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Abstract

Purpose An increasing number of critically ill patients receive slow extended daily dialysis (SLEDD) due to their pathophysi-
ology while suffering from sepsis, necessitating effective and safe antibiotic therapy. Although SLEDD reduces meropenem
exposure and increases treatment failure risk, effective and safe dosing regimens are unclear. We aimed to identify optimised
meropenem dosing strategies for critically ill SLEDD patients through population pharmacokinetic (PK) modelling and PK/
pharmacodynamic (PD)-based probability of target attainment (PTA) analysis.

Methods Clinical data from a prospective study involving critically ill SLEDD patients receiving meropenem were monitored
through routine therapeutic drug monitoring. A total of 178 blood samples from 13 patients (median 14 samples per patient)
were analysed. A PK model was developed and utilised to evaluate 24 clinically relevant dosing regimens during SLEDD
therapy (7-h on-SLEDD periods g24h) in PTA analyses. The PK/PD target window of minimum meropenem concentration
between 8 mg/L (P. aeruginosa; R-breakpoint) and 44.45 mg/L (toxicity threshold) was used.
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Results A one-compartment PK model with linear elimination and total clearance (CL) split into renal (CLggn; 45%) and
SLEDD-associated (55%) CL well characterised the SLEDD data. Creatinine clearance (urine-collected; CLCR ;,.) was
identified as significant factor on CLygy. Continuous infusions, specifically 2 g g24h for CLCR 4, 0-25 mL/min and 3 g g24h
for CLCR i, 2540 mL/min, showed the highest PTA being effective and safe during SLEDD therapy. A comprehensive
dosing nomogram was developed.

Conclusion Our easy-to-use dosing nomogram presents a promising tool in optimising meropenem dosing regimens for
critically ill SLEDD patients considering their kidney function in clinical practice.

Trial registration Clinicaltrials.gov NCT03985605. Registered 14 June 2019. https://classic.clinicaltrials.gov/ct2/show/study/
NCT03985605

Graphical abstract
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Abbreviations CLg1 eDD SLEDD clearance
AKI Acute kidney injury Ciin Minimum serum concentration
CI Confidence interval cv Coefficient of variation
CKRT Continuous kidney replacement therapy eGFR Estimated glomerular filtration rate
CLCR Creatinine clearance JTomic Time period of unbound antibiotic concen-
CLCR,,. Creatinine clearance based on urine tration exceeding MIC
collection GFR Glomerular filtration rate
CLgen Renal clearance ICU Intensive care unit
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IQR Interquartile range

ID Individual patient defined by admission to
one of the study ICUs

IHD Intermittent haemodialysis

v Interindividual variability

()% Interoccasion variability

iv. Intravenous

KRT Kidney replacement therapy

MIC Minimum inhibitory concentration

No. Number

oft-SLEDD SLEDD-free interval within SLEDD therapy

on-SLEDD  SLEDD interval within SLEDD therapy

P Percentile

PD Pharmacodynamics

PK Pharmacokinetics

PTA Probability of target attainment

q Every (e.g. ¢8h indicates new infusion every
8 h, i.e., thrice daily)

RSE Relative standard error

RUV Residual unexplained variability

SAPS 11 Simplified acute physiology score

SIR Sampling importance resampling

SLEDD Slow extended daily dialysis

SOFA Sequential organ failure assessment score
TDM Therapeutic drug monitoring

\Y% Volume of distribution

Introduction

Critically ill patients suffer from multiple pathophysiologi-
cal conditions, such as altered fluid balance, capillary leak
syndrome and organ dysfunction, often requiring supportive
extracorporeal therapies. Up to 25% of these patients receive
kidney replacement therapy (KRT) during their intensive
care unit (ICU) stay [1, 2]. Associated pathophysiological
conditions have been shown to alter the pharmacokinetics
(PK) of antibiotics, resulting in high inter- and intraindi-
vidual exposure variability in this patient population [3].
Additionally, especially for drugs that are mainly eliminated
via renal pathways, renal dysfunction and KRT each contrib-
ute significantly to the uncertainty of the expected individual
drug/antibiotic exposure [3]. An increasingly common KRT
modality for acute kidney injury (AKI) treatment is slow
extended daily dialysis (SLEDD), also referred to as sus-
tained low efficiency dialysis. SLEDD utilises conventional
haemodialysis machines for prolonged KRT amalgamating
benefits from intermittent haemodialysis (IHD) and continu-
ous kidney replacement therapy (CKRT); with blood and
dialysate flow rates of 100-300 mL/min (equivalent to 6-18
L/h), which were high in comparison to CKRT but resulted
in moderate overall elimination efficiency due to the limited
treatment duration of 6—-12 h [4].

