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Introduction: Severe burn injury involves widespread skin and tissue damage leading

to systemic inflammation, hypermetabolism and multi-organ failure. The hyper-

metabolic phase of burn injury has been associated with increased systemic antibiotic

clearance; however, critical illness in the absence of burn may also induce similar

physiologic changes. Continuous renal replacement therapy (CRRT) is often

implemented in critically ill patients and may also affect antibiotic clearance. Although

the pharmacokinetics (PK) of meropenem has been described in both the burn and

non-burn critically ill populations, direct comparative data is lacking.

Methods: For this study, we evaluated PK parameters of meropenem from 23 criti-

cally ill patients, burn or non-burn, treated with or without continuous veno-venous

haemofiltration (CVVH) to determine the contribution of burn and CVVH to the vari-

ability of therapeutic meropenem levels.

Results: A two-compartment model best described the data and revealed creatinine

clearance (CrCl) and total burn surface area (TBSA) as significant covariates on clear-

ance (CL) and peripheral volume of distribution (Vp), respectively. Of interest, non-

burn patients on CVVH displayed an overall lower inherent CL as compared to burn

patients on CVVH (6.43 vs. 12.85 L/h). Probability of target attainment (PTA) simula-

tions revealed augmented renal clearance (ARC) may necessitate dose adjustments,

but TBSA and CVVH would not.

Conclusions: We recommend a standard dose of 1000 mg every 8 hours; however, if

ARC is suspected, or the severity of illness requires a more stringent therapeutic tar-

get, we recommend a loading dose of 1000–2000 mg infused over 30 minutes to 1

hour followed by continuous infusion (3000–6000 mg over 24 hours), or intermittent

infusion of 2000 mg every 8 hours.

This was an observational study with no experimental interventions. Patients were cared for under the supervision of the respective intensive care unit attending physician(s) while enrolled in

the study. MAJ Elaine Por was the site principal investigator at Walter Reed Army Institute of Research and LTC Kevin Akers was the site principal investigator at the United States Army

Institute of Surgical Research.
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1 | INTRODUCTION

Critically ill patients are at high risk for developing life-threatening

infections, leading to sepsis and multiple organ failure, thus requiring

immediate and adequate antimicrobial therapy to improve chances of

survival.1 Severe pathophysiological changes attributed to injuries

such as burn alter antibiotic pharmacokinetics (PK) and complicate the

prediction of appropriate therapeutic drug levels. Acute kidney injury

(AKI) is relatively common among hospitalized critically ill and burn

patients and is associated with an exceedingly high mortality of 80–

100%,2,3 increased length of mechanical ventilation and ICU hospitali-

zation.4 Moreover, critical injuries associated with augmented renal

clearance (ARC), altered volume of distribution (Vd), and/or abnormal

fluid balance can also contribute to variable drug PK, necessitating

extended or continuous infusions and/or higher doses or increased

dose frequency to achieve therapeutic levels.5

Renal replacement therapy (RRT) has shown tremendous utility in

the management of critically ill patients with AKI to mitigate against

metabolic disturbances and achieve fluid balance.4 Continuous RRT

(CRRT) is extensively utilized in the treatment of intensive care unit

(ICU) patients and is often preferred over intermittent RRT as it allows

for gradual metabolic control and restoration of fluid balance without

significant haemodynamic shifts.6,7 There are several modalities of

CRRT, although the optimal modality is not well established.8,9 Con-

tinuous veno-venous hemofiltration is a modality that relies on con-

vection to remove solute and is the preferred modality at the US

Army Burn Center. Extracorporeal antibiotic clearance due to CRRT

depends on several factors including blood flow rate, ultrafiltration

flow rate, dialysate flow rate and mechanism of solute removal.7

Recent evidence has revealed that 25% of ICU patients on CRRT

failed to achieve therapeutic concentrations of antibiotics regardless

of the dialysis dose.10 Thus, although RRT is vital for efficient meta-

bolic clearance and ultrafiltration of fluids in critically ill patients, care-

ful consideration of its impact on antibiotic PK is necessary to ensure

appropriate dosing and antibiotic coverage.

Due to its high level of activity against Gram-positive and Gram-

negative pathogens, the broad-spectrum antimicrobial meropenem is

frequently used to empirically treat critically ill patients. Meropenem

is a small hydrophilic molecule in the carbapenem class with a low Vd

and low protein binding (<2%), that displays time-dependent antimi-

crobial activity. Meropenem is renally eliminated via glomerular filtra-

tion and tubular secretion, with a typical half-life of 1 hour, though in

the setting of renal failure the half-life can increase up to 10-fold.11

Extensive literature has demonstrated that hydrophilic antimicrobials,

including meropenem, display substantial PK and pharmacodynamic

(PD) variability in critically ill patients due to capillary leakage and

pathophysiology,5,12–15 directly influencing drug disposition. Conse-

quently, patients with altered pathophysiology placed on CRRT can

demonstrate greater variability in drug PK, with meropenem CL

affected by ultrafiltrate volume, dialysate flow rate, filter membrane

surface area and duration of therapy.16,17

PK/PD analyses are fundamental in determining in vivo efficacy

of drugs18 and optimal drug exposure required for maximal bacterial

killing19 in critically ill patient populations. Pathophysiological alter-

ations associated with disease as well as adjunctive treatments can

distort the PK of drugs, directly affecting the effectiveness of an

administered therapeutic. For antimicrobials that exhibit time-

dependent killing activity, continuous infusion and/or increasing the

dosing frequency are utilized to increase ƒ %T > MIC. While typical

dosing recommendations are to maintain meropenem concentrations

What is already known about this subject

• Pharmacokinetics (PK) of meropenem and dosing regi-

mens are well described in various critically ill subpopula-

tions; however, comparative data is lacking.

