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Abstract
Background  Despite the surge in use of extracorporeal membrane oxygenation (ECMO) in the adult intensive care unit, little 
guidance is available on the appropriate dosing of antimicrobials in this setting. Ceftriaxone is an antimicrobial with a high 
affinity to plasma protein, a property identified in the literature as susceptible to sequestration into extracorporeal circuits 
and hypothesised to require dosage adjustments in this setting.
Objective  The aim of this study was to describe the pharmacokinetics of ceftriaxone and identify the best dosing regimen 
for critically ill adult patients receiving ECMO.
Methods  Serial blood samples were taken from patients receiving both ECMO and ceftriaxone. Total and unbound drug con-
centrations were measured in plasma by chromatographic assay and analysed using a population pharmacokinetic approach 
with Pmetrics®. Dosing simulations were performed to identify the optimal dosing strategy: 60 and 100% of time with free 
(unbound) drug concentration exceeding the minimum inhibitory concentration (fT>MIC).
Results  In total, 14 patients were enrolled, of which three were receiving renal replacement therapy (RRT). Total and 
unbound ceftriaxone was best described in a two-compartment model with total body weight, serum albumin concentrations, 
creatinine clearance (CrCL), and the presence of RRT included as significant predictors of pharmacokinetics. Patients not 
on RRT generated a mean renal clearance of 0.90 L/h, non-renal clearance of 0.33 L/h, and central volume of distribution 
of 7.94 L. Patients on RRT exhibited a mean total clearance of 1.18 L/h. ECMO variables were not significant predictors 
of ceftriaxone pharmacokinetics. Steady-state dosing simulations found that dosages of 1 g every 12 h and 2 g every 24 h 
achieved >90% probabilities of target attainment in patients with CrCL of 0 mL/min with RRT and 30 and 100 mL/min and 
various serum albumin concentrations (17 and 26 g/L).
Conclusions  Dosing recommendations for critically ill adult patients not on ECMO appear to be sufficient for patients on 
ECMO. Patients exhibiting augmented renal clearance (> 130 mL/min) or treatment of less susceptible pathogens may 
require higher doses, which requires further investigation.
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1 � Background

Achieving optimal antimicrobial exposure is challenging 
and may be complicated by extreme physiological derange-
ments in critically ill patients [1]. Furthermore, it has been 
hypothesised that extracorporeal membrane oxygenation 
(ECMO) further augments exposure, although the possible 

mechanisms have yet to be elucidated [2–4]. These changes 
have been hypothesised to be related to the drug’s physico-
chemical properties, namely lipophilicity or a high degree 
of protein binding [5, 6].

Ceftriaxone is a hydrophilic drug with a octanol water 
partition coefficient (logP) of − 1.7 [7]. It is one of the few 
β-lactams with a high affinity to plasma protein (85–95%) 
[6–8] and may therefore be vulnerable to ECMO-related 
pharmacokinetic changes. Optimal ceftriaxone activity has 
been associated with the percentage of time that the free 
(unbound) drug concentration exceeds the minimum inhibi-
tory concentration (MIC) of the target pathogen (% fT>MIC) 
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Key Points 

Extracorporeal membrane oxygenation (ECMO) 
variables were not significant predictors of ceftriaxone 
pharmacokinetics.

Dosing recommendations for critically ill adult patients 
not on ECMO provide good probabilities of target attain-
ment in critically ill adult patients on ECMO.

SVH/97). Written informed consent was acquired from each 
participant’s next of kin.

2.2 � Study Population

ICU patients aged 18–90 years who were receiving ceftri-
axone whilst undergoing ECMO for respiratory and/or car-
diac dysfunction were eligible for inclusion. We excluded 
patients who had a known allergy to the study drug, were 
pregnant, had bilirubin > 150 µmol/L, had received ongo-
ing massive blood transfusion (> 50% blood volume) in the 
preceding 8 h, or had received therapeutic plasma exchange 
in the preceding 24 h.

2.3 � Ceftriaxone Dosing and Administration

Ceftriaxone was reconstituted and administered intrave-
nously according to local hospital protocols.

