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Introduction

Paracetamol (acetaminophen) elimination in neonates is all

Aims The aims of this study were to describe paracetamol pharmacokinetics in
neonates and infants.

Methods Infants in their first 3 months of life (n=30) were randomised to sequentially
receive one of three paracetamol formulations (dose 30-40 mg kg™ ') over a 2 day
period. The formulations were (a) elixir, (b) glycogelatin capsule suppository and (c)
triglyceride base suppository. Approximately six blood samples were taken after each
dose over the subsequent 10—16 h. Data were analysed using a nonlinear mixed effect
model. These neonatal and infant data were then included with data from four
published studies of paracetamol pharmacokinetics (n=221) and age-related
pharmacokinetic changes investigated.

Results Population pharmacokinetic parameter estimates and their coefficients of
variation (CV%) for a one compartment model with first order input, lag time and first
order elimination were volume of distribution 69.9 (18%) 1 and clearance 13.0 (41%) 1
h™! (standardized to a 70 kg person). The volume of distribution decreased
exponentially with a half-life of 1.9 days from 1201 70 kg~ ' at birth to 69.9 1
70 kg~ ' by 14 days. Clearance increased from birth (4.9 1 h™' 70 kg™ ') with a half-
life of 3.25 months to reach 12.4 1h~' 70 kg™ ' by 12 months. The absorption half-
life (t,,,) for the oral preparation was 0.13 (154%) h with a lag time (f,,) of 0.39 h
(31%). Absorption parameters for the triglyceride base and capsule suppositories were
tabs 1.34 (90%) h, f1,, 0.14 h (31%) and t,,, 0.65 (63%) h, t;,, 0.54 h (31%), respectively.
The t,,, for elixir and capsule suppository in children under 3 months were 3.68 and
1.51 times greater than children over 3 months. The relative bioavailability of rectal
formulations compared with elixir were 0.67 (30%) and 0.61 (23%) for the triglyceride
base and capsule suppositories, respectively.

Conclusions Total body clearance of paracetamol at birth is 62% and volume of
distribution 174% that of older children. A target concentration above 10 mg 1~ in
approximately 50% subjects can be achieved by a dose from 45 mg kg~ ' day ' at
birth and up to 90 mg kg™

75 mg kg~ ' day ' in an 8-year-old child is sufficient because clearance is a nonlinear

day ™' in 5-year-old children. A reduced dose of

function of weight.
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too frequently described only in terms of half-life [1-3],
which is therefore confounded by volume of distribution.
Levy et al. [3], in 1975 reported a half-life of 3.5 h based
on serial urine collections analysed for paracetamol,
paracetamol glucuronide, paracetamol sulphate and p-
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glucaric acid in 12 neonates aged 1 to 3 days old. More
recently, Autret et al. [4] determined a similar half-life by
studying an intravenous prodrug of paracetamol in five
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neonates less than 10 days old, as did Hopkins et al. [2],
who studied neonates, infants and children given enteral
paracetamol after cardiac surgery. There are no pharmaco-
kinetic parameter estimates for enteral paracetamol in
neonates in the literature. This paucity of information
is reflected in clinical practice. A recent survey of
paracetamol prescribing habits in our children’s hospital
[5] revealed 50% of practitioners either did not know safe
doses or did not use paracetamol in the first 2 weeks of life.

We studied time-concentration profiles of paracetamol
in neonates and young children in order to describe
pharmacokinetics in this age group and to propose dosing
regimens that achieve a target concentration [6] of
10 mg 171,

Methods

The study protocol was approved by the Regional Health
Authority Ethics Committee.
obtained for each child. Neonates and infants in their
first 3 months of life, admitted to a paediatric intensive care
and requiring an arterial cannula for haemodynamic
monitoring or frequent blood sampling, but without
hepatic or renal disease, were eligible for entry into the
study. Patients with a plasma bilirubin concentration
above 150 umol 17" at the start of the study were

Parental consent was

excluded. Additional medications given during the study
period included morphine, pancuronium, antibiotics, and
diazepam. These drugs are not known to interfere with the
paracetamol assay.

