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Abstract 

BACKGROUND: Rocuronium concentration prediction using pharmacokinetic (PK) models 

would be useful to control rocuronium effects because neuromuscular monitoring throughout 

anesthesia is occasionally difficult. This study assessed whether six different compartmental PK 

models developed from data obtained after bolus administration only could predict the 

measured plasma concentration (Cp) values of rocuronium delivered by bolus followed by 

continuous infusion. 

METHODS: Rocuronium Cp values from 19 healthy subjects who received a bolus dose 

followed by continuous infusion in a phase III multicenter trial in Japan were used 

retrospectively as validation datasets. 

Six different compartmental PK models of rocuronium were used to simulate the time course of 

rocuronium Cp values, which were compared with measured Cp values. Prediction error (PE) 

derivatives of median absolute PE (MDAPE), median PE (MDPE), wobble, divergence of the 

absolute PE, and divergence of PE were used to assess inaccuracy, bias, intra-individual 

variability, and time-related trends in APE and PE values. 

RESULTS: MDAPE and MDPE values were acceptable only for the Magorian and Kleijn 

models. Divergence PE values for the Kleijn model were lower than −10%, indicating unstable 

prediction over time. In contrast, the Szenohradszky model had the lowest divergence PE 

(−2.7%) and wobble (5.4%) values, indicating the capability of stable prediction during long 

continuous infusion. The Magorian model showed superior PE derivatives among the six 

models assessed. 

CONCLUSIONS: This study suggests that 1 of the 6 PK models developed from data obtained 

after single bolus dose alone can predict Cp values during bolus and continuous infusion. 

Key words: rocuronium, neuromuscular blocking agent, drug delivery, pharmacokinetics  



5 
 

Introduction 

 

Rocuronium is a nondepolarizing neuromuscular blocking agent administered by intermittent 

bolus and continuous infusion. Because it is an intermediate-acting agent with a large 

interindividual variability,1 neuromuscular monitoring can be used to ensure optimal 

rocuronium administration. Acceleromyography is one of the most popular quantitative 

monitoring techniques because it is comparatively inexpensive, practical, and easy to use.2 

However, in some cases, intraoperative measurements with acceleromyography can be 

influenced by artefacts, patient movements, and unstable twitch responses.2 In such cases, 

appropriate prediction of rocuronium concentration may be a useful clinical aid in conjunction 

with neuromuscular monitoring. Once the relationship between the predicted rocuronium 

concentration and the effects of rocuronium in a patient is determined, the effects of this drug 

could be controlled using the predicted concentration. Currently, drug advisory displays show 

the predicted rocuronium concentration.3 

 

The predicted rocuronium concentration is calculated using pharmacokinetic (PK) models of 

rocuronium. As rocuronium can be administered by both intermittent bolus and continuous 

infusion, a rocuronium PK model should ideally predict the concentration not only during a 

bolus dose regimen but also during a continuous infusion regimen. Most published PK models 

of this drug have been developed using samples obtained after bolus infusion only.4-9 Therefore, 

the predictive performance of these PK models may be limited. Previously, we confirmed the 

possibility that a PK model of propofol developed on the basis of samples obtained after bolus 

infusion underpredicted plasma concentration (Cp) values during continuous infusion.10 
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This study aimed to assess the predictive performance of six published compartmental PK 

models of rocuronium developed using sequential samples obtained after bolus infusion. For the 

assessment, we used a dataset including rocuronium Cp values measured during continuous 

infusion following initial bolus infusion in 19 patients included in a phase III trial in Japan. We 

hypothesized that the assessed PK models provide biased predictions for the applied dataset.  
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Materials and Methods 

 

Selected Pharmacokinetic Models 

For the assessment, we selected six published PK models developed by Wierda et al,4 

Szenohradszky et al,5 Alvarez-Gomez et al,6 Cooper et al,7 Magorian et al,8 and Kleijn et al,9 

called the “Wierda,” “Szenohradszky,” “Alvarez-Gomez,” “Cooper,” “Magorian,” and “Kleijn” 

models, respectively (Table 1). These models were developed using samples obtained after 

bolus infusion of rocuronium without continuous infusion in patients with normal renal and 

hepatic function. We excluded published PK models in which the structures for all individuals 

were not unique. 

Detailed descriptions of how the models were developed can be found in the published articles. 

Briefly, the Wierda model was developed using samples from 10 healthy patients (7 female and 

3 male, 18–60 years, 56–75 kg) who received a 1 mg·kg−1 bolus of rocuronium over 10 s. 