Over 35% of ICU patients develop sepsis or septic shock,
experiencing a 5.7-fold higher ICU mortality rate than non-
ICU patients [5-7]. Their treatment primarily involves
timely and adequate antibiotic therapy, being the only causal
treatment option in most cases [8, 9]. Meropenem, a beta-
lactam antibiotic, mainly eliminated renally via glomerular
filtration and tubular secretion, with a broad spectrum and
good tolerability, is commonly used empirically in these
patients [10, 11]. However, high exposure to meropenem
can lead to nephrotoxic and neurotoxic adverse drug reac-
tions [12]. Meropenem is effective against gram-negative
and gram-positive pathogens, including commonly less sus-
ceptible pathogens such as Pseudomonas aeruginosa and
Acinetobacter spp. [13]. Generally, meropenem’s efficacy
depends on maintaining unbound antibiotic concentrations
above the pathogen's minimum inhibitory concentration
(MIC) for the entire dosing interval (i.e. 100%fT. pyc) in
critically ill patients [14]. Additionally, therapeutic drug
monitoring (TDM) is advised to optimise treatment [9, 14].

Previous studies indicated that SLEDD affects merope-
nem therapy by additionally removing it due to its low vol-
ume of distribution (V) of 21 L, low molecular mass and
minimal protein binding of 2% (98% unbound) [11, 15-17].
SLEDD therapy may cause fluctuating drug concentrations,
potentially too low during periods in which the SLEDD
device is switched on (on-SLEDD), risking reduced efficacy,
and too high when switched off (off-SLEDD), increasing the
toxicity risk.

Standard dosing regimens include 0.5 g or 1 g g8h/q12h
[18]. However, published studies on optimal antibiotic dos-
ing in critically ill SLEDD patients with AKI are limited
and inconsistent in their recommendations [8, 17, 19]. These
ambiguities complicate meropenem therapy during SLEDD
therapy in clinical practice. Model-informed precision dos-
ing instruments, taking into account PK/PD models and
patient, pathogen, dosing and TDM data, can guide clini-
cal dosing practices for improved PK/PD target attainment
[20]. Hence, this study aimed to: (1) quantify meropenem
exposure during SLEDD therapy in critically ill patients
using a nonlinear mixed-effects PK model approach with
routine TDM data, (2) identify patient subgroups at risk for
decreased PK/PD target attainment, (3) derive simulation-
based clinical dosing recommendations, and (4) translate the
findings to a clinically usable nomogram supporting thera-
peutic decision-making.

Methods
Clinical study data

The clinical patient, meropenem dosing, laboratory and
SLEDD data analysed were collected within a prospective
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monocentric observational study approved by the local
institutional review board and registered at clinicaltrials.
gov (registration number: 18-578, NCT03985605) and per-
formed at two ICUs of the University Hospital Munich,
LMU (Ludwig Maximilian University) [15]. Written
informed consent was obtained from the patients or their
legal representatives before their inclusion in the study,
in accordance with the Declaration of Helsinki and all
applicable local regulations. The patients in this study rep-
resented a critically ill patient population with a median
Sequential Organ Failure Assessment (SOFA) score of 11
(IQR: 10, 14) and a Simplified Acute Physiology Score
(SAPS) II of 53 (44, 84). Diagnosis and further demo-
graphic characteristics are summarised in Table 1. All
laboratory measurements were performed as part of the
routine clinical care within the local TDM program. TDM
was performed before, during and after the on-SLEDD
periods (Fig. 1, Fig. S1). SLEDD therapy, including the
machine settings and timing of treatment, as well as the
initiation of meropenem therapy and the administration of
specific dosing regimens, were prescribed at the discretion
of the treating physician. SLEDD was performed with a
Genius batch system (Fresenius Medical Care, Germany)
using a GENIUS® sleddFlux (surface area: 0.7 m?, Frese-
nius Medical Care, Germany). Within the Genius system,
a 1:1 tubing was used during 98% of the meropenem TDM
measurements (57 of 58 TDM samples taken during on-
SLEDD periods), with identical blood and dialysate flow
rates. In one patient and during one TDM measurement, a
2:1 tubing configuration was applied during a single on-
SLEDD period, with a blood flow rate of 150 mL/min and
a dialysate flow rate of 75 mL/min, which was considered
negligible for further analysis. Serum samples were ana-
lysed for meropenem using a validated high-performance
liquid chromatography-tandem mass spectrometry analysis
[21]. Blood flow rates, dialysate flow rates, ultrafiltration
rates, blood volumes, i.e. the total volume of extracor-
poreal blood processed during an on-SLEDD period, and
times (start and stop) were documented for all on-SLEDD
periods. Within the study bioanalysis, total meropenem
concentrations were assessed. The meropenem dose and
administration details, blood sampling time points and
demographic data, including age, sex, body weight, height,
creatinine clearance (CLCR), residual diuresis, and serum
creatinine and albumin concentrations, were collected for
each patient from the electronic hospital information sys-
tem. CLCR was determined based on 8 h urine collec-
tion (CLCR,;,.) (Table 1) calculated via Eq. 1 with the
creatinine concentration in urine (Cyype creatinine)» the total
urine volume collected (Vyy;,.). creatinine concentration
in serum (Cggum creatinine) @nd the urine collection duration
(TCOHeclion) of 8 h [22’ 23]
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Table 1 Patient characteristics, laboratory measurements and SLEDD
settings