Subjects (n=30) were randomised to sequentially
receive one of three paracetamol formulations (dose
3040 mg kg~ ") over a 2 day period. The formulations
were (a) oral elixir administered through a nasogastric
feeding tube, (b) triglyceride base suppository or (c)
glycogelatin capsule suppository. The oral elixir was
supplied as a sugar free, alcohol free preparation with a
standard strength of 250 mg 5 ml™' (Wellcome, NZ).
The suppositories were a paracetamol slurry (125 mg)
contained in a glycogelatin capsule (Winthrop, Sterling
Pharmaceuticals NZ Ltd) and the triglyceride base
contained suspended paracetamol in a bullet shaped
mould (25 and 50 mg doses). Nasogastric paracetamol
was given 1 h before enteral feeding in those neonates
receiving food.

Arterial blood samples were taken from heparinized
arterial cannulae. Approximately six samples over 10-16 h
were taken after each dose. Blood samples were taken
hourly for the first 4 h after paracetamol administration,
and then 2—4 hourly. The total amount of blood drawn
was limited to 5 ml.

There are no published studies describing paracetamol
pharmacokinetic changes with age. We investigated these
changes by performing a pooled analysis of data from this
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current study combined with data from four previous
published studies [2, 7-9] investigating paracetamol
pharmacokinetics in children (1#=221). These data
included three of our own studies [7-9] as well as data
from a study by Hopkins ef al. [2]. Our own studies used
both the elixir and glycogelatin capsule suppository
formulations. Sampling times in these previous studies
were similar to those in the current study and few samples
were taken in the first hour after dosing. Hopkins ef al. [2]
have reported time-concentration profiles in 28 febrile
neonates, surgery
(n=41). The elixir and triglyceride base suppository
formulations were used. Observations were taken from

infants and children after cardiac

time-concentration profiles in Figures 1 - 6 of their paper.
Sampling was performed at 30, 60, 90, 120 min, 3, 4, 5, 6
and 8 h. Mean ages, weights and doses were taken from
that paper’s Table 1.

Paracetamol assay

Serum from each of the 30 neonates and infants was
separated by centrifugation and stored at —20°C until
analysis. The stored samples were analysed batchwise, 17
samples at a time with three controls. Paracetamol was
determined by fluorescence polarization immunoassay
using the Abbott TDx (Abbott Laboratories, Abbott Park,
IL 60064, USA) according to the manufacturer’s instruc-
tions. All results were generated using the same calibration
which was obtained using the calibrators supplied by
Abbott Laboratories. The controls were Dade TDM
(Baxter Diagnostics, Deerfield, IL 60015, USA). The
Dade TDM level 1 and Dade TDM level 2 controls were
used as supplied. The level 3 control was diluted 20 fold
with blank serum. The mean values obtained for these
controls were 55.9 (s.d. 2.4) mg 1! (level 2), 30.2 (s.d.
1.4) mg 17" (level 1) and 9.9 (s.d. 0.6) mg 17" (diluted
level 3). These are within the expected ranges quoted by
the manufacturers. The between batch precision at these
levels are 4.3%, 5.2% and 6.1%, respectively. The lower
limit of quantification was 1.5 mg 1" (CV 51%).

Table 1 Characteristics of studied neonates and infants (n=230).

Geometric mean %CV  Range
Gestation at birth 38 6 31-40
(weeks)
Postnatal age (days) 7.3 164 1-90
Weight (kg) 3.5 25 2.5-6.8

Morphine infusion 17 of 30 neonates

Pathology Respiratory illness (n=12)

Neonatal surgery (n=18)
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Pharmacokinetic modelling

A first order input with a lag time, first order elimination,
one compartment disposition model was used to describe
the time course of serum concentrations. The model was
parameterized in terms of the absorption half-life (s, h),
an absorption lag time (f,q, h), V/Fq is the apparent
volume of distribution (I) and CL/F,, is the total body
clearance (1 h™ ") after oral administration.

Paracetamol was administered as an extravascular dose
and both clearance and distribution volume are con-
founded by bioavailability. Fie /o 18 used to refer to the
relative bioavailability of the suppository compared with
the oral formulation.