2.4 � Study Procedures/Protocol

Pharmacokinetic sampling was performed on one or two 
dosing occasions after the patient was stabilised on ECMO 
(i.e. not receiving ongoing acute resuscitation). Blood sam-
ples (~ 2 mL) were drawn from an existing arterial line and 
collected into 2 mL lithium-heparinised tubes at 0, 15, 30, 
45, 60, 90, 120, 180, 360, and 480 minutes post commence-
ment of infusion.

Blood samples were centrifuged at 3000g for 10 min to 
separate plasma. Plasma samples were frozen at the study 
site at − 80 °C. All frozen plasma samples were then couri-
ered to and assayed at the central bioanalysis laboratory at 
the University of Queensland Centre of Clinical Research, 
Brisbane, Australia.

Clinical and demographic data were collected and deiden-
tified by trained research staff. Each study site maintained an 
electronic database for their participants, which was subse-
quently consolidated into a single database.

2.5 � Ceftriaxone Assay

Total and unbound concentrations of ceftriaxone in plasma 
were measured using a validated ultra-high-pressure liquid 
chromatography-tandem mass spectroscopy method on a 
Shimadzu Nexera connected to a Shimadzu 8030 + triple 
quadrupole mass spectrometer (Shimadzu Corp., Kyoto, 
Japan). Clinical samples were assayed in batches alongside 
calibrators and quality controls, and the results were subject 
to batch acceptance criteria.

The unbound ceftriaxone concentrations were analysed 
using a previously validated and published methodology 
[16]. The unbound fraction was first isolated by ultrafil-
tration at 37 °C with a Centrifree® Ultrafiltration Device 

[9]. Pre-clinical studies have suggested that 60–70% fT>MIC 
is associated with optimal bactericidal activity [10]. The 
probability of attaining these targets can be affected by renal 
function, renal replacement therapy (RRT) [7, 11, 12], and 
hypoalbuminemia [13, 14].

There is a gap in the literature requiring robust evidence 
that conventional dosing regimens of 1–2 g every 12–24 h 
will achieve the requisite target for maximal patient out-
comes in critically ill adults receiving ECMO. Therefore, 
data to guide the optimal use of ceftriaxone in this patient 
population are urgently needed to optimise patient outcomes. 
The ASAP ECMO (Antibiotic, Sedative and Analgesic Phar-
macokinetics during Extracorporeal Membrane Oxygena-
tion) study was designed to describe the pharmacokinetics 
of commonly used drugs in adult patients receiving ECMO 
[15]. The aim of the present paper was to describe the popu-
lation pharmacokinetics of ceftriaxone in critically ill adult 
patients receiving ECMO and to identify optimised dosing 
strategies in this patient population.

2 � Methods

2.1 � Setting

This article is part of the ASAP ECMO study, which was 
a prospective, open-labelled, multi-centre pharmacokinetic 
study conducted at five intensive care units (ICUs) across 
Australia, New Zealand, South Korea, and Switzerland 
from November 2012 to November 2019. A detailed study 
protocol and general results have been published elsewhere 
and are only discussed briefly here [15]. Ethical approval 
was provided by the lead site (The Prince Charles Hos-
pital, Brisbane, Australia [HREC/11/QPCH/121]), with 
individual institutional approval obtained according to 
local protocols: Auckland City Hospital, Auckland, New 
Zealand  (LRS/12/06/020/AM08);  The Alfred Hospital, 
Melbourne, Australia (541/12); Bern University Hospital, 
Bern, Switzerland (2017-01315); Seoul National University 
Bundang Hospital, Seoul, Republic of Korea (B-1804/465-
305); St Vincent’s Hospital, Sydney, Australia (HREC/11/
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(Merck Millipore, Tullagreen, Ireland), and the ultrafiltered 
plasma was then processed as a typical plasma sample to 
obtain the unbound concentration. Ionisation was by posi-
tive mode electrospray. Detection was monitored by multi-
ple reaction monitoring at m/z 554.7 → 396.1 (ceftriaxone) 
and 557.7 → 399.1 (d3-ceftriaxone). Linearity was vali-
dated over the concentration range of 1–200 mg/L (total) 
and 0.5–200 mg/L (unbound). Precision and accuracy were 
within 7.9% for total and 10.9% for unbound analyses at all 
three concentrations tested. The lower limit of quantitation 
was 1 mg/L for the total concentration and 0.5 mg/L for the 
unbound concentration.

