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Estimation of renal function
immediately after cessation

of continuous renal replacement
therapy at the ICU

T.T. Pieters?, M. J. van Dam?, M. A. Sikma?*, A. van Arkel?, W. B. Veldhuis?, M. C. Verhaar?,
D.W. de Lange** & M. B. Rookmaaker>**

Estimating glomerular filtration (eGFR) after Continuous Renal Replacement Therapy (CRRT) is
important to guide drug dosing and to assess the need to re-initiate CRRT. Standard eGFR equations
cannot be applied as these patients neither have steady-state serum creatinine concentration nor
average muscle mass. In this study we evaluate the combination of dynamic renal function with
CT-scan based correction for aberrant muscle mass to estimate renal function immediately after
CRRT cessation. We prospectively included 31 patients admitted to an academic intensive care

unit (ICU) with a total of 37 CRRT cessations and measured serum creatinine before cessation (T1),
directly (T2) and 5 h (T3) after cessation and the following two days when eGFR stabilized (T4, T5).
We used the dynamic creatinine clearance calculation (D3C) equation to calculate eGFR (D3C¢R)

and creatinine clearance (D3C,,.,:) betweenT2-T3. D3C,,..: Was corrected for aberrant muscle mass
when a CT-scan was available using the CRAFT equation. We compared D3Cg to stabilized CKD-EPI
atT5 and D3C,,; to 4-h urinary creatinine clearance (4-h uCrCl) between T2-T3. We retrospectively
validated these results in a larger retrospective cohort (NICE database; 1856 patients, 2064
cessations). The D3C¢:; was comparable to observed stabilized CKD-EPI at T5 in the prospective
cohort (MPE =- 1.6 ml/min/1.73 m?, p30=76%) and in the retrospective NICE-database (MPE =3.2 ml/
min/1.73 m?, p30=280%). In the prospective cohort, the D3C¢,..; had poor accuracy compared to 4-h
uCrCl (MPE =17 ml/min/1.73 m?, p30=24%). In a subset of patients (n=13) where CT-scans were
available, combination of CRAFT and D3Cq,.,; improved bias and accuracy (MPE =8 ml/min/1.73 m?,
RMSE =18 ml/min/1.73 m?) versus D3Cq,... alone (MPE =18 ml/min/1.73 m?, RMSE =32 ml/

min/1.73 m?). The D3C improves assessment of eGFR in ICU patients immediately after CRRT
cessation. Although the D3C,,: had poor association with underlying creatinine clearance, inclusion
of CT derived biometric parameters in the dynamic renal function algorithm further improved the
performance, stressing the role of muscle mass integration into renal function equations in critically ill
patients.

Critically ill patients at the Intensive Care Unit (ICU) often require renal replacement therapy'?. Although
many studies have focused on the optimal timing of CRRT initiation, the period after cessation of CRRT has
been understudied. Immediately after cessation of CRRT, assessment of renal clearance is important not only
to assess renal function and the potential need for reinitiating CRRT, but also to optimize the dosing of drugs
that are cleared renally®.

After cessation of CRRT, conventional equations for estimating glomerular filtration rate (¢GFR) cannot be
used because these patients often do not have stable serum creatinine and suffer from muscle wasting*®. Most
eGFR equations are based on the clearance of creatinine and surrogate markers of body composition®. Creatinine
is an endogenous marker of filtration and is released in a constant rate from muscles and mainly removed from
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the circulation by glomerular filtration and to a lesser extent by tubular secretion’. Under stable conditions, the
creatinine clearance and therefore the GFR can be estimated by dividing the creatinine excretion measured in
the urine by the serum creatinine concentration. To circumvent urine collection, the Cockroft-Gault equation
was developed that was able to estimate creatinine clearance from the serum creatinine concentration by esti-
mating creatinine production over time based on biometric parameters like age, weight and sex®. As creatinine
is cleared not only by glomerular filtration but also by tubular secretion, new equations, such as CKD-EP]I, have
been developed to estimate GFR from serum creatinine concentration and biometric parameters such as age
and sex®. The use of these creatinine based eGFR equations requires both a stable serum creatinine concentra-
tion and a patient with an average body composition for age and sex. When creatinine is not in steady-state,
estimating equations (such as the CKD-EPI and Cockroft-Gault) overestimate GFR when creatinine is rising
and underestimate GFR when creatinine is falling’.