Population parameter estimations

Population parameter estimates were made using a
nonlinear mixed effects model (NONMEM) [10]. This
model accounts for both between subject and residual
variability (random effects) as well parameter difterences
predicted by covariates (fixed effects). The between
subject variability in model parameters was modelled by
a proportional variance model. An additive term char-
acterized the residual unknown variability (Err). This error
model assumes that the residual variability is the same
order of magnitude over the whole range of measure-
ments. The population mean parameters, between subject
variance and residual variance were estimated using the
first order conditional estimate method using ADVAN 2
TRANS 2 of NONMEM V. The covariance between
clearance, distribution volume and absorption half-time
was incorporated into the model.

The between subject variability in NONMEM is
modelled in terms of ETA (1) variables. Each of these
variables is assumed to have mean 0 and a variance denoted
by @”, which is estimated. A covariance between two
elements in % (e.g. CL and 1)) is a measure of statistical
association between these two variables. Their covariance
is related to their correlation (r) i.e.

r= covariance/\/ (e X o

Between occasion variability for the structural parameters
of clearance and apparent volume were added to the
model because each neonate received paracetamol on
three different occasions. The between occasion covar-
iance for clearance and volume was also estimated. This
covariance is effected by factors that alter both clearance
and volume together (e.g. protein binding, total body
water), but variability of F.j;;, is the major contributor to
this estimate.

In addition there were five different sources of data
for the pooled population analysis. This between study
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variability was accounted for by giving each study its own
separate residual error.

Covariate analysis

The parameter values were standardized for a body weight
of 70 kg using an allometric model [11].

Pi=Pyy X (Wy/ W) "8

where P; is the parameter in the ith individual, W; is the
weight in the ith individual and Py is the parameter in an
individual with a weight W 4 of 70 kg. The PWR
exponent was 0.75 for clearance, 1 for distribution
and 0.25 for elimination half time (t,5)
[12-15]. Once the final parameters in the pharmacokinetic
model were estimated, the analysis was repeated using a
Wq of 15 kg (the mean weight of the sample population),
in order to check if there was improved robustness of the
estimate that depends on the choice of W in relation to
the actual weights in the sample.

The quality of fit of the pharmacokinetic model to the
data was sought by NONMEM’s objective function and
by visual examination of plots of observed vs predicted

volumes

concentrations. Models were nested (i.e. a full reduced set)
and an improvement in the objective function was referred
to the Chi-squared distribution to assess significance, e.g.
an objective function change (OBJ) of 3.84 is significant at
o =0.05.

Covariate analysis included a model investigating age-
related changes for clearance and volume of distribution:

V/Fyq = (Vstd x (Wt/70)) x (14 pvol.
x EXP(— AGE in months X Ln(2)/tvol)) 1

CL/Fpry = (CLstd X (Wt/70)"7%) x (14 Bcl
x EXP(— AGE in months x Ln(2)/fcl)) 1 h™'

where Istd and CLstd are the population estimates for 17/
For and CL/F, ., respectively, standardized to a 70 kg
person using allometric models; Pvol. and (¢l are
parameters estimating the fractional difference from Vstd
and CLstd, respectively, at birth. tvol. and tcl describe the
half-times of the age-related changes of I'/F,., and CL/
Foral-

The effect of age (above and below 3 months) was also
investigated on relative bioavailability, absorption half-
lives (f,ps) and lag time (#,,) of the different formulations by
applying a scaling factors (S elixir, S base, S cap) to each
these parameters.

Simulation using parameter estimates

Pharmacokinetic simulations were performed in order to
determine dosing regimens that would achieve trough
concentrations of 10 mg1~" in approximately 50% of
simulated subjects. Paracetamol pharmacokinetic para-
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meters and their coefficients of variation were used to
predict time-concentration profiles (Pharsight Trial
Designer, Version 1.2, Pharsight Corporation, Palo
Alto, California) at ages 0, 1, 3, 6, 12 months, 5 and
8 years using a one compartment, first order input, first
order elimination model. Pharmacokinetic parameter
variability was assumed to have a log-normal distribution.
Assumed average weights for these ages were 3.2, 4, 6, 7.5,
10, 18, and 30 kg, respectively. The weight for each child
was sampled from a uniform distribution in the range
(£10%) associated with each group. An additive
measurement error of 1.8 mg 1~ was incorporated into
the model, with a minimal quantifiable concentration of
1.5mgl™ "

