a nephrologist’s approach to AKI. Providing an analysis
of the patient’s changing renal function is a useful tool to both
delineate the etiology of the AKI and, more importantly, to as-
sess their response to therapeutic interventions and tailor man-
agement goals accordingly.

The application of this formula is subject to some limita-
tions. First, one major assumption is that the production of cre-
atinine remains constant over the course of the patient’s
episode of AKI, which may not be the case if critical illness is
protracted or the patient receives surreptitious boluses of intra-
venous fluid, which may affect the volume of distribution of
creatinine by altered production or accumulation of excess total
body water, respectively [7]. One advantage of eliminating the
need for a baseline creatinine is that two intervals relatively
close in time can be compared as opposed to a continued com-
parison to a historical baseline. Presumably over a short time
interval, production will be relatively constant even as it
changes over a patient’s hospital stay.

Second, many patterns of renal injury have been described
and caution must be used when extrapolating three time points
to an entire episode of AKI. Some patients have relapse after an
initial recovery [21] and in this case extrapolation of the
patient’s course of injury will lead to erroneous results.
However, this is also an advantage for our bedside tool—by
tracking predicted peak creatinine at successive intervals the
change will be detected and a ‘double worsening’ of renal func-
tion will be detected when it may otherwise be missed.

The remaining limitations are predominantly related to the
value of MaxAPcr/day and small increments of ATime. The KeGFR
equation implies a constant production rate of creatinine, such
that at any given time interval (ATime), the accumulation rate of
creatinine when anuric (and thus KeGFR = 0) is expected to be in-
creased to a maximum value of MaxAPCr/day/(ATime/24 h). This is
problematic in two major areas. First, if the rise in creatinine
exceeds the upper limit of MaxAPCr/day/(ATime/24 h) due to
greater-than-estimated production, the denominator will be neg-
ative and both the KeGFR and predicted peak creatinine will be
uninterpretable. Second, if the time interval of interest between
measurements becomes too small, the allowable variation in
creatinine is substantially reduced. Logically, this makes sense, as
any significant variation in creatinine between two short meas-
urements is likely due to simple assay variation and of question-
able clinical significance. However, such variation will likely
exceed the allowable limit of MaxAPcr/day/(ATime/24 h) and again
cause invalid results for both equations above. A reasonable ex-
pectation to minimize the first problem is to create a minimum
acceptable time in which to interpret changes (i.e. 24 h as an
enforceable minimum for ATime).

The limitation regarding the value of MaxAPcr/day at
132.6 pmol/L (1.5 mg/dL) is also addressed in the original article
[7]. Ideally, further studies aimed at determining a patient’s pro-
duction of creatinine, including their volume of distribution for
creatinine, and how they change in critical illness is warranted in
order to optimize GFR estimations [22]. However, from the stand-
point of interpreting ‘trends’ an increase in the maximal allowable
creatinine per day when needed may increase the usefulness of
the equation. This change allows for the continued interpretation
of changes in the scenarios above while ameliorating the numeri-
cal constraints of Equation 3, although the dampening effect may
decrease its interpretability [7]. Further studies to determine the
optimal maximum daily creatinine may also be warranted.
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FIGURE 1: Plot of the projected plasma creatinine versus time illustrating three different clinical case scenarios. The initial projected creatinine based on the plasma
creatinine concentrations at t; and t, (common to all case examples) is demarcated by the solid orange line. The projected creatinine curves based on the amended

peak creatinine after recalculation at t; for each case (improving AKI, unchanged renal function and worsening renal injury) are superimposed as marked.

Additionally, cutoffs for allowable variation in predicted cre-
atinine need to be established based on a validating data set.
For purposes of the example problems, a cutoff of +10% was
used, which was chosen to be approximately three times the
standard error of creatinine (8% variance) reported in some
studies [23]. One area of future exploration may be the use of a
Bayesian framework to calculate an individual’s reference inter-
val and to integrate this into a cutoff limit to define a clinically
significant change in peak creatinine, similar to previous works
attempting to establish an cutoff range for drug-induced AKI
[24]. This would, however, detract slightly from the bedside as-
pect unless able to be calculated automatically by the electronic
medical record.

Finally, future research will be needed to validate the KeGFR
equation itself by comparison to patients’ directly measured
GFR by measurement of inulin clearance or via nuclear quantifi-
cation. In the interim, this may be a useful bedside tool for rapid
assessment of patient kidney function. Additional areas of in-
vestigation for renal recovery would be to use the equation dur-
ing RRT in anuric patients to determine creatinine kinetics
during a ‘fixed’ GFR. Validation with hard outcomes such as has
been done with KeGFR would also be of benefit [19], especially if
this equation can be used to be predict need for RRT. In the in-
terim, this equation may be a useful bedside tool for rapid as-
sessment of a patient’s trajectory during their course of AKI.
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