Venous samples were collected before and during a period of 1–480 min after the administration 

of rocuronium. Szenohradszky et al developed their model using samples from 20 patients with 

normal renal function or renal failure (6 female and 14 male, 21–65 years, 45–107 kg) who 

received a rapid bolus of 0.6 mg·kg−1 rocuronium. Venous samples were obtained from the 

contralateral arm before and during a period of 2–360 min after rocuronium bolus 

administration. We used the PK parameter set for normal renal function as the Szenohradszky 

model in our study. For the development of the Alvarez–Gomez model, the authors analyzed the 

concentration data from 7 patients (3 female and 4 male, 30 ± 6 years, 70 ± 9 kg) who received 

a 0.6 mg·kg−1 bolus of rocuronium. Venous samples were obtained from the contralateral arm 

before and during a period of 1–300 min after rocuronium injection. The Cooper model was 

based on data from 9 patients (5 female and 4 male, 27–64 years, 53–94 kg) without renal 
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failure who received a 0.6 mg·kg−1 fast bolus of rocuronium. Venous samples were obtained 

before and during a period of 1–390 min after rocuronium administration. Magorian et al 

developed their PK model from 20 patients with normal hepatic function or liver disease (5 

female and 15 male, 23–67 years, 50–110 kg) who received a rapid bolus of 0.6 mg·kg−1 

rocuronium. Venous or arterial samples were obtained from the contralateral arm before and 

during a period of 2–360 min after rocuronium bolus infusion. We used the PK parameter set for 

normal hepatic function as the Magorian model in our study. The Kleijn model was developed 

from 426 patients and 20 healthy volunteers (157 female and 289 male, 1–91 years, 9.6–139 kg, 

393 non-Asians and 53 Asians) who received a 0.6-, 0.9-, or 1.2-mg·kg−1 bolus. The Kleijn 

model or the other models were developed as two- or three-compartmental models, respectively. 

The mixed-effects modeling approach was used while developing the Szenohradszky, Magorian, 

and Kleijn models, while the standard two-stage approach was used while developing the other 

three PK models.11-13 

 

Validation Dataset 

To assess the predictive performance of the six PK models, we used a dataset obtained from a 

phase III multicenter clinical trial conducted in Japan that examined the effectiveness, safety, 

and side effects of rocuronium.14 In the trial, rocuronium Cp was measured in 19 of 38 patients 

(13 female and 6 male, 20–62 years, 44–72 kg) scheduled for elective surgery with an estimated 

duration of general anesthesia of 2–5 hours. The exclusion criteria were neuromuscular 

disorders, renal or hepatic failure, pregnancy, or any medication or disease that could potentially 

interfere with neuromuscular transmission. Following the induction of general anesthesia using 

a propofol bolus, sevoflurane (n = 10) or propofol (n = 9) was administered for the maintenance 

of anesthesia. Neuromuscular blockade was monitored using acceleromyography (TOF watch 
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SX; MSD K.K., Tokyo, Japan). Supramaximal train-of-four stimulation was applied to the ulnar 

nerve at the wrist. Continuous infusion of rocuronium was initiated at 7 μg·kg−1·min−1 following 

rapid bolus infusion of 0.6 or 0.9 mg·kg−1 rocuronium. The dose was adjusted to maintain the 

single-twitch response at 3%–10% during surgery. Venous samples were obtained immediately 

before the initiation of rocuronium infusion, at 60 and 90 min after the initiation of continuous 

infusion and immediately before the end of continuous infusion. Rocuronium Cp values were 

determined by liquid chromatography mass spectrometry. The lower limit of quantification was 

0.2 ng·mL−1. 

 

Assessment of Pharmacokinetic Models 

Measured/predicted Cp was described to clarify the bias of prediction by the PK models. To 

show the time-related changes in prediction and clarify the intraindividual variability in 

prediction errors, we depicted the individual time course of PEij − MDPEi (j = 1,...,Ni), where Ni 

is the number of prediction error (PE) values obtained for the i-th subject. We also illustrated a 

linear regression line to show the tendency of the percentage PEs to increase or decrease over 

time in each patient. 

 

The predictive performances of the six PK models were analyzed using the following five PE 

derivatives (%) calculated as (measured Cp − predicted Cp)⁄predicted Cp × 100.15, 16 The median 

PE (MDPE) reflects the bias in Cp prediction. In the i-th subject,  

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 �𝑀𝑀𝑀𝑀𝑖𝑖𝑖𝑖 , 𝑗𝑗 = 1,⋯ ,𝑁𝑁𝑖𝑖�, 

where Ni is the number of PE values obtained for the i-th subject. Hereby, an MDPE value of 0 

indicates no bias. The median absolute PE (MDAPE) value indicates the inaccuracy of Cp 

prediction. In the i-th subject, 
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𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ��𝑀𝑀𝑀𝑀𝑖𝑖𝑖𝑖�, 𝑗𝑗 = 1,⋯ ,𝑁𝑁𝑖𝑖�, 

where Ni is the number of PE values obtained for the i-th subject. The closer the MDAPE value 

is to 0, the more accurate is the model. MDPE values ranging between −20% and 20% and 

