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Editor’s key points

† The unbound plasma
concentration is related
to systemic toxicity of
local anaesthetics.

† A higher unbound plasma
concentration of local
anaesthetics has been
reported with continuous
epidural anaesthesia in
neonates and younger
children.

† In this context, the
population
pharmacokinetic
analyses support the
approved dose
recommendations of
ropivacaine for single
caudal block and
continuous epidural
infusion in neonates,
infants, and up to
12-yr-old children.

Background. The aim was to characterize ropivacaine and 2′,6′-pipecoloxylidide (PPX)
pharmacokinetics and factors affecting them in paediatric anaesthesia.

Methods. Population pharmacokinetics of ropivacaine and its active metabolite PPX were
estimated after single and continuous ropivacaine blocks in 192 patients aged 0–12 yr
from six pooled published studies. Unbound and total ropivacaine and PPX plasma
concentration and PPX urinary excretion data were used for non-linear mixed-effects
modelling by NONMEM. Covariates included age, body weight, gender, ethnic origin, ASA,
site and method of administration, and total dose.

Results. One-compartment first-order pharmacokinetic models incorporating linear binding
of ropivacaine and PPX to a1-acid glycoprotein were used. After accounting for the effect of
body weight, clearance of unbound ropivacaine and PPX reached 41% and 89% of their
mature values, respectively, at the age of 6 months. Ropivacaine half-life decreased with
age from 13 h in the newborn to 3 h beyond 1 yr. PPX half-life differed from 19 h in the
newborn to 8–11 h between 1 and 12 months to 17 h after 1 yr. Simulations indicate
that for a single caudal block, the recommended dose could be increased by a factor
of 2.9 (0–1 month group) and 6.3 (1–12 yr group) before the unbound plasma
concentrations would cross the threshold for systemic toxicity. Corresponding factors for
continuous epidural infusion are 1.8 and 4.9.

Conclusions. Ropivacaine and PPX unbound clearance depends on body weight and age.
The results support approved dose recommendations of ropivacaine for the paediatric
population.

Keywords: local anaesthetics; ropivacaine; metabolite kinetics; paediatric anaesthesia;
population pharmacokinetics; regional anaesthetic techniques
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Ropivacaine is a long-acting local anaesthetic that is chemi-
cally homologous to bupivacaine but a pure S-enantiomer.
After i.v. infusion in adult volunteers, ropivacaine was toler-
ated at a higher dose and higher unbound plasma concen-
trations before central nervous system (CNS) symptoms
developed, than was the case for bupivacaine. At unbound
concentrations producing CNS symptoms, cardiovascular
changes such as depression of conduction and diastolic func-
tion were less pronounced with ropivacaine.1 In a resuscita-
tion study in anaesthetized dogs, unbound plasma

concentrations of ropivacaine associated with cardiovascular
collapse were significantly higher than those required for
bupivacaine toxicity2 and resuscitation was more successful
after ropivacaine (90%) compared with bupivacaine (50%).
There was a similar spread of sensory block but a reduced
intensity of motor block and quicker recovery after ropiva-
caine compared with bupivacaine in adult volunteers, given
a 21 h continuous epidural infusion.3 These differences
may offer distinct advantages of ropivacaine in paediatric
anaesthesia.
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Table 1 Summary of study information. *For adequate segmental spread, all caudal studies used 1 ml kg21. In epidural administration, the volume reflected the surgical need. †Number of
samples given for total/unbound ropivacaine (C/Cu) concentration. Total and unbound PPX concentrations, two to five samples per patient, and PPX amounts excreted in urine were available for
two studies.16 17 Samples taken before dosing are not included. AAG was measured in a subset of the samples for all studies with at least one AAG observation per subject. F, female; M, male

Study Mode of administration Patient age (yr)
(no. of patients)

Gender Ropivacaine dose* Study design and
pharmacokinetic
sampling†

Maximum sampling
period

Lönnqvist and colleagues6 Single caudal block 1–8 (20) 16M/4F 2 mg kg21 (2 mg ml21) Open, age-stratified; 7/7
C/Cu samples/patient

�28 h

Bösenberg and colleagues18 Single caudal block 4–12 (44) 40M/4F 1 mg kg21 (1 mg ml21), 2 mg
kg21 (2 mg ml21), 3 mg kg21

(3 mg ml21)

Randomized
double-blind; 5/1 C/Cu
samples/patient

�4 h

Rapp and colleagues19 Single caudal block 0–1 (35) 31M/4F 2 mg kg21 (2 mg ml21) Open, age-stratified �24 h
5/1–2 C/Cu samples/
patient

Dalens and colleagues20 Ilioinguinal nerve block 1–11 (20) 16M/4F 3 mg kg21 (5 mg ml21) Open, age-stratified; 6/1
C/Cu samples/patient

� 6 h

Bösenberg and colleagues17 Epidural bolus followed
by continuous epidural infusion

0–1 (45) 22M/23F Bolus: 0.9–2.0 mg kg21;
infusion: median (range) mg
kg21 h21: 0–6 months: 0.19
(0.15–0.41); 6–12 months: 0.4
(0.21–0.41)

Open, age-stratified; 5–
6/3–4 C/Cu samples/
patient

�73 h; infusion duration:
median (range): 48.9
(8–73) h

Berde and colleagues16 Epidural bolus followed by
continuous epidural infusion

1–12 (29) 8M/21F Bolus: 1.9–2.0 mg kg21;
infusion: median: (range) mg
kg21 h21: 0.4 (0.2–0.76)

Open, age-stratified; 9–
15/2 C/Cu samples/
patient

� 97 h; infusion
duration: median
(range): 59.3 (7–97) h
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Six ropivacaine studies were sponsored by AstraZeneca
AB, Södertälje, Sweden (Table 1), as part of a paediatric
development programme, the aim of which was to establish
effective and safe dose recommendations. To provide infor-
mation needed for a thorough pharmacokinetic evaluation
of ropivacaine and its active metabolite 2′,6′-pipecoloxylidide
(PPX) in the entire paediatric population, data, from the
studies published previously, have been pooled in this popu-
lation pharmacokinetic evaluation.

Ropivacaine is extensively metabolized to 3-
hydroxyropivacaine by CYP1A2 and to PPX by CYP3A4, which
account for �37% and 3% of a single i.v. dose to healthy vol-
unteers,4 5 with �1% of the dose excreted unchanged in urine
of adults5 and children.6 Although PPX concentrations are very
low after a single dose, they are considerably higher during
postoperative epidural and interscalene infusion.7 8 Compared
with that of unbound ropivacaine, a 12-fold higher unbound
concentration of PPX is needed to produce CNS toxicity in
rats (M.M. Halldin, personal communication, AstraZeneca,
unpublished data, 2010). The threshold for CNS toxicity of
unbound ropivacaine in men is 0.34 mg litre21 based on i.v.
tolerability in adult volunteers.1 The concentration–response
relationship in systemic toxicity is assumed to be the same
in paediatric patients.

