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Abstract

Background and Objectives Probability of target attainment (PTA) curves are commonly used to support dose recommen-
dations of antibiotics for different patient groups. In this study we propose PTA analysis to optimize sugammadex dosing
in children.

Methods This study involved data from an observational cohort study of 30 American Society of Anesthesiologists (ASA)
Physical Status I and II children undergoing surgery requiring muscle relaxation. All patients received 0.6 mg/kg rocuro-
nium, with sugammadex administered at the end of surgery in three different doses (0.5, 1.0, and 2.0 mg/kg) to reverse the
neuromuscular blockade.

Results The data were analyzed using a population Bayesian-based approach. The developed model was used to simulate
pharmacokinetic—pharmacodynamic profiles for different patient groups and dosing regimens before the PTA analysis was
performed to translate these simulations into a clinically useful measure. The target was defined as neuromuscular block-
ade reversal measured by Train-of-Four (TOF ratio > 90%) at 1.5, 3, and 5 min post sugammadex dose. The sugammadex
doses leading to 90% PTA were determined for different patients’ body weights, rocuronium doses, and time gaps between
rocuronium and sugammadex administration assuming the model, priors, and gathered data. For comparison, PTA curves
for a range of clinical scenarios are provided to illustrate the usefulness of PTA analysis in selecting the appropriate dose
for a given patient.

Conclusions The proposed PTA analysis is useful to support the sugammadex dose selection in different clinical scenarios.
Trial Registration The study was registered by ClinicalTrials.gov under number NCT04851574 on 21 April 2021.
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1 Introduction

Sugammadex (SGX) is a modified gamma-cyclodextrin
designed to encapsulate aminosteroid muscle relaxants,
such as rocuronium (ROC) and vecuronium. Sugammadex
administration results in rapid reversal of the neuromus-
cular blockade (NMB) via a noncompetitive mechanism
in a dose-dependent manner [1, 2]. During the registration
process, as well as following sugammadex approval, many
clinical trials have investigated its safety, effectiveness,
and optimal dosing strategies [3—8] in adults as well as
in a pediatric population. A retrospective study covering
the full age range of children demonstrated the safety and
effectiveness of sugammadex reversal of NMB in children
[9]. Compared with neostigmine, the sugammadex reversal
of NMB was associated with less bradycardia in older chil-
dren and adolescents, with a shorter end-interval time in
neonates [9]. In a randomized controlled trial, sugamma-
dex administration in children resulted in rapid recovery
after general anesthesia, faster extubation times, and less
incidence of adverse events compared with neostigmine
[10].

The USA and European Union (EU) drug agencies have
made different regulatory decisions regarding sugamma-
dex [11]. Sugammadex is approved in the USA for the
reversal of NMB induced by rocuronium or vecuronium
in adults (not children) undergoing surgery, whereas the
drug is also approved for use in pediatric patients aged
2—-17 years in the EU [11]. The under-dosing strategy of
sugammadex has recently been suggested as a potential
cost-saving strategy in the reversal of deep NMB, but
the usefulness of this strategy is still under debate [12].
Unquestionably, the population pharmacokinetic—pharma-
codynamic (PK/PD) models and simulations for various
patient groups might be useful to assess the impact of this
under-dosing strategy. Population pharmacokinetic—phar-
macodynamic approaches are especially helpful for sparse
and unbalanced datasets that are common in studies
involving pediatric populations [13].

Several pharmacokinetic and pharmacodynamic models
of rocuronium/vecuronium and sugammadex have been
published [14-17]; however, the data and models are still
limited for the pediatric population. Ploeger et al. [14]
developed a mechanistic pharmacokinetic—pharmaco-
dynamic model for the sugammadex reversal of rocuro-
nium-induced NMB, which implemented an equilibrium
dissociation constant (K,) for the rocuronium-sugamma-
dex complex. This concept was then extended by Kleijn
et al. [16], who developed the more comprehensive popu-
lation pharmacokinetic—pharmacodynamic model of the
rocuronium—sugammadex interaction. Such population
pharmacokinetic-pharmacodynamic models allow the
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construction of probability of target attainment (PTA)
curves. PTA analysis is extensively used to identify and
optimize dosing regimens during antibiotic development
and to guide specific dosing recommendations in differ-
ent patient populations [18]. Similarly, it can be a tool to
optimize the dosing regimens of sugammadex by calculat-
ing the proportion of subjects achieving the desired target
(e.g., desired reversal time).

This study aimed to predict the minimum effective dose
of sugammadex in a population of healthy American Society
of Anesthesiologists (ASA) Physical Status I and II chil-
dren, based on PTA analysis. For this purpose, a population
Bayesian-based pharmacokinetic—pharmacodynamic model
was developed for rocuronium-induced NMB and its reversal
by sugammadex given in three dosing schemes of 0.5, 1, and
2 mg/kg, two of which were subtherapeutic (0.5 and 1 mg/
kg). The final population model was used to simulate PK/
PD time profiles for selected dosing regimens and selected
patient groups (e.g., with different body weights) to deter-
mine the PTA and the minimum effective dose.