2.6 � Population Pharmacokinetic Analysis

Total and unbound ceftriaxone concentrations were co-
modelled with the Nonparametric Adaptive Grid algorithm 
within Pmetrics® package for R® (Los Angeles, CA, USA) 
[17]. One-, two-, and three-compartment models and both 
Lambda (additive) and Gamma (multiplicative) error models 
were tested. Biologically plausible covariates tested were 
weight, body mass index, age, presence of RRT, serum 
creatinine, creatinine clearance (CrCL), albumin, ECMO 
mode and flow rate, and APACHE II (Acute Physiology and 
Chronic Health Evaluation II) and SOFA (Sequential Organ 
Failure Assessment) scores. These covariates were tested 
on the central volume of distribution (Vc) and clearance in 
a forward stepwise manner. CrCL was calculated using the 
Cockcroft–Gault equation [18] (Eq. 1).

If the inclusion of a variable resulted in an increase in the 
coefficient of determination of the linear regression (R2) and 
in a reduction of the bias of the goodness-of-fit plot, as well 
as a statistically significant reduction in the log-likelihood (P 
< 0.05), the covariate was supported for inclusion.

Simple and complex ceftriaxone protein-binding models 
were assessed. A simple binding model related the unbound 
ceftriaxone concentration to the total ceftriaxone concen-
tration, with an inverse relationship with serum albumin 
concentration. The complex binding model assessed was 
derived from a previously published study [19].

2.6.1 � Population Pharmacokinetic Model Evaluation 
and Diagnostics

The R2 and the bias of the observed versus predicted plots 
as well as the log-likelihood of each run were considered 
for the goodness-of-fit evaluation. Predictive performance 
evaluation was based on mean predicted error (bias) and 

(1)

CrCL
(

mL

min

)

=
(140 − age) × weight(kg)

0.815 × serum creatinine
(

�
mol

L

) × 0.85 if female.

the mean bias-adjusted prediction error (imprecision) of the 
population and individual prediction models. The visual pre-
dictive check plot and the normalised prediction distribution 
errors, as well as the Akaike information criterion (AIC), 
Bayesian information criterion (BIC), and log-likelihood 
ratio were considered to compare different models.

2.6.2 � Dosing Simulations

Ceftriaxone dosing regimens in a patient weighing 80 kg 
with various serum albumin concentrations (17 and 26 g/L) 
and degrees of renal function (CrCL of 0 mL/min with RRT, 
30 and 100 mL/min) were evaluated using Monte Carlo sim-
ulations in Pmetrics®. The dosing simulations (n = 1000) 
included 1 g (over 5 min) and 2 g (over 30 min) every 12 and 
24 h, respectively. Unbound concentrations were used to cal-
culate the probability of target attainment (PTA) to account 
for non-linear binding [20]. For each dosing regimen, the 
PTA was calculated as the percentage of patients achieving 
a 60%fT>MIC and 100%fT>MIC at various MICs (0.125–128 
mg/L) at steady state (72–96 h).

3 � Results

3.1 � Population Characteristics

A total of 14 patients with 129 plasma samples were 
included in this analysis. Table 1 shows the baseline char-
acteristics and clinical information of the included patients. 
The median age was 36 years (interquartile range 34–52), 
and half the patients were males. Three patients were on 
concomitant RRT. In the non-RRT group, the median CrCL 
was 71 mL/min (interquartile range 57–143), and the mean 
daily dose was 2286 ± standard deviation (SD) 994.5 mg. 
Ceftriaxone was administered as an intermittent infusion 
over a mean duration of 0.27 ± 0.29 h.