MDAPE values below 30% are regarded as acceptable.17 The wobble value measures the total 

intraindividual variability in PEs. In the i-th subject, 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑚𝑚𝑖𝑖 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ��𝑀𝑀𝑀𝑀𝑖𝑖𝑖𝑖 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑖𝑖�, 𝑗𝑗 = 1,⋯ ,𝑁𝑁𝑖𝑖�, 

where Ni is the number of PE values obtained for the i-th subject. The closer the value is to 0, 

the lesser is the intraindividual variability. Divergence APEi, which is the original divergence 

defined by Varvel et al,15 and divergence PEi, which is proposed by Glen et al,16 are calculated 

for the i-th individual as the slope obtained from linear regression of an individual’s PEijs and 

|PEij|s against time, respectively. Divergences show time-related trends in PE and APE. An 

absolute value of divergence that is close to 0 means that prediction is stable over time. MDPE, 

MDAPE, wobble, divergence PE, and divergence APE (PE derivatives) values were calculated 

as averages of corresponding individual values, according to Varvel et al.15 

 

Calculation and Statistics 

NONMEM VII (GloboMax LLC, Hanover, MD) was used to simulate the time course of the 

predicted Cp values, which were represented by the concentrations in the central compartment. 

A paired t-test was used to compare wobbleis values among the PK models. The one-sample 

t-test was used to test the hypothesis that the mean of a divergence is significantly different from 

0. P-values were adjusted using the Beyer–Hardwick (BH) method.18 P = 0.05 was considered 

statistically significant. All statistical analyses were conducted using Prism 6.04 (GraphPad 

Software, La Jolla, CA) and R version 3.0.2 (http://www.R-project.org).  
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Results 

 

The individual time courses of the measured Cp values of rocuronium are depicted in Figure 1. 

All the rocuronium Cp values were used for the assessment. This dataset includes a venous Cp 

(n = 72) of 0.6–3.3 μg·mL−1 up to 292 min after the start of drug administration. 

 

The individual time courses of measured/predicted Cp are shown in the left column in Figure 2. 

Visual inspection revealed clear overprediction with the Szenohradszky model and 

underprediction with the Wierda, Alvarez–Gomez, and Cooper models. These results are 

confirmed by the MDPE values presented in Table 2. The MDPE value for the Szenohradszky 

model was −25.7%, which was below the acceptable range, whereas those for the Wierda 

(20.7%), Alvarez–Gomez (42.9%), and Cooper models (31.3%) were above the acceptable 

MDPE range. 

 

The middle column in Figure 2 depicts the individual time courses of PEij − MDPEi values. 

These figures indicate that the Szenohradszky model has the least degree of variation in 

predicted Cp values for each patient compared with the other PK models. Similarly, the wobble 

value for the Szenohradszky model was significantly smaller than that for the other four models, 

indicating a smaller total intraindividual variability in PEs (Table 2). 

 

Regression lines for PEij − MDPEi values for each individual are illustrated in the right column 

in Figure 2. The slopes of the linear regression line were negative in more patients when the 

Wierda, Alvarez–Gomez, Cooper, and Kleijn models were used than when the Szenohradszky 

and Magorian models were used. This indicated a tendency of the former four models to predict 
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lower Cp values in the early phase and higher Cp values in the late phase after the start of 

rocuronium administration. The divergence PE values summarize the tendency of the regression 

lines. The divergence PE values for all models except the Szenohradszky and Magorian models 

were below −10%/h, which were significantly lower than 0 (Table 2).  

 

The divergence APE values are shown in Table 2. Only the value for the Cooper model was 

−21.8%, which was significantly lower than 0.   
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Discussion 

 

We investigated the predictive performance of six published PK models of rocuronium 

developed using sequential Cp values obtained after bolus infusion. We used published Cp data 

that originated from a clinical trial in which the rocuronium dosing scheme included both bolus 

and continuous infusion in 19 patients. In the assessment of bias and inaccuracy, the Magorian 

and Kleijn models showed acceptable performance. The Szenohradszky model exhibited less 

intraindividual variability. The Szenohradszky and Magorian models showed stable prediction 

over time. Among the six models, the Magorian model showed an acceptable predictive 

performance for a dosing scheme that included continuous infusion. 

 

Predicted concentrations of intravenous drugs, particularly propofol and opioids, are frequently 

used while administering anesthesia in daily practice and offer various advantages that result in 

better patient care,3 such as the prevention of overdosing or insufficient dosing to avoid 

unexpected effects. The predicted rocuronium concentration obtained using a good PK model 

can also improve daily anesthesia practice. The combination of predicted rocuronium 

concentration and neuromuscular monitoring will help in predicting the effects of rocuronium 

over time. However, for appropriate prediction, one should select a validated PK model.  