It is the unbound plasma concentration that is related to
systemic toxicity of local anaesthetics.9 A significantly higher
unbound plasma concentration of bupivacaine has been
reported with continuous epidural anaesthesia in neonates
and infants (aged 6 days to 5.2 months) compared with
older children (aged 18 months to 9 yr) and was coupled
with a high rate (four of seven patients) of early symptoms
of CNS toxicity in the younger group.10 The same dose in
mg kg21 was used in both groups and is probably the
reason why neonates showed particularly high unbound
plasma concentrations. The difference between the groups
was probably related to a lower clearance in the very
young children. Initial reports of systemic toxicity in neo-
nates, infants, and children given empirically chosen post-
operative continuous caudal infusion rates of bupivacaine,11

as opposed to later dose recommendations based on phar-
macokinetics, illustrate the need of a proper pharmacokinetic
base for paediatric use of postoperative infusion, particularly
in neonates and infants.

Ropivacaine is �94% bound to a1-acid glycoprotein (AAG)
in human plasma. AAG is an acute phase protein that
increases after operation.12 13 As ropivacaine has an
intermediate-to-low hepatic extraction ratio,5 14 its total
plasma clearance is expected to vary with changes in the
unbound fraction.9 15 An increase in AAG results in a decrease
in the unbound fraction leading to a decrease in total clear-
ance and an increase in total plasma concentrations during
postoperative infusion, as seen in the paediatric studies16 17

and in adults.7 8 13 The intrinsic (unbound) clearance of ropiva-
caine is not affected, as illustrated by the stable unbound con-
centrations during the infusion in the paediatric studies16 17

and in adults.7 8 13 Therefore, in this retrospective analysis,
focus is on the pharmacokinetics of unbound ropivacaine

and its active metabolite, PPX, and the factors affecting
them in neonates, infants, and children.

Methods
In total, 193 eligible patients were pooled from three studies
on a single caudal block,6 18 19 two studies on continuous
epidural infusion16 17 and one study on ilioinguinal nerve
block.20 Details of the individual studies are presented in
Table 1. The study protocols were approved by the appropri-
ate ethics authority and written informed consent was
obtained from all subjects, a legal surrogate, or the parents
or legal guardians for minor subjects in all six studies.

The analysis was performed in the following steps:

(i) A population model was developed to describe the
temporal change in AAG in order to impute missing
AAG values.

(ii) A population model was developed to describe the
apparent isotherm for binding of ropivacaine to AAG.

(iii) A population model was developed to describe the
apparent isotherm for binding of PPX to AAG.

(iv) A population pharmacokinetic model that simul-
taneously described total and unbound ropivacaine
plasma concentrations, incorporating the protein
binding isotherm for AAG, was developed.

(v) A population pharmacokinetic model that simul-
taneously described total and unbound PPX plasma
concentrations (incorporating the protein binding iso-
therm for AAG) and PPX amount excreted in urine
data was linked to the ropivacaine model.

Non-linear mixed-effects modelling was performed for all
analysis steps using NONMEM Version 7.1.0,21 with double
precision.

Logarithmically transformed concentration data improved
precision in parameter estimates and reduced inter-
individual variability (IIV) and were used throughout. The
first-order, conditional estimation method with interaction
was used throughout the analysis.

Inter-patient variability was evaluated with the use of
exponential error models, assuming homoscedastic inter-
patient variability in model parameters on the log scale.
Residual variability was evaluated with an additive error
model on the log scale.

Preselected potential covariates included age, body
weight, gender, ethnic origin, and ASA physical status classi-
fication, and also dose and mode of administration (ilioingu-
inal nerve block and caudal nerve block with and without
continuous epidural infusion). Age, body weight, gender,
ethnic origin, and ASA were considered as covariates for
the AAG imputation model, and age, body weight, gender,
and ethnic origin were considered as covariates in the esti-
mation of the binding isotherms for ropivacaine and PPX.
The effect of body surface area was not tested, since it
highly correlated with weight. Post-menstrual age22 and
post-natal age were considered separately in evaluating age-
dependent covariate effects. Post-menstrual age at birth was

Paediatric pharmacokinetic analysis of ropivacaine BJA

411

D
ow

nloaded from
 https://academ

ic.oup.com
/bja/article/107/3/409/256054 by guest on 16 M

ay 2023



available for all subjects ,1 yr old and was imputed to be 40
weeks for older subjects.

The process of covariate model building was guided by
visual inspection of plots of individual posterior parameter
estimates vs appropriate covariates. Full covariate models
were constructed by incorporating all covariates into the
expressions for all model parameters. Individual covariate
effects were removed from the full model one at a time.23

Physiological rationale along with statistical significance
testing was used in the reduction of the full covariate
model.24 25 The log-likelihood ratio was used to assess
whether the difference in the objective function between hier-
archical models improved the fit of the model to the data, with
a reduction of 6.63 points in the NONMEM objective function
for the final step considered as significant (P,0.01, x2, 1 d.f.).

Model qualification was based on goodness-of-fit plots
and the distribution of observations with respect to the
model-predicted median profiles and 90% prediction inter-
vals (PIs). The latter plots are commonly referred to as
visual predictive checks (VPC).26 PIs for VPC were determined
as the 5th and 95th percentiles of concentrations obtained
from Monte Carlo simulations of 1000 individuals using the
model, final estimates for all fixed and random effects, and
median values for dose and applicable covariates, specific
for each age group of the patient population. Bootstrap ana-
lyses (500 replicates) were used to confirm the relative stan-
dard errors and confidence intervals for estimated
parameters.

The parameter estimates and their variance were used to
simulate plasma concentration–time profiles in the study
population within the age range of 0–12 yr. For each age
group, 1000 individuals were randomly resampled from the
study database to obtain post-natal and post-menstrual
ages, body weight, race, and gender. Doses were sought to
achieve maximum concentrations for which the upper 90%
PI for 10 000 replicates would be below the threshold for sys-
temic toxicity, 0.34 mg litre21 for unbound ropivacaine or
toxicologically active ropivacaine equivalent (unbound ropi-
vacaine plus 1/12 of unbound PPX).1

Results
Preliminary analysis revealed a pharmacokinetic outlier with
an estimated unbound ropivacaine clearance 100-fold higher
than the population mean. This outlier was removed, leaving
a total of 192 patients in the final analysis. Patient character-
istic variables and covariates are presented in Tables 2 and 3.

The sample distribution is presented in Supplementary
Figure S1. A total of 760 AAG observations, 377 unbound
and 1113 total ropivacaine concentrations, 190 unbound
and 163 total PPX concentrations, and 379 PPX cumulative
amounts excreted in urine were used in the analysis.

AAG imputation

In the pooled data, there were far fewer unbound than total
ropivacaine/PPX concentration measurements (�30% of
total). For about half (46%) of the observations,

corresponding AAG data were missing. In order to utilize all
available total and unbound ropivacaine and PPX concen-
trations, missing AAG values associated with observations
had to be imputed.