• Traditionally, burn injury has been thought to necessitate

meropenem dose increases secondary to severe physio-

logic derangements that impact meropenem PK.

• Similarly, use of continuous renal replacement therapy

(CRRT) has been thought to necessitate more aggressive

meropenem dosing regimens.

What this study adds

• We provide a comparative analysis of meropenem PK in

critically ill burn and surgical patient populations treated

with or without continuous veno-venous haemofiltration

(CVVH).

• We found, after accounting for differences in prescribing

practices of CVVH amongst critically ill subpopulations,

that neither burn injury nor use of CVVH would require

meropenem dose increases on account of PK consider-

ations alone.

• Our findings suggest meropenem dose increases or alter-

native dosing regimens should be considered on the basis

of individual risk–benefit assessments given the severity

of illness and entirety of clinical data available.

• However, our study was limited by small sample size,

large heterogeneity and the challenge of acquiring opti-

mal PK sampling in a critical care setting. Therefore, these

results should be confirmed with larger comparative PK

studies.
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above the MIC for 40% of the dosing interval (ƒ 40%T > MIC), emerg-

ing evidence suggests a clinical advantage for maintaining drug con-

centrations longer and up to five times the MIC (ƒ 100%

T > 5 � MIC).20,21 Of particular relevance, administration of

meropenem by continuous infusion results in similar mortality and

clinical cure rates as compared with intermittent infusion; however,

microbiologic success rates were higher, and ICU stays and duration

of therapy were shorter with continuous infusion.22

The objective of this study was to elucidate the effects of burn

and CVVH on meropenem PK using population PK modelling method-

ology. Monte Carlo simulations were performed to assess different

dosing regimens in the setting of normal and augmented renal func-

tion and evaluate the impact on meropenem probability of target

attainment (PTA). Our findings herein provide direct comparative ana-

lyses of these distinct, critically ill patient populations and suggest

dosing recommendations to optimize therapeutic levels and improve

clinical outcomes.

2 | METHODS

2.1 | Data

For the study, protocol and associated documents, including informed

consent forms, were reviewed and approved by the Institutional

Review Board (IRB) at the United States Army Medical Research and

Development Command (MRDC; Fort Detrick, MD). De-identified

patient data was obtained from an IRB-approved protocol at the

USAISR Burn Center and Brooke Army Medical Center (BAMC) Surgi-

cal Trauma Intensive Care Unit (STICU). There was a total of

23 patients, 12 with no burn injury and 11 with burn injury. Of the

12 patients with no burn injury, four received CVVH, while six of

11 patients with burn injury received CVVH. The most commonly pre-

scribed dose was 1000 mg meropenem every 8 hours (n = 13

patients). Three patients received 2000 mg meropenem every 8 hours,

three patients received 1000 mg meropenem every 12 hours, and one

patient received 500 mg meropenem every 12 hours. All doses were

infused over 30 minutes to 1 hour. For each patient, pre-filter plasma,

post-filter plasma and effluent samples were collected at steady state.

There was one set of samples for each patient drawn prior to the dose.

The pre-dose plasma sample was a steady-state trough draw; how-

ever, the time in relation with the previous dose was not recorded in

our dataset. The remaining samples were drawn from 0.5 hours to

12 hours post-dose (after the infusion began). There was a total of

95 pre-filter plasma concentration observations post-dose. The mean

number of pre-filter post-dose plasma samples per patient was 4.13

(range of 3–5). There were no missing post-filter concentration data in

those receiving CVVH. Three patients had either missing albumin,

weight on sampling day or urine output data. Mean values were

imputed in these cases. Figure S1 in the Supporting Information dem-

onstrates all time–concentration data after the end of infusion strati-

fied by burn and CVVH.

2.2 | High-performance liquid chromatography
(HPLC)

Meropenem concentrations from patient samples were determined by

HPLC using a method previously validated in our laboratory. A Dionex

3000 HPLC system (Dionex, Thermo-Fisher Inc., Sunnyvale, CA) with

UV detection at 298 nm was used for analysis. Briefly, the mobile

phases consisted of 0.2 borate buffer at pH 7.2 (mobile phase A), and

100% MeOH (mobile phase B). These were run at 0.6 mL/min

isocratically (97:3) for 10 minutes, followed by a ramp of mobile phase

B from 3% to 26% until 20 minutes. The stationary phase was a

150 mm octadecyl column (Luna 5u C18 100A 150 � 4.6 mm;

Phenomenex, Torrance, CA). This resulted in retention times for

imipenem (internal standard, IS) and meropenem of approximately

7.5 minutes and 20 minutes, respectively. Standard curves were con-

structed for meropenem by solubilizing standards in water (for

unbound meropenem concentration) or by spiking human plasma (for

total meropenem concentration) and injecting reference solutions of

known concentrations of analyte and IS. Peak areas of the eluted

drugs were integrated, and concentrations were quantified using peak

area ratios of analyte to IS. Linearity was confirmed from 0.50 μg/mL

to 25.0 μg/mL, with the mean (±SD) between-day calibration curve

regression r2 = 0.9992 ± 0.0008. Between-day coefficients of varia-

tion at 0.5 μg/mL and 25.0 μg/mL were 0.58% and 0.48%, respec-

tively. The limit of quantitation for the assay was 250 ng/mL

(0.025 mg/L).

Some 200 μL aliquots of each plasma sample were prepared for

analysis by adding 10 μL of 500 μg/mL IS and 400 μL acetonitrile

(MeCN). Following centrifugation (10 000g; 10 min), 600 μL of super-

natant organic phase was decanted and evaporated to dryness using

N2. The remaining residue was reconstituted in 100 μL methanol

(MeOH), and 50 μL aliquots were injected into the HPLC for analysis.