Characteristics Frequency (%)
or median (P ys,
Poos)
Patients
No. of patients® 13 (100)
No. of female patients 3(23)

Total body weight (kg) 78 (50.5, 98.0)
Age (years) 66 (23.3,78.6)
Diagnosis at admission

Pneumonia 4 (31)

Sepsis 2 (15)

Lung transplantation 2(15)

Liver transplantation 1(8)
Polytrauma 1(8)
Ruptured abdominal aortic aneurysm 1(8)

Cerebral haemorrhage 1(8)
Pulmonary artery embolism 1(8)

Laboratory measurements

2.60 (1.90, 3.00)
1.00 (0.00, 56.0)
2.60 (1.07, 4.77)
325 (0, 3263)

Serum albumin concentration (g/dL)b
Creatinine clearance (mL/min)°
Serum creatinine concentration (mg/dL)®
Residual diuresis (mL/d)

Dialysis setting

No. of patients with SLEDD therapy 13 (100)
No. of on-SLEDD periods 28 (-)
No. of SLEDD periods per patient 2(1,44)

On-SLEDD period duration (h)®
Blood flow (mL/min)®
Dialysate flow (mL/min)®
Ultrafiltration rate (mL/h)®
Blood volume (L)®

Meropenem TDM samples

6.75 (3.57, 12.4)
165 (131, 240)
165 (120, 240)
305 (107, 565)
75 (26.8, 109)

No. of meropenem samples (total serum) 178 (-)
No. of meropenem samples per patient 14 (4.6,25.2)
No. of meropenem samples on-SLEDD 58 (32.6)

24.9 (7.73, 59.9)
24.9 (7.60, 61.8)
25.1(8.16, 52.0)

Meropenem concentrationt (mg/L)
Meropenem concentrations off-SLEDDf (mg/L)
Meropenem concentrations on-SLEDDf (mg/L)

TDM therapeutic drug monitoring, SLEDD slow extended daily dial-
ysis, No. number, P percentile, on-SLEDD during SLEDD period
within SLEDD therapy, off-SLEDD not during SLEDD period within
SLEDD therapy

*Defined by admission to one of the study ICUs

"Median value calculated from 102 laboratory measurements across
all individuals

“Based on urine collection calculated for 8 h and median value calcu-
lated from 101 CLCR,,,. values across all individuals

9Median value calculated from 111 collected residual diuresis meas-
urements across all individuals

“Median of 28 on-SLEDD periods

[Collected at various time points across the dosing interval

urine
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Fig. 1 Schematic meropenem concentration versus time plot for
short-term, prolonged and continuous infusions in critically ill
patients on slow extended daily dialysis (SLEDD) therapy in the clin-
ical routine setting of this study. Therapeutic Drug Monitoring was
performed before (white), during (beige) and after (white) on-SLEDD
periods with schematic sampling schedule. The pharmacokinetic/

CLCRurine — CCurine crealinine**TVurine ( 1)

serum creatinine collection

Urine was collected daily from 9 pm to 5 am of the fol-
lowing day and serum creatinine was determined as single
measurements every morning. Accordingly, CLCR ;. was
recalculated with the new measurements every 24 h.