In accordance with previous reports,10 AAG increased
after operation with time from a baseline to a plateau. The
Hill function was selected to describe the AAG vs time data,

AAG = A0 + (Amax − A0) × Timeg

TM
g

50 + Timeg

where A0 is the AAG concentration at baseline, before com-
mencement of surgery, Amax the AAG concentration at the
plateau, TM50 the time to 50% of Amax and g the shape
factor. Time represents time after operation and was set to
time post-dose.

A base model (before the application of covariates) was
developed that incorporated IIV on A0, Amax, and g. A full
covariate model was implemented with effects of age,
body weight, gender, ethnic origin, and ASA incorporated
into the expressions for these three parameters. After back-
ward elimination, the effects of post-natal age, body weight,
and race remained as significant factors in the model. A par-
simonious version of the variance–covariance matrix of
inter-individual random effects (V) contained one off-
diagonal element representing the covariance of A0 and
Amax. The population parameters for the AAG temporal
model are given in Table 4.

Goodness-of-fit plots and VPC for the AAG temporal model
are presented in Supplementary Figures S2 and S3.

The baseline population mean value of 13.0 mmol litre21 is
between the mean values reported for neonates and adults,
6.25 and 18.0mmol litre21.27 Baseline AAG tended to be some-
what higher in older patients (14.1 mmol litre21 in patients 1–
12 yr old compared with 10.6 mmol litre21 in patients ,1
month old) and was 34% higher in Blacks than in non-Blacks.
The maximum AAG concentrations were higher in Blacks
(24%) and those in the ‘other’ racial category. AAG concen-
trations increased to half their predicted maximum at about
30 h after anaesthesia was initiated. The g value of 2.59
(1.65 for Black patients) indicates a relatively steep increase
achieving �90% of the predicted maximum concentrations
over the range of observed time points.

AAG binding isotherms for ropivacaine and PPX

There was no evidence of a second binding class or a second
binding site for AAG, in line with literature reporting a single
binding class with one high affinity site.28 On the basis of pre-
vious reports19 and exploratory analyses, the following
Scatchard model, assuming linear binding and a single
binding site, was used to link unbound and total ropivacaine
and unbound and total PPX concentrations in the respective
pharmacokinetic models:

Cu =C × 1
1 + (AAG/Kd)
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where Kd is the dissociation equilibrium constant, Cu the
unbound concentration, C the total concentration, and Cu/C
equals the unbound fraction of the drug (fu).

Input data sets were constructed for ropivacaine and PPX
by combining records for times when both total and free drug
were measured. One pair of PPX concentrations was excluded
because the free concentration exceeded the total. Plots of
Cu vs C suggested that ln(Cu) (with additive residual error)
was well suited for use as the dependent variable for ropiva-
caine and PPX. Total drug and AAG were used as independent
variables in this analysis. Free drug concentration was pre-
dicted using the Scatchard equation.

Base models were developed for ropivacaine and PPX with
IIV on Kd. Covariate effects representing age, body weight,
race, and gender were tested by incorporating them into
the expression for Kd one at a time. Incorporating post-natal
age in the expression for the Kd for ropivacaine provided a

significant improvement in the fit and characterized the
rapid 24% decline in the apparent Kd �9 weeks after birth
(Supplementary Fig. S4). No covariate was found to improve
the estimation of Kd for PPX. Population parameters for the
ropivacaine and PPX Kd models are presented in Table 5.
Goodness-of-fit plots for ropivacaine and PPX Kd are pre-
sented in Supplementary Figures S5 and S6, respectively.

Ropivacaine model

A one-compartment pharmacokinetic model assuming first-
order absorption and elimination of unbound ropivacaine
and incorporating linear binding to AAG (Fig. 1) adequately
described the total and unbound ropivacaine concentration
data.

The most obvious covariate trends were the effects of age
and body weight on unbound ropivacaine clearance and

Table 3 Patient characteristics. BSA, body surface area. *Post-menstrual age at dosing (imputed for the 1–12 yr age group)

Age group Post-natal age
(years)

Post-menstrual
age* (weeks)

Body weight (kg) BSA (m2) Total dose
(mg base)

0–1 month (n¼17)

Median 0.008 40.29 3.31 0.210 29.04

Min. 0.003 35.14 2.60 0.160 5.82

Max. 0.079 45.43 4.40 0.240 56.95

1–6 months (n¼41)

Median 0.216 50.14 5.04 0.270 13.24

Min. 0.090 40.71 2.92 0.190 5.30

Max. 0.496 63.71 7.51 0.350 115.67

6–12 months (n¼21)

Median 0.753 78.71 8.35 0.400 89.08

Min. 0.550 59.14 4.92 0.280 9.71

Max. 0.991 92.00 10.90 0.470 290.03

1–12 yr (n¼113)

Median 5.147 308.57 18.00 0.740 42.36

Min. 1.008 92.57 10.00 0.430 10.59

Max. 12.356 684.71 35.00 1.190 611.76

Total (n¼192)

Median 2.738 182.86 13.00 0.575 39.80

Min. 0.003 35.14 2.60 0.160 5.30

Max. 12.356 684.71 35.00 1.190 611.76

Table 2 Number of patients used in the analysis by age group and categorical covariates. ASA, American Society of Anesthesiology physical
status classification

Age group n Gender ASA Ethnic origin

Male Female I II III Caucasian Black Oriental Other

0–1 month 17 11 6 – 13 4 5 10 – 2

1–6 months 41 29 12 10 27 4 25 12 – 4

6–12 months 21 12 9 7 13 1 9 7 – 5

1–12 yr 113 82 31 101 12 – 67 25 2 19

Total 192 134 58 118 65 9 106 54 2 30

Paediatric pharmacokinetic analysis of ropivacaine BJA
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unbound volume of distribution. These covariate effects were
tested as part of the base model development by adding
both to the expressions of clearance and volume and

removing each in turn, testing for significance. In the base
model, the expressions of unbound clearance and volume
of distribution were each represented in an equation of the

Table 4 Population parameters describing the temporal change in AAG in children aged 0–12 yr after single caudal block/ilioinguinal block or
epidural bolus followed by continuous epidural infusion of ropivacaine. *The %CV for both inter-patient and residual variability is taken as the
square root of the variance×100. †The correlation coefficient (r) is computed as COV(hi,hj)/

����������������������
VAR(hi) × VAR(hj)

√
. AAG, a1-acid glycoprotein; A0,

AAG concentration at baseline; Amax, AAG concentration at the plateau; BK¼(1 for Blacks; 0 for non-Blacks); BW, body weight in kilograms; CV,
coefficient of variation; CI, confidence interval; g, shape factor; OT¼(1 for other race; 0 for non-other race); PNAW, post-natal age in weeks; h,
random effects parameter of mixed-effects model (inter-patient variability); u, fixed effects parameter of mixed-effects model; %RSE, per cent
standard error of NONMEM parameter estimate; TM50, time to 50% of Amax. Covariates for age and body weight were normalized to correspond
to a 1 yr old (post-natal age) weighing 10 kg