2 Methods
2.1 Patients

This study was a prospective cohort study and the research
protocol was approved by the local Ethics Committee. The
study was registered in ClinicalTrials.gov—study number
NCTO04851574. Written informed consent was obtained
from parents and in the case of children over 16 years of
age, also from the patients. The patients were enrolled to the
study between January 2018 and December 2019. The study
sample was limited to children from 2 to 18 years of age of
both sexes, having ASA Physical Status I or II, with general
anesthesia during the operation requiring muscle relaxation
for more than 20 min.

All children received oral premedication of 0.2 mg/
kg midazolam and the introduction to general anesthesia
depended on the presence of an intravenous cannula, with
patients receiving fentanyl (1 ug/kg) and propofol (2—4 mg/
kg) according to the patient’s age. Patients without an intra-
venous cannula underwent volatile induction with sevoflu-
rane at a dose of 5—6 vol%. After catheterization, the anes-
thesia for all patients was maintained by continuous infusion
of propofol to exclude any influence of sevoflurane under
our implemented protocol [19], according to which children
aged 2-5 years received 4 mg/kg of propofol for induction,
followed by infusion at 17 mg/kg/h for the first 30 min,
12 mg/kg/h for the next 30 min, and 10 mg/kg/h until the
end of the operation. Similarly, children aged 6-11 years
received 3 mg/kg of propofol for induction, followed by infu-
sion at 15 mg/kg/h for the first 30 min, 10 mg/kg/h for the
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next 30 min, and 8 mg/kg/h until the end of the operation.
Adolescents aged > 12 years received 2 mg/kg of propofol
for induction, followed by the infusion at 10 mg/kg/h for the
first 30 min, 8 mg/kg/h for the next 30 min, and 6 mg/kg/h
until the end of the operation. For all patients, rocuronium
was administered at a dose of 0.6 mg/kg to facilitate anes-
thesiologist endotracheal intubation and the maintenance of
muscle relaxation for surgical procedures. During the opera-
tion, anesthesia was supplemented by additional doses of
fentanyl and the next dose of rocuronium (half of the first
initial dose) administered when the TOF ratio exceeded 40%.
During anesthesia, patients were monitored continuously by
ECG, noninvasive blood pressure, pulse oximetry, capnom-
etry, temperature, and TOF ratio.

After the end of the operation, the neuromuscular block-
ade was reversed by sugammadex administered in doses of
0.5, 1.0, and 2 mg/kg. One patient who received the minimal
dose of 0.5 mg/kg of sugammadex was excluded from the
study because of a paradoxical reaction to the drug. After
this dose, TOF ratio increased only in 10-15%, so the deci-
sion was to give the same second dose of sugammadex, and
to our amazement the TOF ratio dropped to 0%. This unex-
pected response to the drug will be presented as a case study.
For this reason, the study was continued and limited to two
doses of sugammadex of 1.0 and 2 mg/kg.

Neuromuscular monitoring is recommended after admin-
istration of muscle relaxant. In this work, the TOF ratio was
measured by an Infinity Trident NMT SmartPod (Driger-
werk AG & Co. KGaA, Moislinger Allee 53-55,23558
Liibeck, Germany). The method used in our study was T4/
T1. The sensor was placed on the thumb of the patient. Two
stimulating electrodes were placed along the ulnar nerve
together with the special temperature electrode. After the
completion of the equipment set-up, calibration was per-
formed according to the company’s instruction. TOF ratio
data were collected every 20 s during the first 2 min and
every 1 min from 2 to 5 min after rocuronium administration.
During the operation, values were recorded at 5- or 10-min
intervals and just before sugammadex administration. After
sugammadex administration, the TOF ratio was measured
at the same time points as after rocuronium administration.

The reading of the TOF ratio value allowed for the ongo-
ing assessment of the degree of neuromuscular blockade
to determine the potential need for a maintenance dose of
myorelaxant, as well as to recognize the moment at which
optimal conditions for endotracheal intubation were reached.
In turn, after administration of sugammadex, the TOF ratio
allowed the patient to be extubated under safe conditions.
In line with the current anesthesia recommendations, a TOF
ratio of 90% was considered as the reversal time, providing
safe conditions for extubation [20]. With this parameter, epi-
sodes of recurarization were also recorded, i.e., when three
consecutive TOF ratio readings showed a decrease from 90

to less than 80. The mean arterial pressure (MAP), systolic
(SBP), and diastolic (DBP) blood pressure, and heart rate
(ECG) were recorded as standard monitoring and as a warn-
ing of possible episodes of intraoperative bradycardia, tachy-
cardia, hypotension, and/or hypertension.

During the surgery, blood samples (0.7 ml) were collected
from the vein at three time points: 2 and 15 min after admin-
istration of rocuronium, and immediately before sugamma-
dex dose. Patient blood samples (2 ml) were also collected
2,5, 15, 60 min, and 6 h after sugammadex administration.
The blood was placed in heparinized tubes and transferred
to the laboratory for centrifugation and storage at —20 °C.