The concentration of drug in each sample was determined by regres-

sion analysis of the peak area ratios.

2.3 | Population pharmacokinetic modelling and
simulations

Population pharmacokinetic modelling and simulations were per-

formed in Pumas (version 1.05).23 The first order conditional esti-

mation method with interaction (FOCEI) was used to estimate

population parameters. Data preparation, exploratory analysis and

graphs were performed in either Pumas or R (version 3.6.1). Data

from all patients, both those with or without burn and with or

without CVVH were modelled simultaneously. The CL due to

CVVH for each individual patient (CLCVVH) was calculated as the

product of the delivered ultrafiltrate flow rate (Qf ), the sieving coef-

ficient (ScÞ and correction factor for pre-filter fluid administration (CFÞ
as follows:

CLCVVH ¼Qf �Sc �CF ð1Þ
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where

Sc ¼ Ceffluent

CpreþCpostð Þ=2 ð2Þ

and

CF¼ Qb

QbþQrep
ð3Þ

where Cpre, Cpost , Ceffluent, denote the observed pre-filter, post-filter

and effluent concentrations, Qb denotes the blood flow rate and Qrep

denotes the rate of pre-filter replacement fluid.24,25

2.4 | Base model

One, two, and three compartment models were explored for this

study. Between-subject variability was modelled using an exponential

error model under the assumption that pharmacokinetic parameters

are distributed log normally. Parameters generally took the form

θi ¼ tvθ �eηi ð4Þ

where θi is the post hoc estimated parameter value for individual i, tvθ

is the population mean parameter and ηi
~0,ω2ð Þ is the between-subject

random effects for individual i. Renal clearance estimates in the CVVH

population may be inaccurate given creatinine is cleared via CVVH. In

addition, patterns of CVVH prescription are likely to differ signifi-

cantly in the critically ill burn population compared to other critically

ill populations. Therefore, the base model categorized patients into

subgroups to understand the relative inherent meropenem CL in the

CVVH patients in both the burn and non-burn populations, compared

to those without CVVH. Base model equations were, for the burn

population:

CLi,BURN ¼ tvCL � 1þθCVVHBURN � isCVVHBURNð Þ �eηCLi þCLCVVH ð5Þ

and for the non-burn population:

CLi,NO BURN ¼ tvCL � 1þθCVVHNO BURN
� isCVVHNO BURNð Þ �eηCLi þCLCVVH:

ð6Þ

Selection of the base model was based on the likelihood ratio test

(LRT) with α¼0:05, plausibility and precision of parameter estimates,

and diagnostic plots.

2.5 | Covariate model

Covariates were initially evaluated by plotting random effects of PK

parameters from the base model against each covariate and observing

the trends. Covariates evaluated were total body weight (WT), lean

body mass (LBM), creatinine clearance (CrCl), age, total burn surface

area (TBSA), total second degree burn surface area (SDB), total third

degree burn surface area (TDB), serum albumin (ALBUM) and urine

output (UOP). CrCl was calculated by the Cockcroft-Gault (C-G) equa-

tion26 and LBM was calculated using Janmahasatian's formula.27 Con-

tinuous covariates modelled as

θi ¼ tvθ � COV
COVmedian

� �θCOV

ð7Þ

or

θi ¼ tvθþθCOV �COV ð8Þ

where θi is the PK parameter in individual i, tvθ is the typical value of

the PK parameter at the median value of the covariate (COVmedian),

COV is the covariate observed in individual i, and θCOV is the power or

slope estimate for the covariate. The only exception was the CrCl

model, where a value of 125mg/dL was used in place of COVmedian.

Categorical covariates were modelled as

θi ¼ tvθ � 1þθCOV �COVð Þ ð9Þ

where COV is binary (coded as 0 or 1), tvθ represents the typical

value of the PK parameter when COV¼0 and θCOV represents the

proportional change in tvθ when COV¼1. Covariate modelling was

performed with a forward addition process. A decrease of at least

3.84units (α¼0:05,df ¼1) in the objective function value (OFV) was

considered statistically significant.

2.6 | Final model qualification

Final model qualification was based on both internal and external

evaluations. The internal evaluation included examination of standard

goodness-of-fit plots, precision of parameter estimates based on

inference and bootstrap methods (n = 1000 runs), visual predictive

checks (200 replicates, overall and stratified by burn and CVVH).

External model evaluation was performed comparing typical value of

PK parameter estimates of our final model to those of existing

literature.

2.7 | Monte Carlo simulations

Monte Carlo simulations were performed with the final population PK

model to evaluate efficacy in various critically ill sub-populations.

Probability of target attainment (PTA) was considered a surrogate for

efficacy and was defined as achieving free meropenem concentrations

above minimum inhibitory concentrations (MIC) greater than 40% of

the time at steady state within the dosing interval (fT >MIC40%). A

more stringent target of achieving meropenem concentrations above
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the MIC for greater than 99% of the dosing interval (fT >MIC99%) was

also explored. Specific dosing regimens tested were 1000mg

Q8 hours infused over 1 hour or 3 hours or 1500mg infused continu-

ously Q12 hours. In the normal renal function (NRF) and ARC

populations, double of these doses were also tested. Simulated dosing

regimens for renal impairment populations and respective renal func-

tion categorization were obtained from the meropenem FDA label28

(Figure S6 in the Supporting Information). ARC was simulated with

CrCl=150–250mL/min, where NRF was simulated with CrCl=100–

130mL/min. Patients were simulated with an LBM of 56 kg,

corresponding to 70 kg with 20% body fat. For each scenario, 1000

patient concentration–time profiles were simulated. The percentage

of simulated patients that achieved fT >MIC40% and fT >MIC99% were

calculated at MICs ranging from 0.5mg/L to 16mg/L, with PTA>90%

considered acceptable.