Parameter Estimate (95% CI) %RSE

A0¼uA0×(PNAW/52)uPNAWonA0×(BW/10)uBWonA0×uBKonA0
BK ×exp(hA0) (mmol litre21)

uA0 in the model for A0 (mmol litre21) 13.0 (12.2–13.8) 3.13

uPNAWonA0 in the model for A0 0.224 (0.133–0.315) 20.7

uBWonA0 in the model for A0 20.474 (20.690 to 20.258) 23.2

uBKonA0 in the model for A0 1.34 (1.17–1.51) 6.60

Amax¼uAmax×uBKonAmax
BK ×uOTonAmax

OT ×exp(hAmax) (mmol litre21)

uAmax in the model for Amax (mmol litre21) 27.3 (25.1–29.5) 4.03

uBKonAmax in the model for Amax 1.24 (1.11–1.37) 5.23

uOTonAmax in the model for Amax 1.20 (1.10–1.30) 4.21

TM50 (h) 29.6 (26.5–32.7) 5.37

g¼ug×uBKong
BK ×exp(hg)

ug in the model for g 2.59 (2.18–3.00) 8.07

uBKong in the model for g 0.637 (0.501–0.773) 10.9

Inter-patient variability in A0 (hA0, %CV)* 37.4 15.1

Correlation between A0 and Amax (r)† 0.753 19.9

Inter-patient variability in Amax (hAmax, %CV)* 20.0 21.7

Inter-patient variability in g (hg, %CV)* 29.9 31.1

Residual variability in AAG (%CV)* 9.14 (5.79–12.5) 18.7

Table 5 Population parameters describing the dissociation constant (Kd) for binding of ropivacaine and PPX to AAG in children aged 0–12 yr
after single caudal block/ilioinguinal block or epidural bolus followed by continuous epidural infusion of ropivacaine. *The %CV for both
inter-patient and residual variability is taken as the square root of the variance×100. CI, confidence interval; CV, coefficient of variation; g, shape
factor; Kd,0, Kd at birth; Kd,mat, Kd at maturation; PNAW, post-natal age in weeks; h, random effects parameter of mixed-effects model
(inter-patient variability); u, fixed effects parameter of mixed-effects model; %RSE, per cent standard error of NONMEM parameter estimate;
TM50, time to 50% of Kd,mat

Estimate (95% CI) %RSE

Ropivacaine parameters

Kd¼(uKd,mat+uKd,02Kd,mat)–(uKd,02Kd,mat×PNAWug)/(uTM50
ug +PNAWug)×exp(hKd) (mmol litre21)

uKd,mat in the model for Kd (mmol litre21) 0.588 (0.551–0.625) 3.18

uKd,0 – Kd,mat in the model for Kd (mmol litre21) 0.182 (0.0718–0.292) 30.9

uTM50 in the model for Kd (weeks) 8.82 (0.804–16.8) 46.4

ug in the model for Kd 4.51 (0.492–8.53) 45.5

Inter-patient variability in Kd (hKd, %CV)* 28.3 15.5

Residual variability in unbound ropivacaine concentrations (%CV)* 25.1 (16.1–34.1) 18.4

PPX parameters

Kd¼uKd×exp(hKd) (mmol litre21)

uKd in the model for Kd (mmol litre21) 17.9 (15.7–20.1) 6.15

Inter-patient variability in Kd (hKd, %CV)* 43.4 35.9

Residual variability in unbound PPX concentrations (%CV)* 13.4 (6.28–20.5) 27.1
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Table 6 Unbound ropivacaine population pharmacokinetic parameters in children aged 0–12 yr after single caudal block/ilioinguinal block or
epidural bolus followed by continuous epidural infusion of ropivacaine. *The %CV for both inter-patient and residual variability is taken as the
square root of the variance×100. †The correlation coefficient (r) is computed as COV(hi,hj)/

����������������������
VAR(hi) × VAR(hj)

√
. BK¼(1 for Blacks; 0 for

non-Blacks); BW, body weight; CLu/F, unbound clearance; CV, coefficient of variation; CI, confidence interval; CEI, ¼(1 for continuous epidural
infusion; 0 for other administration methods) PMAW, post-menstrual age in weeks; ILIO¼(1 for ilioinguinal nerve block; 0 for other
administration methods); ka, absorption rate constant; h, random effects parameter of mixed-effects model (inter-patient variability); u, fixed
effects parameter of mixed-effects model; %RSE, per cent standard error of NONMEM parameter estimate; t1

2
¼maturation half-life; Vu/F,

unbound volume of distribution. Covariate for body weight was normalized to correspond to a 1 yr old (post-natal age) weighing 10 kg

Ropivacaine parameter Estimate (95% CI) %RSE

ka¼uka×(1–e2PMAW×ln 2/ukat1/2)×exp(hka) (h21)

uka in the model for ka (h21) 4.17 (3.39–4.95) 9.54

ukat1
2

in the model for ka (weeks) 77.3 (46.5–108) 20.3

CLu/F¼uCL×(BW/10)uBWonCL×[(PMAWuCLg)/(uTM50CL
uCLg+PMAWuCLg)]×uILIOonCL

ILIO ×uCEIonCL
CEI ×uBKonCL

BK ×exp(hCL) (litre h21)

uCL in the model for CLu/F (litre h21) 174 (128–220) 13.4

uBWonCL in the model for CLu/F 0.553 (0.122–0.984) 39.8

uTM50CL in the model for CLu/F (weeks) 72.0 (59.8–84.2) 8.65

uCLg in the model for CLu/F 4.46 (3.57–5.35) 10.2

uILIOonCL 1.58 (1.28–1.88) 9.75

uCEIonCL 1.30 (1.13–1.47) 6.85

uBKonCL 0.819 (0.660–0.978) 9.88

Vu/F¼uV×[PMAWuVg/(uTM50V
uVg+PMAWuVg)]×uCEIonV

CEI ×uBKonV
BK ×exp(hV) (litre)

uV in the model for Vu/F (litre) 1070 (924–1220) 6.94

uTM50V in the model for Vu/F (weeks) 91.8 (69.1–115) 12.6

uVg in the model for Vu/F 3.20 (2.06–4.34) 18.1

uCEIonV in the model for Vu/F 1.53 (1.27–1.79) 8.76

uBKonV in the model for Vu/F 1.47 (1.19–1.75) 9.80

Inter-patient variability in ka (hka, %CV)* 32.2 65.6

Inter-patient variability in CLu/F (hCL, %CV)* 39.7 15.2

Correlation between CLu/F and Vu/F (r)*† 0.452 34.3

Inter-patient variability in Vu/F (hV, %CV)* 46.9 23.1

Residual variability in total ropivacaine concentrations (%CV)* 27.3 (14.9–39.6) 23.1

Residual variability in unbound ropivacaine concentrations (%CV)* 33.9 (20.2–47.5) 20.6

Ro_Input Injection
site

ka

R_Ro R_PPX

Plasma
Cu_Ro

(Vu_Ro/F)