Results

Thirty neonates were enrolled into the study. Sixteen
were in their first 4 days of life and the remainders had
postnatal ages that ranged from 2 weeks to 3 months.
Characteristics of the studied neonates and infants are
shown in Table 1. A total of 553 observations were
collected for analysis. The mean infant and neonatal
pharmacokinetic parameter estimates from NONMEM’s
first order conditional step (‘post hoc or ‘posterior
individual’ estimates) for the final population model are
shown in Table 2. These predictions from NONMEM’s
post hoc step are based on values of the pharmacokinetic
parameters for the specific individual using the measured
concentrations, rather than the typical (population) values

Table 2 Mean infant and neonatal parameter estimates taken from
individual first order conditional estimates of the final population model
(‘post hoc step of NONMEM).

Parameter Geometric Mean %CV
V/Fo 170 kg™ 1) 76.2 30
CL/Foy 1 h™" 70 kg™ 1) 4.9 47
Faixir 1 fixed

faps €lixir (h) 0.54 132
tag elixir (h) 0.39 20
Frectal/oral triglyceride base 0.73 18
taps triglyceride base (h) 0.79 55
tag-triglyceride base (h) 0.15 20
Frectal/oral Capsule 0.63 13
taps-capsule (h) 0.96 54
tiag-capsule (h) 0.55 20
CL/F, = mean clearance after oral administration (1 h™' 70 kgfi),

V/F,q = mean volume of distribution 1 70 kg71), tas = absorption
half-life after nasogastric (elixir), triglyceride base suppository (base) and
capsule suppository (cap) administration (h), f,, = absorption lag time
after nasogastric (elixir), triglyceride base suppository (base) and capsule
suppository (cap) administration (h), Fiecr/ora = relative bioavailability
of the rectal compared to the oral formulation.
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of these parameters, which are based on covariate
information.

The pooled analysis comprised 1653 observations from
221 children. These children had a mean age of 20 (CV%
236, range 1 day-15 years) months and weight of 15
(CV% 97, range 2.5-107) kg. Parameter estimates for this
pooled analysis are shown in Table 3. Figure 1 demon-
strates the quality of fit for pharmacokinetic data over the
study time period — each subject’s data is connected by a
line. The weighted residuals (WRES) for each subject
with values for each subject joined by vertical bars are
shown in Figure 2. This plot gives a good indication of
which patient’s data deviated in a particular direction. The
estimates from subject 16 have been highlighted in Figures
1 and 2. This subject deviates increasingly from the typical
population estimate over time (Figure 1a); attributable to
the low clearance (1.521h™" 70 kgfl) estimated in this
individual. Figure 3 shows the time-concentration profile
for subject 16. Post hoc estimates are in agreement with
observations (Figures 1b and 3). The WRES for each
predicted response are shown in Figure 4. In this graph
responses are scaled to unit variance and within-subject
correlations are minimized. The few outliers evident in
this plot can be identified from Figure 2.

The correlation of population parameter variability,

Table 3 Standardized population pharmacokinetic parameter estimates
(%CV is the coefficient of variation for the population parameter
estimate, except for Vstd and CLstd, where between subject (BSV) and
between occasion variability (BOV) were estimated; S.E. is the standard
error of the structural parameter estimate, i.e. ‘stability’ of the estimate).

Parameter Estimate %CV S.E
Vstd.(1 70 kg™ 1) 69.9 BSV 18 3.6
BOV 24
CLstd.0 h~' 70 kg™ ") 13.0 BSV 41 0.8
BOV 32
Faixir 1 fixed
faps elixir.(h) 0.13 154 0.02
fl,g elixir. (h) 0.39 31 0.02
Frectal/oral triglyceride base 0.67 30 0.07
f.ps-triglyceride base (h) 1.34 90 0.61
tag-triglyceride base (h) 0.14 31 0.10
Fectal/oral Capsule 0.61 23 0.04
f.ps-capsule (h) 0.65 63 0.07
fiag-capsule (h) 0.54 31 0.03
CLstd = population estimate for CL/F,. (clearance after oral

administration 1 h™' 70 kg™"), Vstd = population estimate for 1/
Fo..1 (volume of distribution 1 70 kg™ 1), t.ps = absorption half-life after
nasogastric (elixir), triglyceride base suppository and capsule suppository
administration (h), #,, = absorption lag time after nasogastric (elixir),
triglyceride base suppository and capsule suppository administration (h),
Fiectal/oran = relative bioavailability of the rectal compared with the oral

formulation.
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Observed/Predicted