Thanks to the observational character of the study reflect-
ing clinical routine practice, various dosing regimens were
used and changed within patients: 54% (96) of the samples
were taken within or after a short-term infusion (dura-
tion: <2 h), 9% (16) within or after a prolonged infusion
(duration: 2—-8 h) and 37% (66) within or after a continu-
ous infusion (duration: > 8 h). The meropenem individual
dose per infusion ranged from 0.5 to 2 g for short-term and
prolonged infusions. For continuous infusions, 2 g/24 h to
6 g/24 h were administered. A summary of dosing regimens
utilised and sampling times is provided in the Supplemen-
tary material Section 1 (Table S1).

Characterisation of meropenem population
pharmacokinetics during SLEDD therapy

To characterise intravenous (i.v.) meropenem PK, one-, two-
and three-compartment PK models with zero-order input
and first-order distribution and elimination processes were
investigated. Interindividual variability (IIV) and interocca-
sion variability (IOV) were investigated using exponential
models and residual unexplained variability (RUV) using
additive, proportional, and combined variability models.

I Sampling during off-SLEDD period

Toxicity threshold: ﬂ

Sampling during on-SLEDD period
Cuin < 44.45 mg/L piing during P

] PK/PD target window
-~ Short-term infusion

Prolonged infusion

Efficacy threshold:
Cmin > 8 mg/L — Continuous infusion

pharmacokinetic (PK/PD) target window included an efficacy thresh-
old, i.e. C;, > 8 mg/L (Pseudomonas aeruginosa R-breakpoint, green
horizontal line), and a toxicity threshold, i.e. C;, <44.45 mg/L ([12],
red horizontal line). A summary of dosing regimens utilised and
sampling times is provided in the Supplementary material Section 1
(Table S1)

Impact of body weight on PK parameters was tested (allo-
metric scaling: exponent of 0.75 for CL and 1 for V param-
eters). Moreover, candidate covariates for the PK parameters
CL and V were preselected based on graphical evaluation
and prior publications and tested with stepwise covariate
modelling in Perl-speaks-NONMEM. To investigate the
impact of on-SLEDD and off-SLEDD periods on CL within
SLEDD therapy the elimination was dissected into renal
(CLggyn) and nonrenal (CLg; ppp) pathways. Final covariate
selection was based on statistical and clinical significance,
IIV reduction, covariate effect impact and precision, and
plausibility. The developed PK model was extensively evalu-
ated regarding parameter precision and accuracy obtained
by sampling importance resampling (SIR) and predictive
performance using prediction-corrected visual predictive
checks (n=1000) [24].

Evaluation of standard and alternative dosing
regimens

To predict PK/PD target attainment of different dosing regi-
mens, the developed PK model was used to perform stochas-
tic dosing simulations in 1000 virtual patients (CLCR i,
[creatinine clearance based on urine collection] range:
0-40 mL/min) receiving short-term (0.5 h), prolonged (4 h),
or continuous (24 h) infusions, followed by a probability
of target attainment (PTA) analysis. Doses ranged from 0.5
to 2 g for short-term and prolonged infusions, and 1 to 6 g
for continuous infusions. Dosing intervals for intermittent
infusions were 6 h, 8 h, 12 h, or 24 h (in total: 24 regimens).
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To consider both treatment efficacy and safety in the ana-
lysed renally impaired patient population, a PK/PD target
window was defined: the Pseudomonas aeruginosa mero-
penem breakpoint (EUCAST R-breakpoint of 8 mg/L) was
used as the MIC value for the target fT. \;c=100% [25]
combined with the nephrotoxicity threshold of the mero-
penem minimum concentration (C;,) <44.45 mg/L pro-
posed in [12], resulting in a final PK/PD target window of
8 mg/L < C,;, <44.45 mg/L (Fig. 1). In the utilised PK/PD
target window, efficacy and toxicity thresholds were equally
weighted. A SLEDD regimen of 7 h g24h, representing the
typical regimen in the study, was used [15]. Per dosing regi-
men, 1000 simulations were assessed to calculate the PTA
for the PK/PD target window with assumed steady-state (i.e.,
48 h after the start of dosing). A mean PTA of >90% for
all calculated PTA values was considered therapeutically
adequate [26]. Total meropenem concentrations were con-
sidered due to its low protein binding (2%) [11].