2.2 Analytical Methods

Plasma rocuronium and sugammadex concentrations were
determined using validated chromatographic methods with
mass spectrometric detection (LC-MS/MS), in full compli-
ance with good laboratory practice regulations. An Exion
LC system (Applied Biosystems/Sciex, Massachusetts,
USA) consisted of two chromatography pumps, a degasser,
an autosampler (a CTC Pal liquid sampler) and a tempera-
ture-controlled compartment for the column (column oven).
Detection of analytes and internal standards was operated on
triple-quadrupole mass spectrometer, Sciex 4500 QTRAP
(Applied Biosystems/Sciex, Massachusetts, USA), equipped
with a TurbolonSpray interface and the Analyst software
version 1.6.3. Chromatographic separations were performed
by Jupiter 5 um C4 300 A, 50 x 2 mm, on an Ea (Phenom-
enex, Torrance, CA, USA) LC column. The following chro-
matographic conditions were applied: gradient method with
mobile phase A: 0.1% HCOOH in H20, mobile phase B:
0.1% HCOOH in acetonitrile, the initial mobile phase com-
position was maintained at 5% solvent A for 1 min, changed
linearly to 30% (1-3 min), then to 90% (3—4 min), then held
1 min at 90%, then returned to the initial conditions and was
kept at 2 min for the chromatographic column to equilibrate.
The oven temperature was 50 °C, flow rate was 0.8 ml/min,
and the injection volume was 5 ul. Rocuronium and sugam-
madex were analyzed using the same gradient and on the
same run.

During sample preparation, 100 pl of serum was mixed
with 10 pl of deuterated sugammadex (100 pg/ml) and pre-
cipitated in two steps. First, with 10 pl of trichloroacetic
acid and mixed by vortexing for 10 s (3500 rpm) and
5 min (1200 rpm). Second, by adding 100 ul of methanol
and mixed on the vortex for 10 s (3500 rpm) and 5 min
(1200 rpm). The precipitated sample was centrifuged for
5 min at 13,000 rpm and diluted 20 times with HPLC grade
water. All samples were analyzed in one batch within 1 day.

Analyses were conducted in the positive ionization mode
for rocuronium and negative for sugammadex. The opti-
mized source parameters were as follows: 20 psi for curtain
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gas; 8 psi for collision activation dissociation; 600 °C for
turbo heater temperature; 40 psi for gas 1; 35 psi for gas 2.
The multiple reaction monitoring mode was used to deter-
mine three transitions for rocuronium, sugammadex, and
the internal standard (deuterated sugammadex). Calibration
curves and quality control samples were prepared on blank
plasma. The eight-point calibration curves for rocuronium
were obtained in the range of 40-1000 ng/ml with a correla-
tion coefficient » > 0.9994 and in the range of 4-10,000 ng/
ml with a correlation coefficient of 0.9965 for results under
40 ng/ml. Quality control samples for rocuronium were at
the level of 100 and 200 ng/ml. Recovery was 69.9% and
99.9% and relative standard deviation was 4.6% and 13%,
respectively. The calibration curves, quality control sam-
ples, and samples for rocuronium quantification were pre-
pared using peak areas without internal standard owing to
the lack of isotopic internal standard. The calibration curve
for sugammadex was obtained in the range of 0.1-100 pg/
ml with a correlation coefficient r > 0.9995 using analyte/
internal standard (deuterated sugammadex) ratio. Quality
control samples for sugammadex were at the level of 2.5
and 5 pg/ml. Recovery was 75.5% and 86.3% and relative
standard deviation was 3.3% and 1.7%, respectively. The
analytical procedure was validated according to Food and
Drug Administration (FDA) guidelines [21], and all valida-
tion steps confirmed that the applied analytical procedure
was appropriate for the measurement of rocuronium and
sugammadex plasma concentrations.

2.3 Pharmacokinetic-Pharmacodynamic Model

Population modeling was performed using NONMEM (ver-
sion 7.4.4, ICON Development Solutions, Ellicott City, MD,
USA) and the Fortran compiler 9.0. NONMEM runs were
executed using Wings for NONMEM (WFN740, http://wfn.
sourceforge.net). A fully conditional hierarchical Bayesian
analysis was conducted using NONMEM with the $PRIOR
NWPRI statement [22]. NONMEM data processing, simula-
tions, and plots were conducted using Matlab Software ver-
sion 7.0 (MathWorks Inc., Natick, MA, USA). Four MCMC
chains were run for 2000 samples (the first 1000 burn in
samples per chain were discarded). Thus 4000 samples were
used to make an inference about the posterior distributions
of model parameters. The trace plots were used to assess
whether the chains had reached stationary distribution. The
data were analyzed using the following strategy:

1. The structural model developed by Kleijn et al. [16] was
selected to describe the available data.

2. Pharmacokinetic parameters were adjusted from adults
to children based on the principles of allometry/isometry
scaling. Since children in this study had normal renal
clearance, the body weight was assumed to be the only
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factor explaining the size-related effects in this patient
group.

3. The pharmacokinetic parameters were standardized to
a 70 kg subject, allowing the utilization of prior knowl-
edge about model parameters given by Kleijn et al. [16].