3.2 � Pharmacokinetic Model Building

The population pharmacokinetic model that best described 
the data was a two-compartment model, where the Vc was 
normalised to the mean weight (80 kg) of the study cohort. 
ECMO modality and flow rates were not significant pre-
dictors of ceftriaxone pharmacokinetics. The inclusion of 
the complex binding equation improved the fit compared 
with the simple binding model (ΔAIC − 218, ΔBIC − 218). 
The inclusion of the covariates below similarly improved 
the fit compared with the base model (ΔAIC − 58, ΔBIC 
− 55). Equation (3) represents the complex protein binding 
model, which was based on previously published drug–albu-
min binding equations [19]. The normalised Vc was used 
to predict the protein binding characteristic, Bmax, which 
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represented the maximal binding to albumin and was cal-
culated based on the serum concentration of albumin by 
the molecular mass of ceftriaxone and albumin (554.58 and 

66,500 Dalton, respectively) [13]. β represents the number 
of ceftriaxone-binding sites on albumin and the normalised 
Vc (Vwt). CLt (L/h) represents total clearance as a function of 

Table 1   Baseline 
characteristics, clinical 
information of the studied 
population and relevant ECMO 
dataa

APACHE II acute physiology and chronic health evaluation II score, CrCL creatinine clearance, CVVH 
continuous venovenous haemofiltration, CVVHD continuous venovenous haemodialysis, CVVHDF con-
tinuous venovenous haemodiafiltration, ECMO extracorporeal membrane oxygenation, RRT​ renal replace-
ment therapy, SOFA sequential organ failure assessment
a Data are presented as median (interquartile range) or n (%) unless otherwise indicated
b Data for 11 patients not on RRT​

Demographic and ECMO data Result (n = 14)

Demographic characteristics
 Male 7 (50)
 Age, years 36 (34–52)
 Weight (kg) at admission 76 (68–89)
 Body mass index (kg/m2) 26 (23–28)

Number of patients on RRT​ 3 (21)
 CVVH 1 (33)
 CVVHD 1 (33)
 CVVHDF 1 (33)

No. of patients by indication for ECMO
 Respiratory failure 9 (64)
 Cardiogenic shock 2 (14)
 Cardiac arrest 2 (14)
 Heart transplant 1 (7)

Illness severity score
 APACHE II (on admission) 17 (14–19)
 SOFA (on sampling day) 8 (6–11)

CrCL (mL/min)b 71 (57–143)
Albumin (g/L) 27 (22–30)
Bilirubin (μmol/L) 16 (11–28)
Total protein (g/L) 52 (50–56)
Urea (mmol/L) 7 (5–11)
No. of patients by dosing regimen administereda

 1 g q24h 2 (14), of which 1 (7) on RRT​
 1 g q12h 8 (57), of which 2 (14) on RRT​
 2 g q24h 1 (7)
 2 g q12h 3 (21)

ECMO circuit data
 ECMO modality
  Veno-venous 9 (64)
  Veno-arterial 5 (36)

 ECMO pump
  Jostra Rota flow 11 (79)
  CardioHelp 2 (14)
  Levitronix Centrimag 1 (7)

 ECMO oxygenator
  Maquet Quadrox 10 (71)
  Medos Hilite 3 (21)
  Medtronic affinity 1 (7)

Flow rate (L/min) 4.2 (3.2–5.2)
Days on ECMO before sampling 3 (1–4)
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renal clearance (CLr), non-renal clearance (CLnr), and dia-
lytic clearance (CLrrt). The final error model was a gamma 
(multiplicative) of 3:

Table 2 shows the pharmacokinetic parameter estimates 
of the final population pharmacokinetic model.

Figure 1 and file 1 in the electronic supplementary mate-
rial show the diagnostic plots for the final pharmacokinetic 
model.

3.3 � Dosing Simulations

Figures 2 and 3 show the PTA for various simulated dos-
ing regimens at steady state to achieve 60%fT>MIC and 
100%fT>MIC. Based on our dosing simulations, the 1 g 
every 12 h and 2 g every 24 h dosing regimens achieved 
> 90% PTA against pathogens with an MIC ≤ 0.5 mg/L in 

(2)Vwt = Vc ×

(

Weight

80

)0.75

,

(3)Bmax = Alb ×

(

554.6

66, 500

)

× 1000 × � ×Vwt ,

(4)
CLt = CLnr + CLr ×

(

CrCL

94.6

)

,

if patient on RRT ∶ CLt = CLnr + CLrrt,

(5)ke =
CLt

Vwt

.

all six simulated scenarios. Excessive ceftriaxone exposure, 
deemed to be total trough concentrations > 100 mg/L [21], 
were demonstrated to be unlikely in the simulated patients.