Observed/Post hoc

Time (h)

Figure 1 Quality of fit of pharmacokinetic pooled analysis for all
children over the study time. The y-axis of each panel displays
the ratio of measured concentrations to those predicted from
pharmacokinetic analysis. The upper panel 1a displays values from
the population parameters. The lower panel 1b displays values
from NONMEMs post hoc step based on values of the parameters
for the specific individual. Subject 16 is shown as filled triangles
to show the quality of the post hoc fit compared to the population
fit.

introduced to increase the stability of the model, for CL/
Fora and V/F, ., and t,,, was 0.17 and 0.04, respectively,
while that between VV/F,,, and t,,; was 0.03. There was
little parameter interdependence. Changing the W4 from
70 kg to the centred weight of 15 kg had no impact on
parameter estimates. The CL/F,,, standardized to a 15 kg
person, was 4.01 1 h™! while the V/F,.; was 14.9 L.
These estimates are proportional to those predicted using a
Wq of 70 kg.

Volume of distribution and clearance changes with age
for the pooled analyses are shown in Figure 5. Addition of
the covariate model for age-related change in I//F,,
improved the OBJ by 271 (P<0.001) while that for CL/
F,ra improved the OBJ by 370 (P<0.001). The volume
of distribution decreased exponentially (half-life 1.9 days)
from 1201 70 kg™ ' at birth (1.74 times the eventual
value) to 69.91 70 kg~ ' by 14 days where it remained
over the age span studied. Clearance increased exponen-
tially (half-life  3.25 months) from birth (4.91 h™!
70 kg™ ") to reach 12.41h~" 70 kg~' by 12 months.

The covariate model for clearance (Table 4) predicts a
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12 Anderson et al. Hopkins et al.

WRES

0 50 100 150
Subject ID

Figure 2 The weighted residuals (WRES) for each subject with
values for each subject joined by vertical bars. Subject 16 (filled
triangles) can be seen to deviate in a positive direction.

mean clearance of 4.9, 6.4, 8.7, 10.7, 12.4 and 12.8 1 h™!
70 kg_1 at birth, 1, 3, 6, 12 and 18 months, respectively.
Clearance in an infant is 80% that of a 2-year-old by
6 montbhs.

The between occasion variability was 32% for clearance
(AOBJ 53.36, P<<0.001) and 24% for the apparent volume
(AOBJ 6.52, P<0.02) and this variability can be seen in
Figure 5a,b. Inclusion of this between occasion variability
in the model had minimal effect on the clearance or
apparent volume between subject variability (<3%
decrease in CV%). The residual errors for the different
studies were 2.10 (current neonatal and infant study), 2.36
[8], 1.02 [7], 1.36 [9] and 0.92 mg 1~ ' [2]. Data from
Hopkins et al. [2] were taken from the published figures
and not tabulated results and consequently had potential
for error in addition to the original error. However the
residual error from Hopkin’s data was, if anything, smaller
than the residual error from our own data, suggesting that
this was a negligible factor.

Scaling factors applied to the absorption half-lives in
children 3 months and under improved the OB]J by 18.1
(P<0.001). The absorption half-lives in children under
3 months were greater (elixir 368%, suppository 151%)
than those of children over 3 months. We were unable to
demonstrate any difference in the elixir t;, (t-test,
P=0.02) or t,, (t-test, P=0.6) between those neonates
given morphine and those not given morphine. The lag
times and the relative bioavailability of suppositories in
children under 3 months were similar to those of children
over 3 months (OBJ 3.1 and 1.0, respectively, P=NS).