Recently, we have published two new approaches that may allow the assessment of renal clearance imme-
diately after CRRT cessation. First, creatinine clearance can be estimated using dynamic modelling in patients
with an unstable serum creatinine!®!'!. Using this modelling approach, we developed the dynamic creatinine
clearance calculation (D3C), an equation used to calculate eGFR and/or estimate creatinine clearance in cases
where creatinine is not at steady-state!!. In addition, we have recently shown that body composition analysis
automatically derived from any computed tomography (CT) scan that includes the lumbar spine level 3 (L3)
(CRAFT analysis) can be used to improve the estimates of renal function in patients with an abnormal body
composition for age and sex'?.

This study evaluated whether the use of D3C on its own and combined with CRAFT improves the assessment
of renal function immediately after cessation of CRRT without the need for urine collection.

Methods
Patient population and data collection
For the prospective cohort, we studied all adult patients that required CRRT in the intensive care unit of the
UMC Utrecht between 10-10-2019 and 01-09-2020. Patients were excluded if they were transferred to another
hospital, died during CRRT, were switched to intermittent haemodialysis or were admitted to the ICU because
of a COVID-19 infection. Patients that were included and failed CRRT cessation could be included for a follow-
ing iteration of CRRT cessation if there was another attempt. Therefore, some patients had multiple iterations
of CRRT cessation which were all included in the analysis (Fig. 1). Patient and laboratory data were collected
by care providers during treatment. After stopping CRRT, urine was collected for 4 h using an indwelling Foley
catheter. Serum creatinine was collected in the morning before CRRT cessation (T1), immediately after CRRT
cessation (T2), after 4 h (T3), and in the morning on the two following days (T4, T5) (Fig. 1). CT-scans that
were made for clinical purposes were included if they were made within 30 days prior or after the cessation of
CRRT. Pseudonymized CT-scans were extracted from the Research Imaging Architecture of the UMC Utrecht.
In the retrospective cohort, we used the National Intensive Care Evaluation (NICE) database to evaluate the
course of creatinine after cessation of CRRT in a larger cohort. The NICE database is a nationwide database in
the Netherlands where data from all intensive care units in the Netherlands are collected prospectively for quality
control and research'®. Between 01-01-2010 and 01-01-2020, we selected all patients who received CRRT and
had at least one instance of successful cessation for at least 3 days. We excluded patients that were on intermittent
hemodialysis and patients that did not have a rise in serum creatinine after CRRT cessation.

Calculations to correct for dynamic renal function and aberrant muscle mass

Urinary creatinine clearance was calculated by dividing the urinary creatinine excretion by the mean serum
creatinine during a 4-h collection. Urinary creatinine clearance was only calculated when patients produced at
least 20 ml of urine in 4 h to minimize the influence of collection errors. The development of the D3C has been
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Fig. 1. (A) Study design of prospective study. Creatinine was measured at different time-points, T1 (morning
measurement before cessation), T2 (directly after cessation), T3 (4 h after cessation), T4 (morning after
cessation), and T5 (the morning measurement the day after). (B) Inclusion of patients.
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described previously'!. In this study, the D3C was used to calculate creatinine clearance (D3C,,,) and model
post-cessation creatinine which was used to calculate expected eGFR using the CKD-EPI equation (D3Cggp).
D3C,,., was calculated using the following equation:

Pcr—Vd*%

D3Ccreat = ey
Cmean
We also used the D3C to model serum creatinine after cessation of CRRT using the following equation:
cwy= 20 1 (co— PO o~
~ ol cral) ¢ @

In above equations, C(t) =Serum creatinine concentration at time (t), AC=delta creatinine concentration
between two measurements, AT =time difference between measurements, Pcr = production of creatinine cal-
culated using the Cockcroft-Gault equation, CrCl = Creatinine Clearance calculated using the D3C_,.,, CO=the
creatinine concentration at CRRT cessation, Cmean = the mean of two consecutive serum creatinine measure-
ments, and Vd = the volume of distribution set at 60% bodyweight'*-'¢.

The CRAFT equation has been described elsewhere'?. Briefly, abdominal CT-scans covering the L3 region
were used to calculate estimated creatinine production based on body composition, using an automated image-
analysis algorithm that selects the L3 region, segments body compartments (muscles, and visceral and subcutane-
ous fat) and calculates radiomics parameters based on compartment volume and Hounsfield unit-distribution
of those compartments.