4 � Discussion

This is the first study to describe ceftriaxone population 
pharmacokinetics in patients on ECMO and provides dosing 
recommendations for this patient population. Ex vivo data 
suggest that drugs with high plasma protein binding (e.g. 
ceftriaxone) are vulnerable to ECMO sequestration and drug 
loss, reducing the probability of achieving optimal exposures 
[5–7]. However, our analysis demonstrated that ECMO had 
minimal impact on ceftriaxone pharmacokinetics and that 
conventional dosing strategies for critically ill patients can 
therefore be reliably applied for patients receiving ECMO.

A substantial drug loss (20%) of ceftriaxone was reported 
in an ex  vivo ECMO circuit experiment [5] and was 

Table 2   Pharmacokinetic parameter estimates for the final ceftriax-
one pharmacokinetic model

β number of ceftriaxone binding sites per albumin molecule, CLnr 
ceftriaxone non-renal clearance, CLr ceftriaxone renal clearance, 
CLrrt ceftriaxone dialytic and residual clearance, CV coefficient of 
variation, kCP constant for distribution of ceftriaxone from the central 
to the peripheral compartment, koff constant for ceftriaxone disasso-
ciation affinity off albumin, kon constant for ceftriaxone binding affin-
ity onto albumin, kPC constant for distribution of ceftriaxone from the 
peripheral to the central compartment, SD standard deviation, Vc vol-
ume of distribution of the central compartment

Parameter Mean ± SD CV (%) Median

CLr (L/h) 0.90 ± 0.47 52.58 1.00
CLnr (L/h) 0.33 ± 0.24 70.84 0.19
CLrrt (L/h) 0.85 ± 0.49 57.64 0.89
Vc (L) 7.94 ± 1.93 24.31 7.82
kCP (h−1) 1.94 ± 2.60 134.24 0.92
kPC (h−1) 0.77 ± 0.55 71.99 0.67
kon (h−1) 4.97 ± 4.61 21.28 3.08
koff (h−1) 20,397.60 ± 5359.50 28,724,219.86 19,840.04
β 1.39 ± 0.43 0.18 1.52

Fig. 1   Visual predictive check associated with the final population 
pharmacokinetic model of total concentrations (top) and unbound 
concentrations (bottom) (x-axes indicated time in hours, and y-axes 
indicate ceftriaxone concentration in mg/L). Open circles represent 
the observed data, and the lines represent the 5th, 25th, 50th, 75th, 
and 95% percentiles of the simulated plasma concentrations (n = 
1000)
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hypothesised to be due to ceftriaxone’s high binding affinity 
to plasma proteins. On the other hand, another ex vivo study 
by Leven et al. [22] observed unchanged ceftriaxone concen-
trations. The contrasting findings from the two studies can 
possibly be attributed to the type of solution used for circuit 
priming (normal saline vs. a buffered crystalloid solution) 
and differing study durations (24 vs. 48 h) [5, 22]. Shekar 
et al. [6] also performed an ovine ECMO study and identi-
fied increased clearance with a trend towards an increased 
steady state volume of distribution of ceftriaxone secondary 
to ECMO. However, the transferability of this finding to 
patients on ECMO is limited by the significant interspecies 
metabolic and pathophysiological differences.

Our study therefore provides clarification of these find-
ings in the clinical setting. This is the first population phar-
macokinetics study to investigate whether ECMO influences 
ceftriaxone pharmacokinetics in the critically ill adult pop-
ulation. We found that ECMO-related variables were not 
significant predictors of ceftriaxone pharmacokinetics. The 
significant covariates identified in this study were weight, 
CrCL, the presence of RRT, and serum albumin concen-
tration. These factors are common predictors of pharma-
cokinetics in the critically ill population exhibiting severe 
physiological changes secondary to shock and multi-organ 
failure [12]. Although these factors have been well defined 
in critically ill studies, this is the first study to describe them 
in an ECMO cohort.