3 | RESULTS

3.1 | Patient demographics

Patient demographics by CVVH status are summarized in Table 1.

There were notable imbalances in gender, weight, creatinine and CrCl

between the groups. The serum creatinine (Scr) and C-G estimates of

CrCl are to be interpreted with caution in the CVVH patients as Scr is

cleared by the machine. There was a wide range of total body weight

(median 84.5 kg, range 59.2–173.8 kg), reflected in part by the differ-

ence in fluid resuscitation in burn compared to non-burn critically ill

patients. LBM was still imbalanced amongst the subgroups, but to a

lesser degree with a tighter range (median 61.7 kg, range 33.54–

70.62 kg).

3.2 | Population pharmacokinetic models

3.2.1 | Base model

The model-building process is summarized in Table S1 in the

Supporting Information. The data was best described by a two-

compartment model with combined additive/proportional error

model. The two-compartment model as compared to a one-

compartment model led to a decrease of 25.1 units of the OFV. The

combined additive/proportional error model led to a further decrease

of 16.13 units of the OFV compared to the same model with only pro-

portional error. The two-compartment model was parameterized with

terminal clearance CL, intra-compartmental clearance Q, volume of

the central compartment Vc and volume of the peripheral compart-

ment Vp. Between-subject variability was not estimated for Q.

TABLE 1 Patient demographics

Demographic No burn, no CVVH No burn, CVVH Burn, no CVVH Burn, CVVH

Age (years) 39.75 (17.72) 52.5 (16.46) 57.2 (23.02) 40 (23.05)

Gender 4 M 4F 4 M 0F 3 M 2F 5 M 1F

Admission weight (kg) 89.1 (22.05) 90.6 (10.53) 65.34 (7.30) 103.23 (19.57)

Weight on sampling day (kg) 96.29 (26.75) 89.5 (17.66) 68.26 (8.26) 103.57 (36.69)

Lean body mass on day of sampling (kg) 54.9 (12.37) 64.28 (3.56) 50.15 (9.17) 66.35 (4.71)

Height (cm) 159.28 (22.91) 180.97 (18.25) 168.66 (8.54) 178.65 (6.95)

Total burn surface area (%) 0 0 29.1 (21.93) 36.54 (27.08)

Second degree burn (%) 0 0 14.05 (10.08) 15.88 (13.72)

Third degree burn (%) 0 0 15.05 (15.41) 20.67 (27.32)

Creatinine clearance (mL/min)a 251.24 (219.08) 105.69 (69.55) 116.84 (64.18) 179.32 (109.62)

Creatinine (mg/dL)b 1.32 (1.6) 1.57 (0.78) 0.72 (0.19) 1.23 (0.51)

Blood urea nitrogen (mg/dL) 27.84 (23.27) 29.6 (6.52) 35.58 (12.37) 34.62 (5.49)

Albumin (g/dL) 2.43 (0.56) 2.52 (0.25) 2.8 (0.58) 2.78 (0.99)

Urine output (mL) 3439.5 (1633.84) 387.25 (706.18) 2377.2 (1021.84) 851.72 (841.35)

Ultrafiltrate flow rate (mL/kg/h) 32.7 (11.84) 28.25(4.75)

CLCVVH (L/h) 2.39 (0.49) 1.97 (0.33)

Sieving coefficient 0.99 (0.02) 0.85 (0.18)

Correction factor 0.87 (0.02) 0.89 (0.05)

aCVVH filters serum creatinine, therefore serum creatinine observations and creatinine clearance estimates in patients treated with CVVH are not

reflective of their true kidney function. These values must be interpreted with caution and are included only to elucidate large trends and for

completeness.
bA substantial discrepancy between mean (1.32 mg/dL) and median (0.54 mg/dL) serum creatinine was observed in this patient subgroup, largely driven by

a single outlier with a serum creatinine of 4.71 mg/dL.

CVVH, continuous veno-venous haemofiltration.
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3.2.2 | Covariate model

Parameter estimates of the final model are summarized in Table 2.

Covariate exploratory plots with random effects generated from the

base model demonstrated trends between ηCL and CrCl, ηCL and

LBM, and ηVp and TBSA. For patients without CVVH, CrCl was the

preferred covariate for the CL model. In contrast, weight or LBM were

preferred covariates for the CL model in patients with CVVH, as Scr is

filtered by CVVH. Neither weight nor LBM was found to be a signifi-

cant covariate on CL. However, LBM was included as a continuous

covariate for CVVH patients with exponent fixed to 0.75 on CL to

standardize the comparison of estimates between burn and non-burn

subgroups and allow for extrapolation to obtain better comparison to

published estimates in the literature, where patients may differ in

baseline demographics. For the non-CVVH patients, CrCl was statisti-

cally significant (P= .001) and explained 16.93% of variability on

CL. There was no significant difference in the inherent meropenem CL

in the burn and non-burn groups regardless of covariate parameteriza-

tion. Of note, compared to other critically ill CVVH populations, burn

patients are more likely to be prescribed CVVH with preserved kidney

function. Reflective of this, compared to the typical value of CL, burn

CVVH patients had an average 16% decrease inherent in CL, where

non-burn CVVH patients had an average 58% decrease in

inherent CL.