Plasma
Cu_PPX
(Vu_PPX)

Plasma
C_Ro

Plasma
C_PPX

k23_Ro

fm

1–fm k20_Ro k30_PPX

Urine
Ae_PPX

Fig 1 Schematic representation of the combined pharmokinetic model for ropivacaine and PPX. Ro_Input, the zero-order ropivacaine admin-
istration; ka, the first-order ropivacaine absorption rate constant; C_Ro, the total concentration of ropivacaine; R_Ro, the binding model for
ropivacaine; Cu_Ro, the unbound concentration of ropivacaine; k20_Ro and k23_Ro represent the elimination of ropivacaine partitioned in
two first-order processes, with k23_Ro¼fm, the fraction of ropivacaine metabolized into PPX and k20_Ro¼12fm, the fraction of ropivacaine
eliminated by other processes; C_PPX, the total concentration of PPX; R_PPX, the binding model for PPX; Cu_PPX, the unbound concentration
of PPX; k30_PPX, the first-order elimination rate constant for PPX, all of which is assumed to be excreted in urine with no subsequent metab-
olism; Ae_PPX, the amount of PPX in urine.
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form:

P = Pbase ×
BW
10

( )PWR

× Ageg

TMg

50 + Ageg

where P represents the pharmacokinetic parameter, Pbase the
asymptotic value of P for a 10 kg individual as age goes to
infinity, BW the body weight, PWR the allometric parameter
for BW, Age either post-natal or post-menstrual age, TM50

the age at which P reaches 50% of its mature value, and g

the shape parameter for the Hill equation representing
maturation of P.

Post-menstrual age and post-natal age were evaluated
separately. Post-menstrual age and body weight were both
required in the expression for clearance while only post-
menstrual age was required for volume. The final model
selected included the effects of post-menstrual age, body
weight, ethnic origin, and mode of administration on
unbound ropivacaine clearance, post-menstrual age, ethnic
origin, and mode of administration on volume of distribution,
and post-menstrual age on the absorption rate constant.
Post-menstrual age was preferred to post-natal age in
expressing the maturation of pharmacokinetic parameters
based on improvements in the goodness of fit and on phys-
iological grounds. With post-menstrual age, body weight, or
both in the model, no dose-dependent trends were noted
in any parameter.

Ropivacaine population parameter estimates are pre-
sented in Table 6. The inclusion of covariates resulted in
marked reduction of inter-patient variability in unbound ropi-
vacaine pharmacokinetic parameters. Goodness-of-fit plots
are presented in Supplementary Figure S7 for unbound ropi-
vacaine and Supplementary Figure S8 for total ropivacaine.

The separate effects of body weight and age are pre-
sented in Figure 2, with unbound ropivacaine clearance and
volume increasing to half of their mature values after �72
and 92 weeks post-menstrual age, respectively (Table 6).

After accounting for the effect of body weight, clearance
and volume of unbound ropivacaine reached 41% and 26%
of their mature values, respectively, at the age of 6 months.

Terminal half-life became shorter, from a median of 14.6 h
between birth and 1 month of age to, 7.2 h between 1 and 6
months, 6.3 h between 6 and 12 months, and 3.4 h between
1 and 12 yr (Fig. 3).

For a given individual, as AAG increases with postoperative
time, fu decreases, and therefore total clearance (Table 7)
and total volume of distribution decrease to approximately
half of their initial values at the end of a 72 h ropivacaine
infusion. Ropivacaine total clearance increased from 0.969
litre h21 in newborns to 3.61 litre h21 at the age of 6
months (Table 7). Values of total clearance for other age
groups are presented in Supplementary Table S1.

Total unbound clearance and volume of distribution for
Blacks were about 18% lower and 47% higher, respectively,
than those of Caucasians. Simulations revealed that these
effects, together with the effects on AAG, result in a 10%
greater concentration of unbound ropivacaine in Blacks
than non-Blacks and are unlikely to be of clinical relevance
in the light of the 40% IIV in CLu/F. Simulations demonstrat-
ing the combined impact of Blacks on AAG and CL and V and
the resulting unbound and total ropivacaine concentrations
are presented in Supplementary Figure S9 for 1- to
12-yr-old patients receiving continuous epidural infusion.

VPC show that the model adequately describes the data
with 90% and 96% of the observed plasma concentrations
of unbound and total ropivacaine, respectively, is within the
respective model-predicted 90% PI. An example with two
age groups of Caucasian origin is shown in Figure 4.

PPX model

A one-compartment pharmacokinetic model, driven by the
individual posterior estimates of unbound ropivacaine phar-
macokinetic parameters and incorporating individual
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Fig 2 Effects of body weight and age on ropivacaine unbound clearance and volume of distribution. CLu/F, unbound ropivacaine clearance; Vu/
F, unbound ropivacaine volume of distribution. Bands for post-natal age correspond to gestational age minus 40 (± 5) weeks. (A) Effect of body
weight on CLu/F; (B) maturation of CLu/F with gestational age; and (C) maturation of Vu/F with gestational age.
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posterior estimates of Kd for linear binding to AAG, ade-
quately described the PPX data. Ropivacaine was assumed
to be eliminated by a first-order process, in which a fraction
(fm) was metabolized to PPX. This fraction was estimated by
utilizing PPX urinary amounts excreted and assuming first-
order elimination with no subsequent metabolism5 from
the metabolite compartment into a urine compartment
(Supplementary Appendix S1). A graphical representation of

the combined pharmacokinetic model for ropivacaine and
PPX is given in Figure 1.

The most obvious covariate trends were the effects of age
and body weight on PPX unbound clearance and PPX
unbound volume of distribution. These covariate effects
were tested as part of the base model development by
adding both to the expressions of clearance and volume
and removing each in turn to test for significance. The
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Table 7 Derived values of ropivacaine and PPX unbound and total pharmacokinetic parameters for selected ages and times post-dose. *Median
for respective age from WHO database; †estimated as 1/(1+AAG/Kd); ‡CL/F for total ropivacaine and PPX are calculated as a product of the
corresponding unbound parameter and fu at specific times after ropivacaine administration, since fu is a function of Kd and AAG concentrations,
for which a postoperative increase with time was established. AAG, a1-acid glycoprotein; CL/F. total clearance; CLu/F, unbound clearance; fu,
unbound fraction; Ro, ropivacaine; Vu/F, unbound volume of distribution; WHO, World Health Organisation

Post-natal
age

Body
weight*
(kg)

Time
(h)

Gestational age at
birth (weeks)

Ro CLu/F
(litre h21)

Ro Vu/F
(litre)

PPX CLu/F
(litre h21)

PPX Vu/F
(litre)

Ro fu† Ro CL/F‡

(litre h21)
PPX
fu†

PPX CL/F‡

(litre h21)

Newborn 3.27 0 35 4.78 72.4 0.158 5.40 0.116 0.552 0.752 0.119
40 8.38 108 0.293 0.969 0.220
45 13.5 153 0.454 1.56 0.342

72 35 0.0295 0.141 0.414 0.0654
40 0.247 0.121
45 0.398 0.188

6 months 7.85 0 35 64.2 350 1.70 23.3 0.0450 2.89 0.589 0.999
40 80.3 424 1.81 3.61 1.06
45 96.1 501 1.88 4.33 1.11

72 35 0.0222 1.42 0.408 0.692
40 1.78 0.738
45 2.13 0.767

1 yr 10.2 0 35 160 751 2.44 35.8 0.0435 6.96 0.581 1.42
40 171 824 2.46 7.45 1.43
45 181 893 2.47 7.86 1.43

72 35 0.0221 3.54 0.408 0.996
40 3.79 1.00
45 4.00 1.01
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functional expressions of unbound clearance and volume of
distribution unbound PPX were the same as those used for
ropivacaine. Post-menstrual age and post-natal age were
evaluated separately. Post-menstrual age and body weight
were both required in the expression for clearance while
only body weight was required for volume.