When comparing our estimates with a population phar-
macokinetics study by Joynt et al. [11] in critically ill adult 
patients, our clearance was lower (2.22 vs. 1.23 L/h). This 
is likely because we excluded patients with serum creatinine 
> 120 μmol/L from the study. On the other hand, Joynt et al. 
[11] generated a very comparable Vc (0.097 vs. 0.099 L/kg). 
Finally, a population pharmacokinetics study by Garot et al. 
[12], which recruited 54 critically ill patients with sepsis, 
found that only CrCL influenced the clearance of ceftri-
axone. Although the authors did not identify a significant 
influence from RRT on ceftriaxone clearance in their popu-
lation pharmacokinetic model, it is important to note that, 
conversely, other studies have demonstrated significant cef-
triaxone removal during continuous RRT [23–25]. Pea et al. 
[24] suggested that CLrrt almost equated to CLr because of 
significant removal of the drug by continuous RRT. We also 
observed this phenomenon, as the CLr and CLrrt estimates 
were comparable (0.90 vs. 0.85 L/h).

A key strength of our study was the use of a ceftriax-
one-albumin binding model, which allowed us to ‘model’ 
the relationship and interaction between total and unbound 
ceftriaxone concentrations. This is an important considera-
tion because the unbound ceftriaxone concentration may 
not be reliably estimated using published values [20]. Our 
methodology allowed us to describe the dynamic inter- and 
intra-patient variability in ceftriaxone and albumin con-
centrations, particularly in critically ill patients in the ICU. 
However, some questions about the relationship between 
different physiological and clinical presentations of criti-
cally ill patients and optimal drug dosing remain. Our study 
produced pharmacokinetic findings similar to those from the 
aforementioned studies of critically ill non-ECMO patients, 
suggesting that critical illness itself is the more likely expla-
nation for the observed changes in drug exposure [11, 12].

Overall, our findings were consistent with the results 
published from a non-compartmental analysis in two 
patients receiving ceftriaxone while on ECMO [26]. From 
the steady-state dosing simulations, the 1 g every 12 h and 
2 g every 24 h regimens achieved > 90% probabilities of 
efficacy of 60% fT>MIC and 100% fT>MIC at an MIC of 1 
mg/L, well above the MIC breakpoints for common patho-
gens (0.064–0.125 mg/L) [27]. However, therapeutic drug 
monitoring should be performed in those with augmented 
renal clearance (> 130 mL/min) and/or patients with infec-
tions with less susceptible organisms (i.e. higher MICs) to 
ensure sufficient exposures are achieved.

Our study has several limitations. First, all modalities of 
RRT were included as a single binary covariate for inclu-
sion, as the small sample size of patients with RRT did not 
allow for testing of the individual modalities. Future studies 
should aim to recruit larger patient numbers with different 
RRT modes to define more robust dosing recommendations 
for patients on concurrent ECMO and RRT. Second, data 
on the co-administration of albumin replacement, which is 
commonly prescribed during fluid resuscitation, were insuf-
ficient. Third, the Cockcroft–Gault equation for CrCL esti-
mation is only a mathematical surrogate for true renal func-
tion. Future studies may wish to use 24-h urine collection to 
directly measure CrCL to overcome this limitation. Finally, 
the plasma concentrations were used as a surrogate for infec-
tion-site concentration. Further studies may be required to 
better explain the blood–infection–site relationship to ensure 
that sufficient drug is entering the infection site.

5 � Conclusions

This is the first population pharmacokinetic model of cef-
triaxone in critically ill patients receiving ECMO. Our find-
ings suggested that ECMO does not significantly influence 
ceftriaxone pharmacokinetics. Observed pharmacokinetic 

Fig. 2   Probability of target attainment at 60%fT>MIC (left) and 
100%fT>MIC (right) for a patient weighing 80 kg with various degrees 
of renal function (CrCL 30 and 100 mL/min) and serum albumin con-
centrations (26 and 17 g/L) at steady state with various intermittent 
ceftriaxone dosing regimens. CrCL creatinine clearance, fT>MIC time 
that the free (unbound) drug concentration exceeds the MIC, MIC 
minimum inhibitory concentration

◂
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changes were more likely reflective of physiological altera-
tions related to critical illness. Dosing as per the critically 
ill population not on ECMO appears highly likely to provide 
sufficient drug exposures. The steady-state dosing regimen 
of 1 g every 12 h and 2 g every 24 h can be used to achieve 
adequate ceftriaxone exposures against common pathogens 
with an MIC ≤ 0.5 mg/L. Patients with augmented renal 
clearance or infections with less susceptible pathogens 
should be monitored closely with therapeutic drug moni-
toring to ensure sufficient therapeutic exposures.
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