Evaluation of equation performance

In the prospective cohort, the reference that was used for comparison was stabilized CKD-EPI 2 days after cessa-
tion and 4 h urinary creatinine clearance. In the prospective cohort, we compared D3C,,, and D3C_,.,, corrected
for muscle wasting using the CRAFT equation calculated between T2-T3 (Eq. 1) with 4-h urinary creatinine
clearance using the Cockcroft-Gault as an alternative creatinine clearance. In addition, we compared expected
CKD-EPI at T5 (calculated using creatinine at T2-T3 and Egs. (1), (2)) with the observed CKD-EPI at T5 using
the CKD-EPI at T3 as alternative eGFR. In the retrospective cohort, only daily creatinine measurements were
available and therefore the reference that was used was stabilized CKD-EPI at T5. In the retrospective cohort,
we compared expected CKD-EPI at T5 (calculated using creatinine at T1-T4 and Eqgs. (1), (2)) with observed
CKD-EPI at T5 using the CKD-EPI at T4 as alternative eGFR.

Statistics

We assessed bias using the mean prediction error (MPE), precision using the R2-value of the least squares regres-
sion, and accuracy using the root mean squared error (RMSE) and the number of predictions that fell within 30%
(p30) and 15% (p15) of the outcome. All calculations and statistical analyses were performed using R statistics
3.5.1. P-values below 0.05 were considered significant.

Results
Characteristics of prospective and retrospective cohort
For the prospective cohort, we included 31 patients with 37 iterations of CRRT cessation (Table 1). In total,
25 patients with 28 iterations had adequate urine production immediately after CRRT cessation and could be
analysed for urinary creatinine clearance. 24 patients with 25 iterations had successful cessation of CRRT for
at least 2 days and could be analysed for serum creatinine course after cessation. For the retrospective cohort,
we included 1856 patients with 2064 iterations of CRRT cessation, all of whom could be analysed for serum
creatinine course after cessation.

In both the prospective and retrospective cohorts, most patients were male (71% and 66%, respectively).
Patients in the prospective cohort were on average younger (57 vs 65 years) and had lower creatinine at cessation

Characteristic Prospective | Retrospective
Number of patients 31 1856
Number of CRRT iterations 37 2064

Age (years) 57+14 65+13

Sex (Male/Female) 22/9 1234/622
Weight (kg) 87+18 84+20

Stature (cm) 177+9 174+ 10
Urinary excretion of creatinine after discontinuation (mmol/L/4 h) 4.8+3.8 -

Urine production 4 h after discontinuation (ml/4 h) 153+183 -

Mean creatinine at discontinuation 11063 183+99

Table 1. Descriptive characteristics of the prospective and retrospective cohorts. Values are expressed as
mean = SD.
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(110 vs 183 pmol/L). In the prospective cohort, the median number of days in the ICU before cessation of CRRT
was 10 days [range 1 - 49 days].

Dynamic GFR increases accuracy calculating eGFR after CRRT cessation

First, we evaluated the association between expected and observed eGFR after CRRT cessation (Tables 2, 3,
Figs. 2, 3). In the prospective cohort, the CKD-EPI at T3 (4 h after cessation) overestimated the CKD-EPI 2 days
later at T5 (MPE =14.9 ml/min/1.73m? R?=0.74, p30 32%). Urine production in the 4 h immediately after
CRRT cessation had a poor association with the CKD-EPI at T5 (R2=0.07; Supplemental Fig. 1). Calculation of
the projected creatinine concentration after CRRT cessation using the D3Cgpp corrected the bias and increased
accuracy (MPE=-1.6 ml/min/1.73m?, R*=0.79, p30=76%).

These findings were replicated in the retrospective NICE cohort, although the difference was less pronounced
as only daily creatinine measurements were available (Table 3, Fig. 3). In this cohort, the CKD-EPI at T4 overesti-
mated the CKD-EPI at T5 (MPE =5.6 ml/min/1.73m?, R*=0.87, RMSE = 10.8, p30=67%). Urine production on
the day before cessation had a poor association with CKD-EPI at T5 (R*=0.03, p <0.001; Supplemental Fig. 1)

Bias Precision Accuracy
Formula MPE R2 RMSE P15 P30
CKD-EPI (ml/min/1.73m2) 14.9 0.79 19.8 24 32
D3C (ml/min/1.73m2) -1.6 0.74 16.0 40 76

Table 2. Association between observed CKD-EPI at T5 and predicted CKD-EPI by the kinetic formula
(D3Cgpr)- The CKD-EPI at T3 is provided as reference. Data of the prospective cohort. MPE Mean Prediction
Error (ml/min/1.73m2), RMSE Root Mean Squared Error (ml/min/1.73m2), R2the R2-value calculated with
linear regression, p15/p30the percentage of points that fall within 15%/30% of the outcome.