The structural model described the free rocuronium (Cyp ),
free sugammadex (Cggx), and the rocuronium—sugammadex
complex using two-compartmental models (parametrized
using Vi, Vra, CLg;, CLy, for rocuronium volumes of distri-
butions and clearances, and Vg, Vg,, CLg;, CLg, for sugam-
madex volumes of distributions and clearances). Complexation
was assumed to occur in the central compartments. Binding
was described using the rate constants for association (k) and
dissociation (kg), with the dissociation constant (K,) included
as a fixed parameter (0.0559 mM). A biophase compartment
(with rate k_,) was used to introduce the delay between rocu-
ronium concentrations and TOF ratio measurements. The TOF
ratio measurements were linked to the biophase rocuronium
concentrations via an E,,, model that was parametrized using
baseline TOF ratio (£, : fixed to 100), a maximal reduction in
TOF ratio (E,,,,: fixed to 100), the rocuronium concentration
in the biophase compartment leading to a 50% reduction in
TOF ratio (ECs i), and the Hill coefficient (GAM). An addi-
tional route of elimination of rocuronium from the effect com-
partment was modeled by a second-order process with a rate
constant (k) and was proportional to the rocuronium biophase
concentrations and the free sugammadex concentration in the
central sugammadex compartment. The concentration were
converted to molar concentrations using molecular weights
of 527.8 g/mol for rocuronium and 2002.2 g/mol for sugam-
madex. The graphical representation of the model is presented
in Fig. 1 in Kleijn et al. [16].

Interindividual variability (IT'V) for all pharmacokinetic-
pharmacodynamic parameters was modeled assuming log-
normal distribution (normal distribution on a logarithmic
scale) (Egs. 1 and 2):

logPpy ; = logfp px + K (log(BWi) —1og(70)) + nppk; (1)

logPpp ; = 10g0p ppp + K (log(BW,-) - log(70)) +1ppp,

(@)
where Ppy; and Ppp; denote a set of pharmacokinetic
and pharmacodynamic parameters for the ith subject (the
parameters are characterized in Table S1, Supplementary
material 2), 0ppx and 0ppp denote a set of typical values
of population parameters, BW; denotes the individual body
weight, where 70 kg is a typical adult body weight, and K
is the exponent equal to 0.75 for clearance, 1 for volumes
of distribution , —0.25 for rates (k., and k), and O for other
pharmacokinetic—-pharmacodynamic parameters. #p py ; and
#p.pk ; denote random effects for model parameters and were
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assumed to follow a multivariate normal distribution (MVN)
mean 0 and variance—covariance matrix Qpg and Qp, (Egs. 3
and 4):

Mppici ~ MVN(0, Qpy ) 3

ppp,i ~ MVN(0, Qpp) 4)

A tilde (~) denotes “has the probability distribution
of” (i.e., the values of #; are randomly drawn from MNV
distribution).

Any jth observation for the ith individual, Crpc ;> Csx i
and TOF;; at time 7;, was defined as follows (Egs. 5-7):

Croc,j = Croc(Pi 1;)(1 + €goc,j) 5)
Csax.j = Csax (P 1;)(1 + €5y ) (6)
TOF ; = TOF(P, 1, + £r0p; e

12

where Croe, Csgx» TOF are defined by the basic structural
model and egpc ; and gy ; represents the proportional ran-
dom error for pharmacokinetic measurements, and eqo ;
represents an additive random error for pharmacodynamic
measurements. It was assumed that € is normally distributed
with mean 0 and variance o2 (Eqs. 8—10):

eroci ~ N0, 050c) ®)
esax.j ~ N0, 056y ©
eror. ~ N0, 070p) (10)

The priors were assumed as follows (Eqgs. 12 and 13):

log8p ~ MVN(logfp , ) (11)

Q ~ InverseWishart(df, - Q. df ) (12)
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o2~ InverseWishart(df, - 6, df,,) (13)

The priors consisted of the vector of hyperprior popu-
lation mean parameters,logep,o and its variances X, the
between-subject variance-covariance matrix € was assumed
to follow an inverse Wishart distribution with ,and
degrees of freedom df,. The inverse Wishart distribution
was also used for sigma. The numerical values for logfp
2,8, df o, 0, df,. are provided in Table S1 (Supplemen-
tary Material 2). Briefly, the hyperprior population mean
pharmacokinetic—pharmacodynamic parameters were set to
values provided by Kleijn et al. [16]. The standard deviations
were assumed to be 5% for pharmacokinetic parameters and
30% for pharmacodynamic parameters. The informative
prior were used to model between-subject variability that
assumed an %CV equal to 30% with 20 degrees of freedom.
The uninformative priors were assumed for residual errors
with mean values equal to those obtained in [16] and low
degrees of freedom. Please note that the prior uncertainty is
slightly higher than reported in the literature and was used
mainly to provide marginal information about model param-
eters. Consequently, it allowed stabilization of the estimation
of model parameters. The data and model code is given in
Supplementary Material 1 and 2 (S2).