PPX population parameter estimates from the final model
are presented in Table 8. The inclusion of covariates resulted
in marked reduction of inter-patient variability in PPX phar-
macokinetic parameters. Goodness-of-fit plots are presented
in Supplementary Figure S10 for unbound PPX, Supplemen-
tary Figure S11 for total PPX, and Supplementary Figure S12
for PPX amount in urine.

The separate effects of body weight and age are pre-
sented in Figure 5, with the unbound PPX clearance achieving
half of its mature value at 46.5 weeks post-menstrual age
(Table 8).

The fraction of the ropivacaine dose metabolized into PPX
(fm) was estimated to be 15%, with an IIV of 57%. A 2.2-fold
higher fm was estimated for a group of 11 coloured or mixed
race patients (classified as race ‘other’), all below 1 yr of age
and recruited at a single centre, and was consistent with
non-compartmental estimates available for some of the
patients in this group (not shown). Corresponding increases
in CL and V were also observed and suggest that, taken
together, these effects have little effect on unbound PPX con-
centrations. The effects on fm, CL, and V are probably due to
other unknown confounding factors rather than ethnic
origin. A sensitivity analysis showed that such differences
translate into a 10–19% increase in toxicologically active
ropivacaine equivalent at the end of a 72 h continuous epi-
dural infusion, which is considered to be small compared
with the variability seen in the data and thus of limited clini-
cal relevance, regardless of the origin of this effect. Simu-
lations demonstrating the impact of ‘other’ on fm, CL, and
V on unbound and total PPX concentrations are presented
in Supplementary Figure S13 for 1- to 12-yr-old patients
receiving continuous epidural infusion.

After accounting for the effect of body weight, clearance
of unbound PPX reached 89% of its mature value at the
age of 6 months (Fig. 5). Unbound PPX volume of distribution
depends solely on weight (Table 8). The median PPX half-life
differed from 19 h in the newborn to 8–11 h between 1 and
12 months to 17 h after 1 yr (Fig. 3). This pattern results from
the diverging trajectories for CL and V. Further, the
dependencies shown in Figure 5 were obtained in children
12 yr old and younger and it would be dangerous to extrap-
olate beyond this age group, for example, to an adult
population.

For a given individual, as AAG increases with postoperative
time, fu decreases, and consequently PPX total clearance and
total volume of distribution decrease by about 30–45% at
the end of a 72 h ropivacaine infusion (Table 7). PPX total
clearance increased from 0.220 litre h21 in newborns to
1.06 litre h21 at the age of 6 months (Table 7).

VPC show that the model adequately describes the data
with 95% and 97% of the observed individual plasma
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Fig 4 VPC of epidural bolus+continuous epidural infusion
median profile and 90% PI superimposed on ropivacaine
observed unbound and total plasma concentrations for the 0–1
month and 1–12 yr age groups. (A) Unbound ropivacaine in the
0–1 month group; (B) total ropivacaine in the 0–1 month
group: median age 2 days, median weight 3.3 kg, median dose
1.54 mg kg21 single caudal bolus plus 72 h continuous infusion
0.19 mg kg21 h21. (C) Unbound ropivacaine in 1–12 yr; (D) total
ropivacaine in 1–12 yr: median age 4.5 yr, median weight 18.0
kg, median dose 2.00 mg kg21 single caudal bolus plus 72 h con-
tinuous infusion 0.40 mg kg21 h21.
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concentrations of unbound and total PPX, respectively, is
within the respective model-predicted 90% PI. An example
with two age groups is shown in Figure 6. Similarly, PPX

urinary amounts were well predicted. A visual predictive
check for PPX in urine for two age groups is presented in Sup-
plementary Figure S14.

Table 8 Unbound PPX population pharmacokinetic parameters in children aged 0–10 yr after epidural bolus followed by continuous epidural
infusion of ropivacaine. *The %CV for both inter-patient and residual variability is taken as the square root of the variance×100; BW, body
weight; CLu/F, unbound clearance; CV, coefficient of variation; CI, confidence interval; FM, fraction metabolized to PPX; †The correlation
coefficient (r) is computed as COV(hi,hj)/

����������������������
VAR(hi) × VAR(hj)

√
h, random effects parameter of mixed-effects model (inter-patient variability); u,

fixed effects parameter of mixed-effects model; OT¼(1 for other race; 0 for non-other race); PMAW, post-menstrual age in weeks; %RSE, per cent
standard error of NONMEM parameter estimate; Vu/F, unbound volume of distribution. Covariate for body weight was normalized to correspond
to a 1 yr old (post-natal age) weighing 10 kg

PPX parameter Estimate (95% CI) %RSE

FM¼uFM×uOTonFM
OT ×exp(hfm)

uFM in the model for FM 0.149 (0.121–0.177) 9.46

uOTonFM in the model for FM 2.21 (1.52–2.90) 15.8

CLu/F¼uCL×(BW/10)uBWonCL×(PMAWuCLg/(uTM50CL
uCLg+PMAWuCLg))×uOTonCL

OT ×exp(hCL) (litre h21)

uCL in the model for CLu/F (litre h21) 2.47 (1.93–3.01) 11.1

uBWonCL in the model for CLu/F 0.812 (0.481–1.14) 20.8

uTM50CL in the model for CLu/F (weeks) 46.5 (38.4–54.6) 8.86

uCLg in the model for CLu/F 5.96 (3.22–8.70) 23.5

uOTonCL in the model for CLu/F 1.45 (1.04–1.86) 14.3

Vu/F¼uV×(BW/10)uBWonV×uOTonV
OT ×exp(hV) (litre)