Regarding volume, both weight and LBM were statistically signifi-

cant covariates on Vc (P= .009 and .045, respectively). LBM was cho-

sen over body weight as it provided a more uniform comparison of

weight between the different critically ill subgroups. The estimated

exponent for LBM on Vc was implausibly high at 2.47, and was fixed

to 1 without a significant change in the OFV (1.2-unit increase). This

was incorporated into the model with similar rationale as for CL, to

allow for extrapolation and improved external comparison to previ-

ously published estimates in the literature. TBSA was found to be sta-

tistically significant on Vp when parameterized as a continuous linear

model (P= .03). However, burn was not statistically significant on Vp

when parameterized as a categorical covariate. Despite this mixed sta-

tistical evidence, TBSA on Vp was retained in the final model as we

sought to explore the effect of burn on PTA.

The final equation for CL in patients without CVVH, regardless of

burn or not was

CLi ¼15:3 � CrCl
125

� �0:74

�eηCLi , ð10Þ

TABLE 2 Pharmacokinetic parameters for final model

Parameter FOCEI estimate (%RSE) FOCEI 95% CI Bootstrap estimate (95% CI)

CL (L/h) 15.3 (18.3) 9.81–20.79 15.3 (10.66–25.13)

Vc (L) 33.21 (16.07) 22.75–43.67 33.21 (20.65–44.7)

Q (L/h) 14.1 (38.12) 3.76–24.43 14.1 (4–35.35)

Vp (L) 13.45 (32.74) 4.82–22.07 13.45 (3.32–27.75)

Covariates on CL

Weight (power) 0.75 fixed - -

CrCL (power) 0.74 (20.49) 0.44–1.03 0.74 (0.26–1.27)

CVVH & Burn (categorical 1+) �0.16 (150) �0.63 to 0.31 �0.16 (�0.61 to 0.51)

CVVH & no Burn (categorical 1+) �0.58 (16.74) �0.77 to �0.39 �0.58 (�0.77 to �0.34)

Covariates on Vc

Weight (power) 1 fixed - -

Covariates on Vp

TBSA (linear) 0.71 (69.52) 0–1.68 0.71 (0–4.5)

Random effects

ω2 CL 0.31 (29.51) 0.13–0.49 0.31 (0.11–0.46)

ω2 Vc 0.35 (34.31) 0.11–0.58 0.35 (0.028–0.65)

ω2 VP 0.61 (46.94) 0.049–1.17 0.61 (0–2.89)

η-Shrinkage CL: 0.32%, η-shrinkage Vc: 20.99%, η-shrinkage Vp: 32.55%

Pearson's correlation coefficients: η-Vc & η-CL: 0.125, η-Vp & η-CL: 0.047, η-Vc & η-Vp: 0.023

Residual unexplained variability

Proportional error 0.22 (18.25) 0.14–0.3 0.22 (0.13–0.31)

Additive error (mg/L) 0.0056 (40.65) 0.0011–0.01 0.0056 (0–0.12)

ϵ-Shrinkage: 25.5%

CI, confidence interval; CVVH, continuous veno-venous haemofiltration; FOCEI, first order conditional estimation method with interaction; TBSA, total

burn surface area.
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the final equation for CL in patients with burn and CVVH was

CLi, BURN,CVVH ¼12:85 � LBM
61:7

� �0:75

�eηCLi þCLCVVH ð11Þ

and the final equation for CL in patients without burn and CVVH was

CLi, NO BURN,CVVH ¼6:43 � LBM
61:7

� �0:75

�eηCLi þCLCVVH: ð12Þ

The final equations for central and peripheral volume of distribu-

tion in all populations were

Vc ¼33:21 � LBM
61:7

� �
�eηVci ð13Þ

Vp ¼ 13:45þ0:71 �TBSAð Þ �eηVpi ð14Þ

respectively.

3.2.3 | Validation of final model

Goodness-of-fit plots revealed model predictions to be randomly

scattered around the line of unity. There were no significant trend

plots of conditional weighted residuals versus time or conditional

weighted residuals versus predicted concentrations (Figure 1). Individ-

ual fit plots demonstrated that both the population and individual

predicted concentrations fit reasonably well to the observed data

(Figure S2 in the Supporting Information). Histograms of conditional

weighted residuals and between-subject variability random effects

were consistent with normally distributed data centred at 0 (Figure S3

in the Supporting Information). Visual predictive checks demonstrated

that the observed data and quantiles fell within the simulated 95% CIs

(Figure S4, in the Supporting Information). Plots of random effects vs

covariates appropriately demonstrate eliminated or diminished trends

upon inclusion of the covariate in the final model (Figure S5 in the

Supporting Information). External validation demonstrated that mean

parameters are consistent with previously published results in all sub-

groups explored by our model (Table 3).

F IGURE 1 Goodness-of-fit
plots
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3.2.4 | Simulations and probability of target
attainment

Mean simulations in a patient with LBM 56 kg and CrCl 124.91 mL/

min, dosed 1000 mg Q8 hours at steady state, demonstrated that

increasing infusion time generally improves meropenem fT > MIC up

to an MIC of 8 mg/L (Figure 2a). Mean simulations also showed a

loading dose would be required prior to a continuous infusion to

achieve adequate meropenem concentrations and steady state in a

timely manner (Figure 2b). When considering fT >MIC40% as the ideal

target, PTA demonstrated 1000mg Q8 hours infused over 1 hour or

3 hours would be an adequate regimen to treat a patient with NRF

and infected with a pathogen having MIC of 2–4mg/L, regardless of

%TBSA (Figure 3) or CVVH (Figure 4). However, patients with ARC

would only be able to achieve fT >MIC40% of 1–2mg/L at this dose.