2.4 Simulations

The model and obtained posterior distribution of model
parameters (n = 4000) was used to simulate pharmacoki-
netic—pharmacodynamic profiles expected for a subject
with a certain set of covariates (i.e., body weight) under a
certain dosing regimen. As an illustration, the pharmacoki-
netic—pharmacodynamic profile for a 20 kg subject receiv-
ing 0.6 mg/kg rocuronium followed by 0.5, 1, and 2 mg/
kg of sugammadex administered 20 min post rocuronium
dose was simulated. The outcomes of these simulations were
represented as 50th (median) and (5-95th) percentiles to
illustrate the typical pharmacokinetic—pharmacodynamic
profiles, along with the uncertainty to assess the clinical
response by calculating the probability of achieving TOF
ratio > 90% at any given time.

The PTA analysis was performed to translate the simula-
tion into a clinically useful measure. The target was defined
as a reversal time of 1.5, 3, and 5 min post sugammadex
dose, with posterior pharmacokinetic—pharmacodynamic
parameters for a given subject used to simulate a range of
plausible TOF ratio profiles for the desired dosing regimen
based on pharmacokinetic—pharmacodynamic equations.
The reversal time (time post sugammadex administration
after which TOF ratio > 90% was observed) was determined
for each generated pharmacokinetic—pharmacodynamic
profile. Finally, the probability representing the fraction of
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simulated subjects (profiles) achieving that target was plot-
ted for a range of sugammadex doses and administration
times.

3 Results
3.1 Patients

Data were collected from 30 patients of both sexes (22
males/8 females) with a median (range) age of 8.5 years
(2.5-17 years) and body weight of 36.5 kg (14-85 kg). In
this group, 19 and 11 patients were of ASA Physical status
I and II, respectively.

3.2 Drug Concentrations and TOF Ratio
Measurements

A total of 223 and 130 blood samples were collected to
determine rocuronium and sugammadex plasma concen-
trations, respectively. The data consisted of 992 TOF ratio
measurements, with individual concentration—time profiles
and the resulting TOF ratio values provided in Fig. 1.

3.3 Pharmacokinetic Model and Covariate Testing

The data were analyzed assuming a literature pharmacoki-
netic—pharmacodynamic model of rocuronium and sugam-
madex. The informative priors were used to take external
knowledge about model parameters into account. The sum-
mary of a marginal a posteriori distribution of model param-
eters is provided in Table S1 (Supplementary Material 2).
The overall similarities of prior and posterior parameters
suggest the similarity of pharmacokinetic—pharmacody-
namic profiles between the present and previous studies [16].

The experimental data and final model fittings for plasma
concentrations and TOF ratios are shown in Figs. 2 and 3 for
a representative subset of subjects. The predictions (along
with uncertainties) are also shown in Supplementary Mate-
rial 2 (S3) for all subjects. The model fittings show that the
final pharmacokinetic—pharmacodynamic model accurately
described measurements. The goodness-of-fit diagnostic
plots for the final model are presented in Supplementary
Material 2 (S4). The individual and population predictions
versus observed concentrations and TOF ratio measurements
are relatively symmetrically distributed around the line of
identity, although there is some indication of bias in popula-
tion predictions of TOF ratio, nevertheless the conditional
weighted residuals versus population predicted concentra-
tions and versus time do not show any trend and are approxi-
mately normally distributed around zero, indicating reason-
able calibration of the model with the available data. For
diagnostic purpose, we provide ETA plots in Supplementary
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Fig. 2 Plots of observed (closed
symbols), population predicted
(dash lines), and individual
predicted (bar) rocuronium
(black) or sugammadex (red)
concentrations versus time.
Predictions correspond to the
mean a posteriori profiles.

Rocuronium Conc., ng/ml
Sugammadex Conc., pug/ml

102 r 102 1072
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Material 2 (S5) that present mean a posteriori estimates of
ETA (deviation of the individual estimate from the popula-
tion mean on a logarithmic scale) and body weight, age,
and sex. Since we are using a fairly strong prior for typical
values of pharmacokinetic—pharmacodynamic parameters,
some miscalibration can be attributed to the fact that model
predictions are shrunk toward the prior predictions.

3.4 Simulations

Figure 4 presents the typical pharmacokinetic—pharmacody-
namic profile along with the uncertainty expected for a 20 kg
subject receiving 0.6 mg/kg dose of rocuronium followed by
0.5, 1, and 2 mg/kg of sugammadex administered 20 min
post rocuronium dose. The probability of achieving TOF
ratio > 90% was plotted to visualize the clinical response
(reversal of rocuronium action), with the TOF ratio value
increasing in a dose-dependent manner after sugammadex
administration. The 2 mg/kg sugammadex dose led to less

Time, h

than 2 min reversal time for most subjects, with lower sug-
ammadex doses leading to more uncertain reversals. Similar
figures for subjects with a range of body weights and times
of sugammadex administrations post rocuronium dose are
presented in Supplementary Material 2 (S6).