Results

Characterisation of meropenem population
pharmacokinetics during SLEDD therapy

The i.v. infusion PK of meropenem in critically ill SLEDD
patients was best characterised by a one-compartment model
with zero-order infusion, first-order elimination, and total
clearance (CL) divided into renal CL (CLggy) and SLEDD-
associated CL (CLg; gpp) based on the exploratory graphi-
cal analysis (Fig. S2). From the total CL of 6.36 L/h, 45%

Meropenem

v

Volume of
distribution

SLEDD
@) ON/OFF

Clearancerenal
A

Clearances| gpp

Creatinine
clearance

Fig. 2 Illustration of the developed pharmacokinetic model for mero-
penem in critically ill patients receiving slow extended daily dialysis
(SLEDD) with clearance (CL) split into renal and SLEDD-associated
CL and a covariate relationship between creatinine clearance based
on urine collection and renal CL:

TBW,

0.75
CLggy, = CLigy X (—) x (1+ (CLCR

0 covariate effect on CLgpy)

urine

X(CLCR 0 = CLCR ) ) and V: V, =V x (%).CLREN: renal
meropenem clearance, i: individual, TBW: total body weight,
CLCR,,;,,. Creatinine clearance based on urine collection
CLCR,,y,.n: Median of the individual-level weighted mean values of
CLCR, ;.. i.e. CLCR,,;,,,, = 4.13 mL/min (see Supplementary Sec-
tion 3 “Characterisation of population pharmacokinetics during

SLEDD therapy”), V volume of distribution

(2.87 L/h) was attributed to CLggy, and 55% (3.49 L/h) to
CLg; gpp- Furthermore, IIV on CLygy (21.1%CV), IOV

Table 2 Parameter estimates

. . Parameter Estimate (RSE, %) 95% CI (SIR)
and confidence intervals of
the developed population CLggy (L/h)? 2.87 (10) 2.49-3.33
harmacokinetic model of b

P Lone moce ¢ V(L) 33.8(17.8) 28.1-42.9

meropenem in critically ill

patients receiving SLEDD CLg1gpp (L/h) 3.49 (39.8) 2.06-5.18
Covariate effect of CLCR ;. on CLyp\¢ 0.0251 (44.2) 0.0125-0.0391
Interindividual variability on CLggy, %CV 21.1 (34.1) 14.5-32.5
Interoccasion variability on CLg; gpp?, %CV 109 (40.4) 51.9-185
Residual variability (proportional), %CV 34.2 (16.3) 30.9-39.3

CI confidence interval, CLgp, renal clearance for 70 kg patient, CLg; ,p, SLEDD clearance, CLCR

urine CT€~

atinine clearance based on urine collection, CV coefficient of variation, RSE relative standard error, SIR
sampling importance resampling, SLEDD slow extended daily dialysis, V volume of distribution for 70 kg

patient

#For a CLCR ;. of 4.13 mL/min and body weight of 70 kg (allometrically scaled with exponent 0.75)
For a body weight of 70 kg (allometrically scaled with exponent 1)

‘CLgen, = CLgen X (1 + (Covariate effect of CLCR, ,, on CLgpy) X (CLCR
the index i represents the individual CLCR

values, i.e. CLCR ;jrem
ues”)

urine, i — CLCRurinE,m) )’ where

uine and m the median of the individual-level weighted mean

=4.13 mL/min (see Supplementary Sect. 3 “Calculation of median covariate val-

d0ccasion defined as start of respective on-SLEDD period

@ Springer
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on CLg ppp (109%CV) and a proportional RUV model
(34.2%CV) were integrated. Allometric scaling of total body
weight was included on the CLygy and V (Table 2, Fig. 2).

The developed model included residual renal function,
represented as CLCR i, as an impactful covariate on
CLggy in a linear relationship showing a 25.1% reduction in
CLggy for every 10 mL/min decrease in CLCR ;. (Table 2,

urine

Fig. 3, Fig. S3, Eq. S1). This covariate inclusion explained
39% of the IIV on CLggy of the base model (Table 2,
Table S2). All SLEDD parameters such as blood flow rate,
dialysate flow rate, ultrafiltration rate, blood volume, and
time on SLEDD were evaluated as potential covariates on
CLg; gpp (Figs. S4-S5) but were excluded from the final
model due to their statistically insignificant effects in the

Fig.3 Total meropenem serum
concentrations normalised by

a representative 3 g daily dose
versus creatinine clearance
based on urine collection on a
log—log scale including regres-
sion equation, R?, Pearsonr
correlation coefficient and the
respective p values (Pearson
correlation test). Only merope-
nem samples during off-SLEDD
periods (n=120) were taken
into account. Meropenem
sampling was performed across
the entire dosing interval.
Colours represent dosing
regimens: blue =short-term
[duration: <2 h], green=pro-
longed [duration: 2—-8 h],
orange = continuous infusions
[duration: > 8 h]

100

30

y =31.8-0.424 * x
R?=0.168
Pearson r = -0.409
p =<0.001

Total meropenem serum concentration, normalised by daily dose [mg/L]

forward inclusion (no reduction in objective function value
more than > 3.84, for more details see Supplementary Sec-
tion “3. Pharmacokinetic Modelling”).