uV in the model for Vu/F (litre) 34.9 (23.7–46.1) 16.4

uBWonV in the model for Vu/F 1.67 (1.39–1.95) 8.62

uOTonV in the model for Vu/F 2.32 (0.821–3.82) 33.0

Inter-patient variability in fm (hfm, %CV)* 57.2 23.3

Correlation between FM and CLu/F (r)† 0.511 35.6

Inter-patient variability in CLu/F (hCL, %CV)* 39.0 24.2

Correlation between FM and Vu/F (r)† 0.700 41.8

Correlation between CLu/F and Vu/F (r)† 0.550 51.2

Inter-patient variability in Vu/F (hV, %CV)* 76.0 54.4

Residual variability in total PPX concentrations (%CV)* 21.3 (9.38–33.2) 28.5

Residual variability in unbound PPX concentrations (%CV)* 21.5 (12.7–30.3) 20.9

Residual variability in PPX amount excreted (%CV)* 34.2 (20.6–47.9) 20.3
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Fig 5 Effects of body weight and age on PPX unbound clearance and body weight on PPX unbound volume of distribution. CLu/F, unbound PPX
clearance; Vu/F, unbound PPX volume of distribution. Bands for post-natal age correspond to gestational age minus 40 (± 5) weeks. (A) Effect of
body weight on CLu/F; (B) maturation of CLu/F with gestational age; and (C) effect of body weight on Vu/F.
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Simulations of exposure at higher than
recommended doses

Single caudal block doses resulting in simulated unbound
maximum ropivacaine plus 1/12 PPX concentrations close
to the toxicity threshold (Table 9) are 2.9 times higher in
the 0–1 month neonate to 6.3 times higher in the 1–12 yr
old group compared with the recommended 2 mg kg21

dose. PPX concentrations were not measured after single
caudal block. The model simulations predict that their contri-
bution to potential toxic concentrations at Cmax would be
,5%.

An epidural bolus of 2 mg kg21, followed by continuous
epidural infusion rates resulting in simulated unbound ropi-
vacaine plus 1/12 PPX concentrations close to the toxicity
threshold (Table 10), ranged from 1.8 times higher in the
0–1 month neonate to 4.9 times higher in the 1–12 yr old
group, compared with the recommended infusion rates.29

The inter-patient variation is illustrated in Supplementary
Figure S15 by the 90% PI of the simulated unbound ropiva-
caine equivalent (unbound ropivacaine plus 1/12 unbound
PPX) profiles.

Discussion
This population analysis is the first comprehensive investi-
gation of the pharmacokinetics of a local anaesthetic, ropiva-
caine, in the entire paediatric age span, including the
pharmacokinetics of its active metabolite, PPX, not previously
published. Previous population pharmacokinetic studies on
ropivacaine have reported results from smaller subgroups,
infants aged 0–12 months19 and two groups aged 0–3
and 3–12 months.30 The present analysis is based on more
patients and allowed a more detailed covariate analysis.

The use of unbound plasma concentrations of ropivacaine
and PPX is vital for a thorough understanding of the pharma-
cokinetics of ropivacaine and to evaluate its potential impact
on dosing. To utilize all available total and unbound concen-
tration data, a temporal model was used to impute missing
AAG values. Linearity of plasma binding of ropivacaine and
PPX for the observed concentration range was assumed as
the unbound molar plasma concentrations were of the
same order or lower (,0.8 mmol litre21) as that of the esti-
mated ropivacaine binding dissociation constant (Kd), 0.6
mmol litre21 (Table 5), a value similar to that reported by
Rapp and colleagues.19 The adequacy of the AAG imputation
was verified by fitting the ropivacaine model to the data
associated with observed AAG values only, as this analysis
revealed no important differences in the estimated structural
pharmacokinetic parameters.

One-compartment models with first-order absorption for
ropivacaine and first-order elimination were used, as sparse
data did not support the evaluation of more elaborate
models.

Goodness-of-fit plots supported the validity of the
selected pharmacokinetic and binding models and also the
multiplicative variance terms for inter-patient and residual
variability, with all structural parameters estimated with
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Fig 6 VPC of epidural bolus+continuous epidural infusion median
profile and 90% PI superimposed on PPX observed unbound (Cu)
and total (C) plasma concentrations for the 0–1 month and 1–
12 yr age groups. mgEq, milligrams equivalent to ropivacaine
free base. (A) Unbound PPX in the 0–1 month group; (B) total PPX
in the 0–1 month group: median age 2 days, median weight 3.3
kg, median dose 1.54 mg kg21 single caudal bolus plus 72 h con-
tinuous infusion 0.19 mg kg21 h21. (C) Unbound PPX in 1–12 yr;
(D) total PPX in 1–12 yr: median age 4.5 yr, median weight 18.0
kg, median dose 2.00 mg kg21 single caudal bolus plus 72 h con-
tinuous infusion 0.40 mg kg21 h21.
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good precision. The validity of the models was also verified
with VPC, as the vast majority of the observed concentrations
and urine amounts, irrespective of magnitude, were within
the respective 90% PIs.

Metabolizing enzymes show differences in their develop-
mental expression. CYP3A4 has a limited activity in the
fetus, 10% of adult values, increasing to 30–40% of adult
activity after 1 month and reaching adult levels by 1 yr.31

The development of CYP1A2 is more protracted and it
becomes readily detectable by 1–3 months of age,
approaching adult levels after 1 yr.31 In general, these devel-
opments are in agreement with the maturation of unbound
ropivacaine and PPX clearance as predicted from the
present analysis. Unbound ropivacaine clearance achieves
50% of mature values at 72 weeks post-menstrual age and
approaches 90% of mature values at about 1.5 yr (Fig. 2).
Thereafter unbound ropivacaine clearance depends solely
on body weight. Unbound PPX clearance achieves 50% of
mature values at 47 weeks post-menstrual age and
approaches 90% of mature values at about 6 months
(Fig. 5). Thereafter, unbound PPX clearance depends solely
on body weight. At 6 months, the breakpoint for change in
the recommended dose rate for continuous epidural infusion
as approved by regulatory authorities in many European
countries,29 unbound ropivacaine clearance has reached
33–49% of its mature value (Fig. 2) and the corresponding
value for unbound PPX is 84–93% (Fig. 5). The tolerability
of the reduced continuous epidural infusion rate in neonates
and infants below 6 months was confirmed by Bösenberg
and colleagues.17 Despite the fact that liver function is still

immature at this age, plasma concentrations, after adminis-
tration of recommended doses, are well below the threshold
for systemic toxicity in all age groups. The exposure is higher
in neonates (Fig. 4) and somewhat higher in infants between
1 and 6 months compared with older children but this is
partly compensated for by the recommended29 50% lower
dose rate for continuous infusion in infants below 6
months. Other population pharmacokinetic studies on ropi-
vacaine in children have reported age as a significant covari-
ate on unbound clearance19 and age and unbound fraction
as significant covariates on total clearance.30 Body weight
was also reported as a significant covariate for total clear-
ance and volume of distribution.32 Post-menstrual age is pre-
ferred to post-natal age to describe maturation of
physiological function.33 In particular, it acknowledges that
maturation is occurring before birth.