Based on these plots, PTA curves were constructed to bet-
ter understand the impact of sugammadex dose and admin-
istration time on reversal time for subjects of different body
weights (Fig. 5), showing the probability of reversal time
being less than 3 min post sugammadex dose (where reversal
time corresponds to the time the subject achieves TOF ratio
> 90%). Based on simulations, the reversal time from sug-
ammadex administration to a TOF ratio of 90% for patients
with a range of body weights, times of sugammadex admin-
istration, and sugammadex doses is presented in Table 1.
The sugammadex dose leading to the 90% probability of
target attainment is given in Tables 2 and 3. As an exam-
ple, 90% of 10 kg patients are expected to reach the target
(reversal time of 3 min) after 1.1 mg/kg sugammadex given
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Fig. 3 Plots of observed (closed
symbols), population predicted
(dash lines), and individual
predicted (bar) TOF ratio
measurements versus time.
Predictions correspond to the
mean a posteriori profiles. TOF
Train-of-Four
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20 min post rocuronium dose. For these patients, the sugam-
madex dose should be increased to 2.9 mg/kg if sugamma-
dex is given 2 min after rocuronium. Similarly, 90% of 70 kg
patients are expected to reach the same target for a 2.0 mg/
kg dose given 20 min post rocuronium. For these patients,
the sugammadex dose needs to be increased to 3.8 mg/kg if
sugammadex is given 2 min after rocuronium.

4 Discussion

This work proposed PTA analysis for sugammadex dos-
ing optimization in ASA Physical Status I and II children.
According to the product information [23], recommended
sugammadex doses for routine reversal of neuromuscular
blockade are 4 and 2 mg/kg for adults and children, respec-
tively (with median TOF ratio recovery to 90% around
3 min). For rescue use of sugammadex and immediate
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reversal of rocuronium blockade, recommendations are
available for adults only, suggesting sugammadex dose of
16 mg/kg (with median TOF ratio recovery to 90% of around
1.5 min). Owing to limited experience with the use of sug-
ammadex in infants (30 days—2 years) and a lack of studies
in term newborn infants (less than 30 days), the use of sug-
ammadex in these patients is not recommended until further
data become available. Similarly, an immediate reversal in
children and adolescents has not been investigated, and for
this reason, sugammadex is not recommended until now
[24].

Since sugammadex was introduction to clinical practice,
lower than recommended doses (e.g., 0.5-1.0 mg/kg) have
been used and reported, mainly as a cost-saving strategy.
However, the under-dosing strategy may lead to an increased
risk of recurrence of neuromuscular block after initial rever-
sal [12]. Patient age has also been shown to significantly
influence the reversal time after sugammadex administration
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[16], thus a deeper understanding of the dose-effect relation-
ship taking into account the patient’s age/size and different
clinical scenarios is needed to optimize sugammadex dos-
ing. In this study, we focused on the pediatric population
(2—17 years old) since pharmacokinetic—pharmacodynamic
data of sugammadex and rocuronium in children is less
available than in adults. It was hypothesized that lower doses
might be sufficient in some clinical scenarios in children.
Owing to the complexity of the pharmacokinetic—pharmaco-
dynamic model of the rocuronium—sugammadex complex, as
well as sparse clinical data, we used the Bayesian approach
utilizing the published population pharmacokinetic—pharma-
codynamic model [16]. This model was developed based on
data from several clinical studies in adults and one in infants
and children. Full Bayesian analysis utilizing the knowledge
available in the literature was performed to better calibrate
our data with the model predictions. The analysis consisted
of several steps: (1) selection of the pharmacokinetic—phar-
macodynamic model, (2) elucidation of prior information on
model parameters from literature, (3) model inference, (4) an

Time, h

exploratory assessment of covariate relationship explaining
interindividual and intraindividual differences in drug phar-
macokinetics and pharmacodynamics, (5) identification of
differences between literature-described patients and those
enrolled in this study, and (6) simulation-based assessment
of the impact of sugammadex dose on reversal time.

4.1 Clinical simulations

The developed model was used to predict reversal time for
10, 20, 40, and 70 kg subjects administered with a range of
sugammadex doses 2, 5, 10, and 20 min post rocuronium
dose of 0.6 mg/kg. The provided simulation corresponds to
the most common clinical condition. Based on these simula-
tions, it can be concluded that sugammadex administration
at a dose of 4 mg/kg leads to a reversal of rocuronium block-
ade in less than 3 min, irrespective of subject weight and
time of sugammadex administration. One can also expect
a decrease in the reversal time for patients with lower body
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Fig.5 The probability of

BW: 70 kg

. . 1r
reversal time being less than
3 min post sugammadex dose
(reversal time corresponds to 0.5

time with TOF ratio > 90%) for
different sugammadex doses,

sugammadex administration
times, and patient body weights.
Rocuronium was administered
at a dose of 0.6 mg/kg and sug-
ammadex was administered at a
dose ranging from 0.5 to 4 mg/
kg, 2, 5, 10, and 20 min after
the rocuronium dose. BW body

BW: 40 kg
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weight, delayed sugammadex administration, and increased
sugammadex dose.

During elective anesthesia, rocuronium is usually used
at a dose of 0.6 mg/kg and the reversal of NMB after cessa-
tion of surgical procedure should be as fast as possible. For
infants with a body weight of 5 kg, the sugammadex dose
of 4 mg/kg leads to TOF ratio > 90% within 3 min, even if
rocuronium is administered 2 or 5 min before sugammadex
doses. Lower doses are less effective and the NMB reversal
could be expected later, possibly 33 (90% CI 4-88), 21 (90%
CI 1-71), or 7 (90% 0-35) min for sugammadex doses of
0.5, 1, and 2 mg/kg, respectively, administered 2 min after
rocuronium dose.