Bias Precision Accuracy
Formula MPE R2 RMSE P15 P30
CKD-EPI (ml/min/1.73m2) 5.6 0.87 10.8 44 67
D3C (ml/min/1.73m2) 32 0.88 10.4 57 80

Table 3. Association between observed CKD-EPI at T5 and predicted CKD-EPI by the kinetic formula
(D3Cgpr)- The CKD-EPI at T4 is provided as reference. Data of the retrospective NICE cohort. MPE Mean
Prediction Error (ml/min/1.73m2), RMSE Root Mean Squared Error (ml/min/1.73m2), R2the R2-value
calculated with linear regression, p15/p30the percentage of points that fall within 15%/30% of the outcome.
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Fig. 2. Data of the prospective cohort. (A-B) Dot plots showing the relationship between creatinine at T5 and
the creatinine at T3 (A) and D3Ccpy projected creatinine at T5 (B). Solid line represents the line of identity.
(C,D) Dot plots showing the relationship between CKD-EPI at T5 and the CKD-EPI at T3(C), and D3Cgpr
projected CKD-EPI at T5 (D). Solid line represents the line of identity (E,F) Bland-Altman plot showing
difference between CKD-EPI at T3 (E), D3Cgpy projected CKD-EPI at T5 (F), and CKD-EPI at T5. Solid line is
the mean difference, dashed lines represent 1.96 times the standard deviation of the difference.
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Fig. 3. Data of the retrospective NICE cohort. Dot plots showing the relationship between CKD-EPI at T5 and
CKD-EPI at T4 (A) and D3Cgpy projected CKD-EPI at T5 (B). The dotted line is the line of identity, the solid
line is a regression line calculated with LOESS.

and with urine production at T5 (R*=0.08, p <0.001). The D3Cgpg after CRRT cessation again reduced bias and
increased accuracy (MPE = 3.2 ml/min/1.73m? R?=0.88, RMSE =10.4, p30=80%).

Dynamic GFR and correction for muscle mass reduces bias calculating creatinine clearance
after CRRT cessation

We compared measured creatinine clearance with the Cockroft-Gault and the D3Cc,,, 4 h after CRRT cessa-
tion (Table 4, Fig. 4). The Cockcroft-Gault equation overestimated the urinary 4-h creatinine clearance and
was inaccurate (MPE =43 ml/min/1.73 m?, R2=0.19, RMSE =49, P30=16%). Although the D3C,.,, reduced
the bias, it was still inaccurate (MPE =17 ml/min/1.73 m?, R2=0.07, RMSE =40 ml/min/1.73 m?, p30=24%).
Urine production in the first four hours after CRRT cessation, often used as proxy for renal function, had poor
association with 4-h creatinine clearance (R?=0.06; Supplemental Fig. 1).

We hypothesized that the inaccuracy of the D3C,,,, in assessing measured creatinine clearance could be
explained, at least in part, by incorrect assumptions about creatinine production in patients with an abnormal
muscle mass. We therefore combined the CRAFT equation with the D3C¢,.,, creatinine clearance in a subset of
patients where clinically obtained CT-scans were available, to correct for muscle wasting (n= 13, Supplemental
Fig. 2). Median time between CT-scan and CRRT cessation 6 days (range 1-26 days). Combining the CRAFT and
D3Ceq €quations improved bias and accuracy (MPE =8 ml/min/1.73 m? RMSE = 18 ml/min/1.73 m?) compared
to using the D3C,,, equation alone in the same group of patients (MPE = 18 ml/min/1.73 m? RMSE =32 ml/
min/1.73 m?).

Discussion

This study shows that a dynamic eGFR equation (D3C) accurately models creatinine course after CRRT cessation
using two serum creatinine values taken 4 h apart directly after CRRT cessation. We replicated this finding in a
large nationwide retrospective cohort in the Netherlands. The estimated creatinine clearance could be further
improved by correcting for muscle wasting using automatically analysed CT scan data.

Conventional creatinine based eGFR equations require a stable serum creatinine concentration. As expected,
the CKD-EPI calculated directly after CRRT cessation overestimated the CKD-EPI two days later, due to the
sudden loss of CRRT clearance and serum creatinine not yet reaching steady-state. The D3C corrected this bias
using a simple single-compartment model with two serum creatinine values collected 4 h apart. We confirmed
the results of our small proof-of-principle study in a large nationwide retrospective cohort of all the ICU’s in the
Netherlands. Importantly, actual benefit of the D3C may be greater than suggested from the nationwide cohort
study because in this retrospective study we could not use 2 creatinine values shortly after each other after CVVH
was discontinued since only daily measurements where available. This reduced the effect of the D3C compared

Bias Precision Accuracy
Formula MPE R2 RMSE P15 P30
Cockcroft-Gault (ml/min) 43 0.19 49 12 16
D3C (ml/min) 17 0.07 40 12 24