The developed model displayed no systematic bias
according to individual and population goodness-of-
fit plots (Fig. 4, Figs. S6-S7). Although a minor ten-
dency towards underprediction at lower concentrations
(<10 mg/L) was noted in population predictions during
on-SLEDD periods, this was no longer observed in indi-
vidual predictions. Model evaluation demonstrated high
parameter accuracy, precision as well as model robustness
and predictive performance (Fig. S8).

Dosing regimen:
@ Short-term infusion
@® Prolonged infusion

) Continuous infusion

10 100

Creatinine clearance based on urine collection [mL/min]

100 1

Observations [mg/L]

10

Observations [mg/L]

00

10

SLEDD
Off

& On

10 100
Population prediction [mg/L]

Fig.4 Goodness-of-fit plots of the developed population PK model
for meropenem in critically ill including R?, bias, Pearson r correla-
tion coefficient and the respective p values (Pearson correlation test).
Circles in red indicate observed meropenem measurements taken dur-
ing off slow extended daily dialysis (SLEDD) and in turquoise during

10 100
Individual prediction [mg/L]

on-SLEDD. Coloured lines represent linear regression line with con-
fidence intervals. Black line: unity line. Observed versus population-
predicted concentrations (left) and versus individually predicted con-
centrations (right)
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Evaluation of standard and alternative dosing
regimens

Based on the PTA analysis with the 24 investigated dosing
regimens, an overall risk of not reaching the PK/PD target
window for the underlying patient population was found,
observable in both patients with and without SLEDD therapy
(Fig. 5). A separate PTA analysis for the efficacy and toxic-
ity targets showed the importance of considering both; as
regimens with a high probability of effective treatment had
an increased probability of exceeding the toxicity threshold
(e.g. 2 g gbh prolonged; Fig. S9-10) and vice versa safe regi-
mens did not necessarily show a high probability of being
effective (e.g. 1 g g12h prolonged, Fig. S9-10). In addition,

Fig.5 Probability of PK/PD

SLEDD affected the probability of achieving effective and
safe concentrations. Concerning safety, SLEDD showed a
moderate protective effect in terms of an increased prob-
ability of not exceeding the toxicity threshold (Fig. S10).
Continuous infusions of 2 g or 3 g g24h showed the highest
probability of reaching both the efficacy target as well as the
toxicity target. (Supplementary Section 4).
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or 3 g g24h, or prolonged infusions of 1 g g8h achieved
PTAs>90% (Fig. 5). For CLCR;,. values <15 mL/min,
only continuous infusions of 2 g g24h or prolonged infusions
of 0.5 g g6bh attained the target window (Fig. 5). In general,
the differences between non-SLEDD and SLEDD therapy
were identified to be the lowest for continuous infusions
compared to prolonged and short-term infusions.

For high clinical utility, the simulation and PTA analysis
results with the joint PK/PD target window for efficacy and
toxicity from Fig. 5 were translated and summarised in a
dosing nomogram for each type of infusion, dose and inter-
val (Fig. 6). For each CLCR ;. value from 0 to 40 mL/min
in increments of 5 mL/min, dosing regimens that achieved
PTAs of >90% were labelled green, those between 50 and
90% yellow and those < 50% red.

Discussion

In critically ill SLEDD patients, continuous infusion dosing
regimens were the most suitable type of infusion to maxim-
ise PK/PD target attainment, taking into account efficacy and
toxicity thresholds. Leveraging data reflecting the real-world
situation in ICUs, the identification of the most suitable
dosing regimens was achieved by successfully developing a
population PK model for meropenem in critically ill patients
receiving SLEDD and evaluating PK/PD target attainment
in this population across a wide range of clinically relevant
dosing regimens. The associated simulation results were
translated into a clinically usable dosing nomogram.