During controlled standard anesthesia, sugammadex is
often given 20 min after the last rocuronium dose, and a
dose of 1.1 mg/kg should be sufficient for 5 kg infants (if
aiming for a reversal time of 3 min). A 0.5 mg/kg sug-
ammadex dose would lead to a prolonged reversal time
(> 3 min) in a relatively high proportion of subjects (about
30%). The dose can be lowered but only if longer reversal
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Sugammadex Dose, mg/kg

times are possible (e.g., reversal time of 5 min). In chil-
dren with higher body weight (10, 20, or 40 kg of body
mass), the sugammadex dose of at least 4 mg/kg allows
TOF ratio > 90% to be achieved in 2-3 min on average
(less than 6 min for most subjects). For lower doses of
0.5, 1, or 2 mg/kg of sugammadex, much longer rever-
sal times are likely (Table 1). In children approaching the
adult weight of 70 kg, this time of reversal will be longer
and the recommended sugammadex dose of 2 mg/kg would
reverse blockade after 15 (0-75), 11 (0-63), 7 (0-36), and
4 (0-9) min on average (90% confidence) if given 2, 5, 10,
and 20 min after rocuronium administration, respectively.

Immediate reversal of neuromuscular blockade within
3 min after administration of rocuronium is used in an
emergency. In this case, the dose of 16 mg/kg sugam-
madex is recommended for adults, but there are no such
recommendations available for children [25, 26]. Accord-
ing to the standard reversal, rescue sugammadex doses
should be able to accelerate the speed of recovery from the
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Table 1 Reversal time in minutes [mean, median (5-95th percentiles)] from sugammadex administration to a TOF ratio of 90 for the various

body weights, time, and dose groups.

BW, kg Tsgx> min SGX dose, 0.5 mg/kg SGX dose, 1 mg/kg SGX dose, 2 mg/kg SGX dose, 4 mg/kg
70 65, 53 [15-174] 44,30 [1-145] 15, 3 [0-75] 3,1[0-7]
70 5 60, 48 [8-170] 37,20 [1-134] 11, 3 [0-63] 3,1[0-6]
70 10 51,38 [3-163] 27,7 [1-118] 7,2 [0-36] 2,1[0-5]
70 20 35,9 [1-145] 15, 3 [0-89] 4,1 [0-9] 1,1[04]
40 57,45 [12-151] 38,25 [1-126] 13, 3 [0-64] 3,1[0-6]
40 5 52,41 [5-147] 31,14 [1-114] 9,2 [0-52] 2,1[0-5]
40 10 43,30 [2-141] 22,5 [1-102] 6,2 [0-24] 2,1[0-4]
40 20 27,6 [1-123] 11,2 [0-69] 3, 1[0-6] 1,0 [0-3]
20 48, 38 [9-126] 31,20 [1-105] 11,2 [0-53] 2,1[0-5]
20 5 43, 32 [3-122] 24,9 [1-92] 7,2 [0-40] 2,1[0-4]
20 10 34,20 [1-116] 17,3 [1-80] 5,1[0-11] 2,1[0-3]
20 20 20, 3 [0-97] 9,1[0-51] 3,1[0-4] 1,0[0-2]
10 40, 31 [7-106] 26, 16 [1-86] 9,2 [0-44] 2,1[0-4]
10 5 35,26 [2-102] 19, 6 [1-77] 6,1[0-31] 2,1[0-3]
10 10 26, 12 [1-94] 13,2 [0-64] 4,1 [0-8] 1,0[0-3]
10 20 15,2 [0-77] 6, 1[0-36] 2,0 [0-3] 1,0[0-2]
5 33,26 [4-88] 21,12 [1-71] 7,1[0-35] 2,1[0-3]
5 5 28,20 [1-84] 15, 4 [0-64] 5,1[0-22] 2,0[0-3]
5 10 20,5 [1-76] 9,2 [0-51] 3,1[0-5] 1,0 [0-2]
5 20 10, 1 [0-59] 4,1[0-23] 2,0 [0-2] 1,0 [0-1]

BW body weight, Ty time gap between rocuronium and sugammadex administration, 7OF Train-of-Four, SGX sugammadex

neuromuscular block to a TOF ratio of 90% in an average
of 3 min [27]; this will be shorter for younger children
[28].

Based on simulations, for children with unanticipated
difficult intubation following the standard 0.6 mg/kg rocu-
ronium dose, the rescue sugammadex bolus at a dose of 3.3,
3.6, 4.1, 4.5, or 4.8 mg/kg should be sufficient for patients
weighing 5, 10, 20, 40, or 70 kg, respectively. When the
time of reversal of NMB needs to be reduced to 1.5 min in
the youngest and/or the sickest children, then the required
sugammadex dose should be almost doubled to 5.3, 6.0, 6.7,
7.4, and 7.9 mg/kg based on the same patient body mass.