To achieve a PTA target of 2mg/L in ARC patients, either doses of

2000mg Q8 hours or a continuous infusion with 3000mg or more

per day are required (Figure S6 in the Supporting Information). Of

note, a continuous infusion with 3000mg total per day would be suf-

ficient to achieve PTA targets of 4mg/L in patients with NRF and

2mg/L in patients with ARC. Further, a continuous infusion of

6000mg total per day would be sufficient to achieve PTA targets of

8mg/L in patients with NRF and 4mg/L in patients with ARC.

When considering fT >MIC99% as the ideal target, only continuous

infusion dosing strategies would consistently be able to achieve ade-

quate exposure to treat pathogens with MICs≥ 0.5mg/L. If a more

stringent target is desired, a continuous infusion with 3000mg total

per day would be sufficient to achieve PTA targets of 2mg/L in

TABLE 3 Comparison of final model predicted meropenem mean PK parameters to literature reported mean PK parameters in burn and
critically ill patients treated with or without CRRT

Population Conditionsa
Final model predicted

mean parametersb
Literature reported

mean parameters References

Burn (no

CRRT)

Albumin = 2.10 g/dL

LBW = 58.11 kg

CrCl = 136.17 mL/min

%TBSA = 41.43

Vc = 31.27 L

Vp = 42.56 L

Cl = 16.31 L/h

Vc = 22.8–44.4 L

Vp = 10.1–15.0 L

Cl = 14.95–19.0 L/h

Corcione S, et al., 2021

(LBW = 60.03 kg; %TBSA = 34;

CrCl = 134 mL/min)

Ramon-Lopez A, et al., 2014

(LBW = 61.44 kg; %TBSA = 41;

CrCl = 136.5 mL/min)

Doh K, et al., 2010 (LBW = 52.82; %

TBSA = 49.3; CrCl = 138 mL/min)

Critically ill

(no CRRT)

Albumin = 2.15 g/dL

LBW = 56.90 kg

CrCl = 75.90 mL/min

Vc = 31.27 L

Vp = 13.45 L

Cl = 10.58 L/h

Vc = 7.9–45.8 L

Vp = 9.18–14.8 L

Cl = 7.34–13.6 L/h

Eisert A, et al., 2021 (LBW = 60.92 kg;

CrCl = 64.5 mL/min)

Sjovall F, et al., 2018 (LBW = 63.79 kg;

CrCl = 67 mL/min)

Muro T, et al., 2011 (LBW = 45.81 kg;

CrCl = 65.5 mL/min)

Roberts JA, et al., 2009 (LBW = 58.38 kg;

CrCl = 99.5 mL/min)

Li C, et al., 2006 (LBW = 55.61 kg;

CrCl = 83 mL/min)

Critically ill

(CRRT)

Albumin = 2.32 g/dL

LBW = 58.22 kg

CrCl = 43.85 mL/minc

Vc = 31.34 L

Vp = 13.45 L

Cl = 6.15 L/h

Vc = 14–69.5 L

Vp = 14–33.7 L

Cl = 2.4–8.04 L/h

Onichimowski D, et al., 2020

(LBW = 61.33 kg; CrCl = 50.3 mL/

min)d

Burger R, et al., 2018 (LBW = 58.14 kg;

CrCl = not reported)

Ulldemolins M, et al., 2015

(LBW = 55.68 kg; CrCl = not reported)

Bilgrami I, et al., 2010 (LBW = 56.98 kg;

CrCl = not reported)

Isla A, et al., 2008 (LBW = 55.8 kg;

CrCl = 37.4 mL/min)

Ververs TFT, et al., 2000

(LBW = 62.68 kg; CrCl = not reported)

aConditions used to predict mean parameters were calculated as the mean of demographics listed in the reference for each respective subgroup. When

LBW was not available from an individual reference, Janmahasatian's formula was used to calculate LBW based off of mean demographics in the

respective reference.
bIn all subgroups, Cl refers to inherent or residual meropenem Cl (not including Cl due to CRRT).
cCrCl is only included here for completeness. Model-based estimates in this subgroup were calculated using Equation 12 (the weight-based Cl model).
dOnichimowski D, et al. reported a mean meropenem Cl of 15.1 mL/h in septic patients with CRRT (mean ultrafiltrate flow 2753 mL/h, corresponding to

approximately 2.7 L/hr meropenem Cl). After accounting for CRRT, this meropenem Cl is still significantly greater than other literature reported estimates

for this patient subgroup and therefore was not included in the main text of the table.

CrCl, creatinine clearance; CRRT, continuous renal replacement therapy; LBW, lean body weight; PK, pharmacokinetic; TBSA, total burn surface area.
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patients with NRF and 1mg/L in patients with ARC (Figure 3). A con-

tinuous infusion of 6000mg total per day would be sufficient to

achieve PTA targets of 4mg/L in patients with NRF and 2mg/L in

patients with ARC (Figure S6 in the Supporting Information). Unlike

the fT >MIC40% target, where CVVH had minimal effect on PTA,

patients with NRF and CVVH could only achieve fT >MIC99% targets

equivalent to ARC patients as above. For the fT >MIC99%, burn sever-

ity was associated with improvement in PTA for the Q8 hour dosing

strategies, but had minimal effect on the PTA for the continuous infu-

sion dosing strategy.