 

MDPE and MDAPE values are the primary factors for assessing the external validity of PK 

models in some studies.19, 20 Assessment using these two indices in our study revealed that the 

Magorian and Kleijn models were acceptable, whereas the other PK models were unacceptable 

(Table 2). In addition, the divergence PE of −15.1%/h for the Kleijn model, which was 

significantly lower than 0, indicated unstable prediction of the PK model over time. Although 
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the wobble values showed that the intraindividual variability of the Magorian model was larger 

than that of the Szenohradszky model (Table 2), the wobble values for propofol PK models 

generally used in clinical practice are ≥10%, which are larger than those for the Magorian 

model.16 These results indicate that the predictive performance of the Magorian model was 

acceptable overall. 

 

Prediction of Cp values during continuous infusion using one of the assessed six PK models is 

equivalent to extrapolation because these PK models were developed on the basis of a dosing 

scheme involving bolus infusion only. A previous study showed that PK models developed on 

the basis of a bolus dosing scheme underpredicted Cp values.10 However, the Magorian model 

showed an acceptable prediction of Cp values, which was against our hypothesis. Although the 

reason remains unclear, the modeling approach (discussed below) may have influenced the 

predictive performance of these PK models.  

 

Previous studies compared the mixed-effects modeling approach and the standard two-stage 

approach to develop PK models.11-13 The results of these studies indicated that mixed-effects 

modeling approach did not improve the internal validity of the PK models. In the present study, 

the Magorian and Kleijn models developed using the mixed-effects modeling approach showed 

acceptable bias and inaccuracy, whereas the Wierda, Alvarez-Gomez, and Cooper models 

developed using the standard two-stage approach resulted in unacceptable bias or inaccuracy for 

our validation dataset. The mixed-effects modeling approach may enable the development of a 

better PK model for the prediction of Cp values for extrapolation compared with the standard 

two-stage approach, i.e., a PK model developed using the mixed-effects modeling approach may 

predict Cp values more effectively than a model developed using the standard two-stage 
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approach, particularly when patients have background factors differing from those used while 

developing the PK model, such as dosing scheme, age, and sex. For example, a PK model 

developed using the mixed-effects modeling approach on the basis of data from patients aged 

30–60 years old can predict Cp values for 80-year-old patients. Similarly, a model developed 

using data from male patients may be able to predict data for female patients. 

 

This study was limited by the fact that the entire dataset of measured Cp values were collected 

from the Japanese population, while the Kleijn model includes race as a covariate for measuring 

intercompartmental clearance.9 However, the influence of these racial differences was likely to 

be minimal because the median difference in Cp values predicted using the Kleijn model was 

only 0.03 (range, 0–0.13) μg/mL between Asian and non-Asian populations.  
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Conclusions 

 

The results from this study showed that the Magorian model of rocuronium, developed using a 

bolus dosing scheme only, could predict Cp values during dosing schemes involving continuous 

infusion. When the data from a PK model are extrapolated to predict Cp values for a patient, the 

validity of the PK model should be confirmed first. For this extrapolation of data, PK models 

developed using the mixed-effects modeling approach may be superior to those developed using 

the standard two-stage approach.
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Titles of tables and figures 

 

Table 1. Pharmacokinetic parameters for the assessed compartmental models 

Age: (years), BW: body weight (kg), CR: creatinine clearance (mL/min), k10: elimination rate 

constant, k: equilibration rate constant, Race: 1 for non-Asian and 0.788 for Asian, V1: volume 

of central compartment 

 

Table 2. Prediction error derivatives [mean (range)] 

PE: prediction error, APE: absolute PE, MDPE: median PE, MDAPE: median APE  

* P < 0.05 or ** P < 0.01 vs the Szenohradszky model, † P < 0.05 or ‡ P < 0.01 vs the 

Alvarez-Gomez model, § and §§ indicates that the average is different from 0 (P < 0.05 and P < 

0.01, respectively). 

 

Figure 1. Time course of measured plasma concentration (Cp) of rocuronium 

The closed circles represent each measured Cp. The dotted line connects all the sampling points 

for each individual. 

 

Figure 2. 

Left column: Time course of measured divided by predicted plasma concentration 

(measured/predicted Cp) for each pharmacokinetic model 

The closed circles represent each measured Cp. The thin dotted line connects all the sampling 

points for each individual. When the measured Cp is equal to the plasma Cp, the value of 

measured/predicted is 1, indicating perfect prediction. 

Middle column: Time course of prediction error (PE) minus individual median PE (MDPEi) (PE 



22 
 

− MDPEi). The closed circles represent each measured Cp. The thin dotted line connects all the 

sampling points for each individual. These lines show the intraindividual variation in prediction 

versus time. 

Right column: Individual regression line for PE – MDPEi (solid line) 

The lines illustrate individual time-related trends of PE. 
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