Splitting elimination into two distinct processes, i.e. the
extracorporeal elimination and remaining renal pathway, was
successful. CLg; gpp contributed to more than half (55%)
of the total meropenem CL of 6.4 L/h. While not directly
quantified through dialysate and pre-/post-filter measure-
ments, the assessment of TDM data during clinical routine
on-SLEDD and off-SLEDD periods allowed for a differen-
tiation between and quantification of CLg; gpp and CLypy.
Overall, all PK model parameters were plausible compared
to previously reported parameters. Our dialysis-associated
CL of 3.49 L/h corresponded well with previously reported
values of 1.2 L/h and 4.8 L/h for intermittent KRT [27, 28].
Using significantly higher ultrafiltration rates (500 mL/h, our
study: 280 mL/h) and blood/dialysate flows (250 mL/min,
our study: 180 mL/min), a higher SLEDD-associated CL of
7.9 L/h was reported in [8]. Another study including renally
impaired patients reported a lower total CL of 3.52 L/h with-
out dissection into a dialysis-associated CL and a renal CL
[19], yet the PK analysis was based on a population receiv-
ing SLEDD, the less efficient CKRT or KRT (each group
about one third).

In terms of V, Mouton et al. [29] reported 21 L in
healthy non-continuous kidney replacement volunteers.

In comparison, Chung et al. reported 14.3 L for V of the
central and 17.7 L for V of the peripheral compartment
in CKRT patients, which is similar to the V of 33.8 L
observed in our study [30]. One- and two-compartment
disposition models have been previously described in the
literature for meropenem, which supports the identification
of a one-compartment model in this study to characterise
the PK of meropenem in critically ill patients [31-33].

The meropenem CL of healthy volunteers has been
shown to range from 11-14 L/h [27, 28]. Since our
study population suffered from severe renal impairment
(Table 1), we expected our estimated CLygy value to be
substantially lower: the estimated value of 2.87 L/h cor-
responded to a glomerular filtration rate of 4.13 mL/min
(CLCRiye)- Thus, at CLCR values of healthy individuals,
e.g. 120 mL/min, CLyy reached the expected range for
healthy volunteers at 11.2 L/h, highlighting the plausibility
of the estimated effect size in our covariate model, namely
a 25% decrease in CLygy for a 10 mL/min deterioration
in glomerular filtration. The identification and quantifica-
tion of CLCR ;. as a time-varying covariate influencing
CLggn» considered potential changes in renal CL of mero-
penem in individual patients over the course of therapy.
This covariate—parameter relationship aligned with previ-
ously developed non-dialysis meropenem models in which
kidney function has been shown to significantly influence
meropenem CL [32]. The residual meropenem CL of 2.87
may be attributable to a reported increase in active tubular
secretion and proportion of non-renal elimination and/or
metabolism of meropenem in renally impaired critically
ill patients [27, 34].

For the first time, this study quantified the variability of
meropenem CLg; ppp, most likely due to machine setting
changes, within the different on-SLEDD periods of a criti-
cally ill patient implemented as IOV. This was only possi-
ble due to the availability of a larger number of data points
from multiple on-SLEDD periods per patient. In previously
developed population PK models of meropenem therapy in
critically ill SLEDD patients this aspect was not considered
[8, 19]. The high variability between the on-SLEDD peri-
ods (109%CV) underlined the probable impact of distinct
SLEDD settings (e.g. duration, interval, dialysate flow rates,
blood flow rates, ultrafiltration rate, and dialyser type) on
the SLEDD-associated CL of meropenem. However, similar
to Braune et al. [8], none of those settings or other factors
were identified as significant covariates on CLg; gpp, despite
weak correlation trends in the graphical analysis between
CLg; gpp» the dialysate flow rate, and the ultrafiltration
rate, respectively (Fig. S5). That we could not identify this
relationship as statistically significant might also be likely
due to a rather small variation in different SLEDD settings
and the variable but sparse sampling scheme. Nevertheless,
IOV could be associated with the SLEDD elimination of
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Fig. 6 Dosing nomogram for
meropenem in critically ill
patients for short-term infusions
(top), prolonged infusions (mid-
dle) and continuous infusion
(bottom) during slow extended
daily dialysis (SLEDD)

therapy (7 h on-SLEDD periods
g24h). PK/PD target window:

8 mg/L<C,,;,<44.45 mg/L.
PTA: probability of target win-
dow attainment (colour-coded
as green for >90% PTA, yellow
for 90% >PTA >50% and red
for<50% PTA), q: every (e.g.
¢8h indicates a new infusion
every 8 h, i.e. thrice daily), PK/
PD pharmacokinetic/pharmaco-
dynamic
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meropenem, reducing RUV by 13%. The additional inclu-
sion of IIV on CLg; ppp did not result in an improvement of
the model.