Table 4. Association between 4 h urinary creatinine clearance at T3 and creatinine clearance estimated by
kinetic formula (D3C,,,,) at T3. The Cockcroft-Gault at T3 is provided as reference. MPE Mean Prediction
Error (ml/min), RMSE Root Mean Squared Error (ml/min), R2the R2-value calculated with linear regression,
p15/p30the percentage of points that fall within 15%/30% of the outcome.
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Bland-Altman plot showing difference between 4-h urinary creatinine clearance and the Cockcroft-Gault at T3
(C) and the D3C_,, at T3 (D). Solid line is the mean difference, dashed lines represent 1.96 times the standard
deviation of the difference.

to the conventional CKD-EPI, as more time had elapsed since CRRT was stopped and creatinine had more time
to reach steady-state.

Assessing renal function immediately after CRRT cessation is important to guide the decision whether CRRT
can be safely discontinued or should be restarted’. Previous research has focused on the safety of stopping CRRT
while patients are still on dialysis. Two retrospective studies found that during CRRT, a urine output of >400-
500 ml/day without diuretic therapy during CRRT was associated with successful discontinuation and lower
in-hospital mortality'”'%. Others have suggested a stepwise approach using a timed urine collection over 6 h to
calculate creatinine clearance in patients with a urine output>750 ml/day'®. There is one previous retrospec-
tive study that evaluated an alternative dynamic eGFR equation, the KeGFR, in 52 patients and showed that
a better KeGFR 24 h after CRRT cessation was associated with successful CRRT discontinuation®. We add to
these observations that a dynamic eGFR equation (the D3Cgpg) can be used to accurately model the creatinine
course after CRRT cessation using two creatinine values taken 4 h apart. The D3Cgp might therefore be used to
support the assessment of the underlying GFR as an argument in the decision to restart CRRT. Dynamic GFR
evaluation should however always be used in the context of metabolic and hemodynamic parameters to guide
the decision to start and or stop dialysis and should not be the sole parameter to base this decision on. Future
studies may provide data on whether the D3C and CRAFT equations can actually improve quality of care and
clinical outcomes in a cost-effective manner.

Our study has several limitations. First, the prospective study had a limited sample size due to its single-center
design. However, the results of the prospective study were reproduced in the larger retrospective study which
showed similar results. We did not compare the dynamic GFR with methods of measuring GFR such as inulin
clearance or iohexol clearance which were not available. Assessment of mGFR may have improved the accuracy
of the assessment of GFR, mainly since it is not affected by tubular secretion of creatinine (as is the creatinine
clearance). However, measurement of urinary clearance of these markers requires adequate urine production,
and measurement of plasma clearance requires estimates of the volume of distribution, which can be difficult to
estimate in the edematous states which are prevalent in ICU patients. Although the D3C accurately modelled
the creatinine course and CKD-EPI two days after cessation, the bias between urinary creatinine clearance and
D3C was still substantial, which may be explained by muscle wasting which affects creatinine-based equations
such as the D3C. Although correction for muscle wasting using clinically obtained CT-scans with the CRAFT
equation reduced this bias, some disagreement remained between the 4-h creatinine clearance and the calculated
creatinine clearance using the D3C and CRAFT equations. One explanation is that these equations should be
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specifically updated with data from ICU patients. However, it is also likely that part of the residual discrepancy
is based on collection errors of urine production, as even small collection errors of 20-50 ml may significantly
affect the measured creatinine clearance in patients with a limited urine production. Finally there was time
between CT-scan and cessation of CRRT, which may have affected the accuracy of the CRAFT equation, since
body composition may have changed.

In the future, integrated diagnostics may increasingly support physicians in their work. As clinically obtained
CT-scans become increasingly available, particularly in the ICU, the CRAFT equation can automatically provide
a creatinine-based estimate of renal function corrected for the patient’ s actual muscle mass. In addition, labora-
tory systems will also be able to detect rapid changes in serum creatinine concentrations over time and could
subsequently switch from GFR estimation equations based on stable serum creatinine concentrations to those
based on dynamic creatinine concentrations. Future studies may provide data on whether the D3C and CRAFT
can actually improve quality of care and clinical outcome in a cost effective manner.

In conclusion, the D3C can be used to accurately model the creatinine levels after CRRT cessation without the
need for urine collection. The CRAFT equation can be used to correct for muscle wasting if a CT-scan is avail-
able. These equations are promising tools for clinicians to advance decisions about drug dosing and reinitiation
of CRRT immediately after cessation of CRRT.

Data availability
The data is available upon request and under specific conditions, see (in Dutch): Extractieverzoek Procedure
(stichting-nice.nl).
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