4 | DISCUSSION

Appropriate antibiotic dosing is essential in the care of critically ill

patients, to effectively manage infection but also to reduce the devel-

opment of antibiotic-resistant bacteria. Extensive evaluation of

meropenem PK has provided considerable evidence to support cur-

rent clinical dosing regimens to achieve appropriate PK/PD tar-

gets.11,15–17,20 Our findings from this study provide comparative data

analyses of critically ill patients, burn and non-burn, treated with or

without CVVH. In accordance with existing literature, we found that a

F IGURE 2 Mean simulations in a patient with LBM = 56 kg, CrCl = 125 and without CVVH. Figure 2(A) demonstrates the typical
pharmacokinetic profiles when dosing meropenem 1000 mg every 8 hours at steady state with various infusion times. Figure 2(B) shows the time
to reach steady state in a continuous infusion of 1500 mg every 12 hours, compared to a 1000 mg loading dose over 30 minutes followed by the
same continuous infusion starting 1 hour later

F IGURE 3 PTA results from simulations with meropenem 1000 mg Q8 hours infused over 1 hour, 3 hours or continuous infusion of 1500 mg
Q12 hours. Patients (1000 per group) were simulated with varying degrees of total burn surface area (TBSA), normal renal function (NRF,
CrCl = 100–130 mL/min) or augmented renal clearance (ARC, 150–250 mL/min) and fixed lean body mass (LBM) = 56 kg
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two-compartment model best fit the data with CrCl identified as a sig-

nificant covariate on meropenem Cl (Figure S1 in the Supporting

Information). Importantly, PTA simulations suggest neither CVVH nor

%TBSA necessitate dosing adjustments; however, continuous infusion

and/or an increased dose of meropenem may be required in cases of

suspected ARC or clinical scenarios that demand a more stringent

PK/PD target (i.e., ƒT > MIC99%).

Of note, burn demonstrated mixed statistical evidence as a signifi-

cant covariate on Vp. Burn as a categorical covariate was not statisti-

cally significant on Vp, but TBSA as a linear covariate was statistically

significant (Table S1, Models 17–20). Although the comparison is indi-

rect, prior literature shows similar Vc and Vp in both the burn and

non-burn populations, providing further evidence that burn is unlikely

a significant covariate on meropenem Vc or Vp. Nevertheless, we

included TBSA on Vp in the final model to investigate via simulation

the effect of large changes in peripheral volume on meropenem PTA.

We found that large changes in Vp have minimal effect on PTA, and

dosing changes would not be required. We also found that burn is not

a statistically significant covariate on meropenem Cl, which is consis-

tent with prior literature after accounting for differences in CrCl

(Table 3). Therefore, even the most severe burn injuries are unlikely to

require dosing changes, on the consideration of PK alone, in the

absence of renal failure or ARC.

This was consistent with our PTA simulations, which indicate that

continuous infusion and/or dosing adjustments for intermittent infu-

sion may be necessary in patients with ARC (Figure 3). These findings

are also in agreement with previous literature that supports continu-

ous or extended infusion of meropenem in critically ill patients,22,29,30

which has been to shown to translate to higher clinical cure rates and

better PK/PD target attainment.31 Although CVVH had minimal

impact on PTA in simulated patients with NRF or ARC, target attain-

ment in the setting of ARC was more readily achieved with continu-

ous infusion, specifically at the more stringent PK/PD target,

ƒT > MIC99% (Figure 4). Thus, in the setting of ARC, or clinical scenar-

ios requiring the most stringent PK/PD targets, increased meropenem

doses (3000–6000 mg, 24 hrs) via continuous infusion may be

required to adequately achieve therapeutic levels.

Although a continuous infusion may more consistently achieve

desired ƒT > MIC, there is mixed evidence on clinical cure rates com-

pared to intermittent infusion.22,31–33 Further, continuous infusion

may take several hours before achieving desired steady state concen-

trations, necessitating an initial loading dose and additional loading

doses if the infusion is interrupted for more than 3–4 hours. A reason-

able loading dose would be 1000–2000 mg infused over 30 minutes

to 1 hour, based on the clinical severity and desired PKPD target

corresponding to total daily doses of 3000–6000 mg. Other consider-

ations are the constant use of an intravenous line and potential for

frequent interruptions in the ICU setting, making continuous infusion

less practical.

For this study, we chose to model data from all patients simulta-

neously, regardless of burn or CVVH status. This approach allowed for

a direct statistical comparison of PK parameters in the different ICU

subgroups via covariate analysis. The main limitation to this modelling

approach is significant variability in patient characteristics and pro-

vider practices among different ICU patient populations. This limita-

tion is highlighted by a recent study that demonstrated bias and

variable predictive accuracy when extrapolating results of their

meropenem PK model to external ICU populations.34 In reference to

F IGURE 4 PTA results from simulations with meropenem 1000 mg Q8 hours infused over 1 hour, 3 hours or continuous infusion of 1500 mg
Q12 hours. Patients (1000 per group) were simulated with varying prescriptions of CVVH (0 mL/kg/h, 42.9 mL/kg/h and 71.4 mL/kg/h), normal
renal function (NRF, CrCl = 100–130 mL/min) or augmented renal clearance (ARC, 150–250 mL/min) and fixed lean body mass (LBM) = 56 kg
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our ICU populations, burn patients may have physiologic derange-

ments, namely severe capillary leak, that make them not comparable

to surgical ICU patients. Provider practices with fluid resuscitation

and thresholds to implement CVVH may also differ heavily between

burn and surgical ICU populations.35–37 Therefore, in order to maxi-

mize the clinical relevance of our statistical comparisons, we decided

to use lean body weight (LBW) as a covariate and categorically group

patients into burn with or without CVVH and non-burn with or with-

out CVVH as the base model.