Critically ill patients are at high risk of excessive mero-
penem serum concentrations, quickly reaching nephrotoxic
(Cppin > 44.45 mg/L) or neurotoxic levels (C,,;, > 64.2 mg/L),
which can be prevented via a dosing strategy guided by
the defined PK/PD target window [12, 35]. The toxicity
threshold proposed by Imani et al. was selected because the
analysed patient population is urgently dependent on their
remaining kidney function. The applied target window offers
practical and clinically oriented assistance based on the lat-
est guidelines [9, 14].

Within the simulation plots, the bell-shaped curves
per dosing regimen in Fig. 5 resulted from the relation-
ship between CLCR ;. and meropenem exposure: lower
CLCR;;, led to higher meropenem concentrations, increas-
ing the probability of exceeding the toxicity threshold (i.e.
44.45 mg/L), whereas higher CLCR ;. resulted in lower
meropenem exposure, reducing the probability of exceed-
ing the efficacy threshold (i.e. 8 mg/L). The dosing simula-
tion analyses for a clinically relevant range of CLCR ;.
values between 0 to 40 mL/min revealed that continuous
infusions of 2 g or 3 g had the highest PTA values compared
to short-term and prolonged infusion regimens. Our results
are consistent with those of Westermann et al., who reported
that patients with KRT and 2 g/24 h continuous meropenem
infusion achieved a PTA of 95% [19].

This study focused on meropenem dosing regimens in
the rare population of highly vulnerable critically ill patients
undergoing SLEDD, resulting in a small total number of
included patients. However, the extensive data collected
per patient (median of 14 samples, from on-SLEDD as well
as off-SLEDD periods) facilitated the robust estimation of
PK parameters. Our developed dosing nomogram allows
clinicians to determine the most suitable dosing regimen
for patients undergoing SLEDD, aligning with the condi-
tions of our study, yet commonly applied (7 h on-SLEDD
periods g24h, blood flow 131-240 mL/min, dialysate flow
120-240 mL/min, ultrafiltration rate 107-565 mL/h and
blood volume 26.8—-109 L). Based on our analyses, we advise
not to use estimated glomerular filtration rate formulas with
our nomogram, only CLCR ;... In clinical scenarios with
patients exhibiting no residual diuresis and thus CLCR ;.
cannot be calculated, the dosing recommendations from the
first column of the dosing nomogram (i.e. CLCR ;;,. =0 mL/
min), can still be employed. Before our developed model
and dosing nomogram can be used more broadly in clinical
practice, a prospective clinical validation with external data
must be performed.

In the clinical study, no individual pathogen or MIC
determinations were acquired [15] which could in a next
step further optimise meropenem exposure during SLEDD

min

therapy. In order to apply the finding to other SLEDD set-
tings than in this clinical trial, future studies should focus
on broader ranges of durations, intervals, and flow rates to
identify influential parameters on the SLEDD-associated
elimination of meropenem.

Overall, our developed PK model for SLEDD therapy
in critically ill patients has the potential to be integrated
into easy-to-use model-informed precision dosing instru-
ments [20] after completion of the prospective validation.
Thereby, our model can enable healthcare professionals
to decide on dosing adjustments when SLEDD therapy
is applied directly at the patient's bedside. By integrat-
ing TDM data, Bayesian data analysis approaches could
be combined with our model to enhance the precision of
meropenem exposure predictions, facilitating more accu-
rate and tailored dosing recommendations [20, 36-39].

Conclusion

Continuous meropenem infusion regimens (2 g for
CLCR,c of 0-25 mL/min, 3 g for CLCR;,. of
25-40 mL/min g24h) demonstrated the highest probabil-
ity of achieving adequate antibiotic exposure and avoid-
ing potentially nephro- and neurotoxic concentrations in
the highly vulnerable population of critically ill SLEDD
patients. The availability of TDM and accurate early
CLCR,;, measurements is essential for optimal individual
dosing. Our dosing nomogram represents an easy-to-use
model-informed precision dosing instrument for clinicians
and antimicrobial stewardship teams for selecting the best
meropenem dosing regimen for SLEDD patients where
conditions align with our study.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s15010-025-02504-0.
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