Anderson and Holford34 recommend that when using allo-
metric scaling of pharmacokinetic parameters, weight raised
to the power of 0.75 and 1 should be used for clearance and
volume terms, respectively. The models developed in the
current analysis are mutifactorial and represent the best
description of the data. The confidence intervals for the
derived exponents for ropivacaine and PPX clearance both
included 0.75. However, body weight added to volume for
ropivacaine did not add any further explanatory value and
the exponent on body weight for PPX volume was slightly
.1 and the confidence interval did not include 1. The
choice of covariates was data driven and is therefore
subject to the choice of covariates available, the range of
those covariates, and confounding between those covariates

Table 10 Simulated unbound ropivacaine equivalent [Cu72h ropivacaine+1/12 Cu72h PPX] concentrations after epidural bolus 2 mg kg21

followed by continuous epidural infusion for 72 h (maximum non-toxic infusion rates). *A factor by which the recommended infusion rate could
be increased in order for the upper PI of plasma concentration to approach the threshold for systemic toxicity. Cu72h, unbound drug
concentration at 72 h; PI, prediction interval

Age group Infusion rate Cu72h ropivacaine11/12 Cu72h PPX (mgEq litre21)

mg kg21 h21 Factor* Population median Lower 90% PI Upper 90% PI

0–1 month 0.36 1.8 0.1794 0.0952 0.3271

1–6 months 0.68 3.4 0.1722 0.0883 0.3390

6–12 months 1.64 4.1 0.1933 0.1126 0.3352

1–12 yr 1.96 4.9 0.2053 0.1207 0.3394

Table 9 Simulated maximum unbound ropivacaine equivalent [Cu ropivacaine+1/12 Cu PPX] plasma concentration with corresponding time to
maximum after maximum single caudal block non-toxic doses. *A factor by which the recommended dose could be increased in order for the
upper PI of plasma concentration to approach the threshold for systemic toxicity. PI, prediction interval; tmax, time of maximum unbound
concentration

Age group Dose Ropivacaine equivalent maximum concentration (mgEq litre21) tmax (h)

mg kg21 Factor* Population median Lower 90% PI Upper 90% PI

0–1 month 5.8 2.9 0.1658 0.0796 0.3376 2.6

1–6 months 6.4 3.2 0.1469 0.0641 0.3307 2.0

6–12 months 12.0 6.0 0.1532 0.0671 0.3304 1.4

1–12 yr 12.6 6.3 0.1544 0.0713 0.3320 0.9
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and other factors that were not recorded. The main purpose
of the present analysis was to inform dosing in children and
the developed model is adequate for that purpose. Neverthe-
less, we repeated the analysis of the final model with allo-
metric relationships in which exponents on body weight
were fixed to 0.75 for clearance and 1 for volume for both
ropivacaine and PPX. The results of this analysis are shown
in Supplementary Tables S2 and S3.

Figure 7 compares individual unbound ropivacaine clear-
ance estimates for patients included in this population analy-
sis and also adult values obtained from non-compartmental
analysis in patients7 and volunteers35 and shows that
unbound ropivacaine clearance in children plateaus within
the range of that reported in adults.

Differences in protein binding, whether due to Kd or post-
operative temporal increase in AAG, are expected to have an
impact on total ropivacaine and PPX concentrations, due to
the influence on total clearance (Table 7). Whereas total
clearance and volume are affected by changes in protein
binding, their unbound counterparts are independent of
binding. Consequently, unbound plasma concentration, at
steady state, is also independent of protein binding and
therefore pharmacological effect and systemic toxicity are
unaffected by changes in protein binding.

Predicted estimates for total clearance at baseline and 72
h (after operation) from the present analysis are within the
same range (Table 7) as reported in literature,31 32 36 37

although the estimates for a newborn to the 1 month
neonate tend to be lower.

The mean terminal half-lives of ropivacaine predicted in
the present study are similar to those reported by Rapp
and colleagues19 for average ages of 1, 3.8, and 9 months.
In children above 1 yr, our results are similar to those by
Habre and colleagues36 and Lönnqvist and colleagues.6

A PPX half-life of 8.8 h was reported in adults,14 which is
considerably shorter than the 17 h half-life estimated in
the oldest, 1–10 yr old, group. Since the present population

analysis is based on data over a longer sampling period
and a larger sample, this estimate is considered more
reliable.

Residual variability in the ropivacaine and PPX unbound
concentrations and PPX amount in urine ranged from 21%
to 34%. This term represents a composite of model misspe-
cification (including unidentified pertinent covariates),
assay variability, errors in the noting of times of sampling
and/or dosing events, and ‘true’ intra-patient variability.
Given the goodness-of-fit plots, the VPC and the lack of
bias with respect to AAG imputation, the validity of the
selected models for the given data is considered established.
Assay variability in the different studies was small, ranging
between 3% and 12% for both unbound and total ropiva-
caine and between 5% and 10% for unbound PPX, total
PPX, and PPX in urine.6 16220 Given that problems with
sampling may occur in paediatric studies, the residual varia-
bility estimate is probably a rather inflated prediction of
intra-patient variability. This magnitude of residual variability
is comparable with that observed in other population phar-
macokinetic paediatric studies involving ropivacaine19 31 or
levobupivacaine.38

For local anaesthetics, pharmacokinetics gives important
information about systemic safety and there is an estab-
lished correlation between systemic concentrations and the
occurrence of systemic CNS and cardiovascular toxicity. The
threshold for CNS toxicity of unbound ropivacaine is 0.34
mg litre21.1 On the other hand, as a local anaesthetic, ropi-
vacaine is delivered locally (and not delivered by the blood)
to the site of efficacy/block, and systemic concentrations
have no bearing on efficacy. Simulations with doses higher
than the recommended ones (Supplementary Figure S15)
indicate that safety margins increase with age and are
larger for single block (Table 9) when compared with epidural
infusion (Table 10). From a safety perspective, neonates are a
critical group. The simulations indicate that for a single block,
the recommended ropivacaine dose could be increased by a
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Fig 7 Estimated individual unbound ropivacaine clearance (litre h21) in the present paediatric population compared with that in adults
assessed after postoperative epidural infusion (mg h21)7 and single i.v. doses to volunteers (mg)33 [mean (SD)]. CLu/F, unbound clearance.
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factor of 2.9 and for the continuous epidural infusion by a
factor of 1.8 in the 0–1 month age group before the upper
90% PI limit approaches the toxicity threshold. The
maximum unbound ropivacaine levels in neonates included
in the present analysis were similar to those reported and
also tolerated in newborns at delivery after administration
to the parturient, range 0.03–0.06 mg litre21 (n¼10)39 and
mean 0.07 mg litre21 (n¼31).40

Altogether, the results from the population pharmacoki-
netic analysis support the approved dose recommendations
of ropivacaine for single caudal block (2 mg kg21) and con-
tinuous 72 h epidural infusion in neonates, infants, and up
to 12-yr-old children29 (dosing per kilogram body weight,
with a 50% lower infusion rate in infants below 6 months),
from a pharmacokinetic and systemic safety point of view.

Supplementary material
Supplementary material is available at British Journal of
Anaesthesia online.
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