In another scenario of predictable difficult intubation
(e.g., congenital defects, traumatic injuries) when the rocu-
ronium dose of 1.2 mg/kg is recommended, immediate
reversal of blockade needs higher sugammadex doses in all
age groups from 6.5 mg/kg for a 5 kg infant to 8.3 mg/kg for
a 40 kg child, and even 9 mg/kg for patients weighing 70 kg
[29]. Similarly, shortening the time to 1.5 min requires a
further increase in the dose by a factor of 1.5, which means
an effective dose for an infant is 8.8 mg/kg and for a teenager
is 12-13 mg/kg of sugammadex.

This study has several limitations. First, the number of
subjects enrolled into the study and number of measurements
was small to precisely estimate all model parameters with-
out using external knowledge and Bayesian-based methods.

Second, as the model uses prior information, predictions are
strongly influenced by the choice of priors, i.e., the results
presented by Kleijn et al. [16]. This is especially true for
the part of the work that provides large dose extrapolations.
Third, we had to discontinue studying patients receiving the
smallest dose of sugammadex (0.5 mg/kg), after a paradoxi-
cal and life-threatening response of the patient to this dose.
Fourth, the simulation does not include the scenarios of
sugammadex administration timing based on the TOF ratio.

5 Conclusions

The available rocuronium concentrations, sugammadex con-
centrations, and TOF ratio data were analyzed using a popu-
lation Bayesian-based pharmacokinetic—pharmacodynamic
model to determine the minimal effective sugammadex dose
for different clinical scenarios.

The clinically effective dose of sugammadex should be
selected based on the body mass (age) of a child, rocuro-
nium dose, and the time of sugammadex administration
after the last rocuronium dose. Assuming the model, the
sugammadex dose guaranteeing standard reversal of neu-
romuscular blockade within 3 min in infants is 1.1 mg/
kg (assuming sugammadex administration 20 min post
0.6 mg/kg dose of rocuronium), which should be increased
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Table2 Sugammadex doses leading to the PTA > 0.9 for subjects of
different body weights (BW) and times of sugammadex administra-
tion (Tygx) after 0.6 mg/kg rocuronium administration

Table 3 Sugammadex doses leading to the PTA > 0.9 for subjects of
different body weights (BW) and times of sugammadex administra-
tion (T'sgx) after 1.2 mg/kg rocuronium administration

BW, kg TsGx> min Sugammadex dose, mg/kg BW, kg TsGx> min Sugammadex dose, mg/kg
1.5 min 3 min 5 min 1.5 min 3 min 5 min

70 2 7.9 4.8 3.8 70 2 13.1 9.0 7.3
70 5 9.1 4.9 34 70 5 13.5 8.2 6.5
70 10 8.5 4.4 2.8 70 10 12.6 7.1 55
70 20 6.4 32 2.0 70 20 9.7 5.4 4.1
40 2 7.4 4.5 35 40 2 12.2 8.3 6.9
40 5 7.9 4.4 3.1 40 5 11.8 7.5 6.0
40 10 7.0 37 2.5 40 10 10.6 6.4 4.9
40 20 5.1 2.6 1.7 40 20 8.2 4.7 35
20 2 6.7 4.1 32 20 2 10.8 7.7 6.5
20 5 6.8 3.7 2.7 20 5 10.5 6.6 53
20 10 5.7 29 2.0 20 10 8.9 5.5 43
20 20 39 1.9 1.3 20 20 6.3 3.8 3.0
10 2 6.0 3.6 2.9 10 2 10.0 7.1 6.1
10 5 5.7 32 2.3 10 5 9.0 5.9 4.8
10 10 4.6 2.4 1.7 10 10 73 4.7 3.8
10 20 2.8 1.4 1.1 10 20 4.9 3.1 2.7
5 2 5.3 33 2.6 5 2 8.8 6.5 5.6
5 5 4.7 2.7 2.0 5 5 7.6 5.2 4.6
5 10 35 1.9 1.5 5 10 6.1 39 34
5 20 1.9 1.1 0.9 5 20 38 2.6 2.4

Three targets with reversal times of 1.5, 3, and 5 min are shown

BW body weight, Ty time gap between rocuronium and sugamma-
dex administration, PTA probability of target attainment

to 1.4, 1.9, 2.6, and 3.2 mg/kg for patients weighing 10, 20,
40, and 70 kg, respectively. The reversal time of 1.5 min
requires higher sugammadex doses by a factor of 1.7 (5 kg)
to 2 (70 kg), whereas a reversal time of 5 min requires
smaller sugammadex doses by a factor of 0.6 (70 kg) to
0.8 (5 kg). As expected, sugammadex doses guarantee-
ing immediate reversal of neuromuscular blockade within
1.5 min after rocuronium administration at a 1.2 mg/kg
rocuronium dose require even higher sugammadex doses
ranging from 8.8 to 10.0 mg/kg for infants, and 10.8, 12.2,
and 13.1 mg/kg for older children; lower doses than rec-
ommended for adults. The proposed PTA analysis suggests
that under certain circumstances, a low sugammadex dose
might be effective in reversing NMB.
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