By implementing LBW as a covariate, we minimized the effect of

weight attributed to fluid resuscitation or fluid loss via capillary leak in

the burn population and provide a more uniform comparison between

burn and surgical ICU patients. Regarding the decision to categorize

the base model, it is important to note that CVVH is associated with a

mortality benefit in burn patients with shock.38,39 Although the subset

of burn patients that benefit the most from CVVH is not firmly

established, and results have not consistently achieved statistical sig-

nificance, CVVH has a large reported effect size (33% absolute reduc-

tion) in 28-day mortality compared to historic controls. For this

reason, CVVH is implemented early and aggressively in the burn pop-

ulation at the US Army Burn Center, including in patients with pre-

served renal function. CVVH in other ICU populations is typically

reserved for patients with definitive renal failure, while a moderate

portion of burn patients receiving CVVH have only stage 1 AKI (22%)

or no AKI at all (6%).35

Meropenem is almost exclusively renally cleared and CrCl has the

largest effect size on meropenem Cl and dosing requirements. Thus,

with improper categorization, it may appear that burn itself is the

cause of increased meropenem Cl, rather than an artifact of preserved

renal function in burn patients receiving CVVH due to aggressive pre-

scribing patterns. This conclusion was made by Li and Xie who noted

that burn imparted an 82% increase in imipenem Cl compared to non-

burn patients all receiving CRRT.40 Importantly, this study did not

specify differences in provider prescribing practices of CRRT and that

their finding could be entirely explained by preserved renal function in

the burn CRRT population.

By categorizing the base model, standardizing Cl and Vd by LBW

and including data from all ICU subgroups, we provided clinically rele-

vant direct statistical comparison and demonstrated that burn did not

have a significant effect on meropenem Cl. This approach also allowed

us to demonstrate that burn patients treated with CVVH had only a

16% reduction in inherent meropenem Cl compared to those not

treated with CVVH, where the STICU patients treated with CVVH

had a 58% reduction in inherent meropenem Cl compared to those

not treated with CVVH. These results likely reflect the differing CVVH

prescribing practices amongst these ICU subpopulations. An alterna-

tive approach would have been to model all the subgroups separately;

however, this would not have allowed for direct statistical comparison

and the sample size of some subgroups was small (n = 4), possibly

leading to less precise parameter estimates.

We utilized the C-G equation to estimate CrCl in this study,

although it is generally known to overestimate CrCl and consequently

may not accurately predict CrCl in ICU populations. We also noted a

surprisingly high mean CrCl in the no burn and no CVVH group

(251.24 ± 219.08 mL/min) that was discrepant from calculating the

mean CrCl based off of mean demographics in that subgroup

(102 mL/min). This is explained by a large difference in the mean

(1.32 mg/dL) and median (0.54 mg/dL) serum creatinine observed in

this patient subgroup, largely driven by a single outlier with a serum

creatinine of 4.71 mg/dL. Nevertheless, our CrCl covariate model with

exponent estimate of 0.74 (including 1 in the 95% confidence interval)

is highly consistent with the literature, where multiple ICU papers

estimate the CrCl exponent to be 1 with similar covariate parametriza-

tions.34,41,42 Table 3 demonstrates our model predicts the mean

meropenem CL reported in the literature reasonably well when

extrapolating to similar mean CrCls reported in those manuscripts.

Therefore, although there are limitations to our CrCl data, our CrCl

covariate model is reasonable and performs its function of accounting

for CrCl prior to making conclusions about the effect of burn on

meropenem CL. Using the Jelliffe equation may have led to more

accurate CrCl estimates43; however, it is not validated in the burn

population. In addition, due to the extensive use of the C-G equation

in clinical practice, and its ability to outperform other equations in

terms of predictive performance for a number of antibiotics,29,44 we

selected this method for CrCl estimation.

A final consideration is the limitation of our CrCl model to extrap-

olate to the ARC population. Doh et al. measured CrCl by 24-hour

urine collection in 44 patients and demonstrated a linear relationship

of CrCl to estimated renal meropenem CL.41 Our estimate of expo-

nent 0.74 is consistent with the CrCl model of Doh et al. and there-

fore, for the purpose of an exploratory PTA analysis, our CrCl model is

adequate. Further, although the use of CVVH in a patient with ARC is

unlikely, commonly cited reasons for antibiotic failure are ARC and

CVVH. In addition, we hypothesize there is a small, but clinically rele-

vant proportion of critically ill patients with burn that have

undiagnosed ARC and are incidentally prescribed CVVH. Therefore,

we sought to investigate the theoretical impact of such conditions on

antibiotic failure as an exploratory analysis. We found that a high pro-

portion of patients would be able to achieve adequate meropenem

exposure with commonly used ICU doses to target clinically relevant

MICs despite a combination of ARC and CVVH (Figures 4 and S6).

This finding was surprising and should alert clinicians to promptly

investigate reasons for antibiotic failure. These investigations could

include either therapeutic drug monitoring or more accurate assess-

ments of CrCl. However, empiric antibiotic dose increases or alterna-

tive antibiotic selection would be appropriate alternatives given

severity of illness and possibility of significant delay in adequate anti-

biotic therapy awaiting test results.

Emerging evidence amassed from a variety of critically ill patient

populations has provided clinical insight into the impact of renal fail-

ure, sepsis and/or burn on meropenem PK.22,41,45–47 Collectively,

these data have demonstrated the impact of critical injuries and

altered physiology on the disposition of meropenem, specifically with

regard to clearance and attainment of therapeutic levels. To our

knowledge, this is the first study to directly compare the effect of

burn and non-burn injury on meropenem PK in critically ill patients
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with and without CVVH. Parameter estimates generated from this

study align with previously published literature, while PTA simulations

support clinical data that suggests loading doses and continuous infu-

sions of meropenem may be required to achieve therapeutic levels

and improve patient outcomes. We recommend a standard dose of

1000 mg every 8 hours; however, if ARC is suspected, or the severity

of illness requires a more stringent therapeutic target, we recommend

a loading dose of 1000–2000 mg infused over 30 minutes to 1 hour

followed by continuous infusion (3000–6000 mg over 24 hours), or

intermittent infusion of 2000 mg every 8 hours.
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