The final model incorporated the between occasion
covariance for clearance and volume. This estimate of 25%
reflects, to a large part, variability in the bioavailability of
the elixir formulation. The addition of this parameter
decreased the OBJ by 25 (P<0.001). We were unable to
estimate the standard errors of the structural model
parameters in this final model. Final parameter estimates
were, however, very close to those estimated in
penultimate models and we have included the s.e.
estimates from an earlier model in order to provide a
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capsule elixir base

Concentration (mgl™)

Time (h)

Figure 3 The time-concentration profile for subject 16. Post hoc
estimates accurately mirror observations, but deviate from the
population (typical) profile because of the low clearance in this
individual.

measure of the stability of these structural parameter
estimates.

Figure 6 shows the range of concentrations predicted in
one month old infants given a loading dose of 25 mg kg~
paracetamol elixir followed by 15 mg kg™ ' 6 hourly.
There were 48.5%, 51.9% and 52.1% of simulated subjects
with concentrations above 10 mg 1~ " at the re-dosing
times of 6 h, 12 h and 18 h. The dosing regimens which
achieved similar time-concentration profiles for neonates,
infants and children are shown in Table 5.

Discussion

Paracetamol prescribing practices in children have been
determined not by pharmacokinetic-pharmacodynamic
considerations, but by concerns about potential hepato-
toxicity [16, 17]. Although the pharmacokinetics in
children have been described [18, 19] there are few data
concerning neonates and infants. This current paper
describes  paracetamol  age-related  pharmacokinetic
changes from neonate through infant to child. A target
concentration approach [6] using simulation was then used
in order to rationalize dosing at different ages.

Size was the first covariate used in our analysis of the
effects of age and weight. This deliberate choice was based
on known biological principles. A great many physiolo-
gical, structural and time related variables scale predictably
within and between species with weight exponents of
0.75, 1 and 0.25, respectively [12]. We have used these ‘1/
4 power models’ in this current study rather than centred
weight, or some other function of weight, directly as a
covariate in the model because the ‘1/4 power models’
have sound biological principles. West et al. [15] have used
fractional geometry to mathematically explain this
phenomenon. The 3/4 power law for metabolic rates
was derived from a general model that describes how
essential materials are transported through space-filled
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Predicted concentration

Figure 4 The weighted residuals (WRES) for the predicted
population response.

fractional networks of branching tubes [15]. These design
principles are independent of detailed dynamics and
explicit models and should apply to virtually all organisms
[20]. By choosing weight as the primary covariate, the
secondary eftects of age could be investigated. We had no
prior biological model for the effect of age on clearance or
apparent volume, but assumed first order processes, which
are common in biology.

Autret et al. [4], using an intravenous prodrug of
paracetamol, under the assumption that 50% is converted
to paracetamol, have reported a clearance of 0.149 1 h ™'
kg~ ' in five neonates (weight 2.5 kg, s.d. 0.9) less than 10
days old but this does not help to predict clearances in
older children because age and developmental changes are
not known. We report a total body clearance (CL/F,,,)) in
full term neonates of 4.9 (CV 38%) 1h™' 70 kgf1 after
enteral paracetamol. This clearance is 40% of those
reported previously in children aged 2-15 years (CL/
For 13.5,CV 46% L h ™' 70 kg™ ") [9] and in the current
meta-analysis (13.0 1 h~' 70 kg™~ ', CV 41%). Conversion
of Autret et al’s [4] estimates using allometric scaling
reveals a clearance of 451h~" 70 kg™ ' (0.149 1 h™'
kg™ ") in neonates and 141h~" 70 kg~ ' (0.3651h "
kg™ ") in infants (assuming a mean weight of 7 kg). This
increase in size standardized clearance with age is similar in
our results and those of Autret et al. [4]. We were unable to
demonstrate an increase of clearance with age using our
neonatal and infant data alone because the majority of
neonates (16 of 30 subjects) were in their first 4 days of
life. There were only 14 remaining neonates and infants
younger than 3 months, where we might expect increased
clearance. The pooled analysis showed an increase in
clearance over the first year of an infant’s life, reaching
80% of that seen in a child by 6 months.

These age-related clearance changes are consistent with
immaturity of some of the metabolic pathways responsible
for paracetamol clearance in neonates and infants. Sulphate
conjugation is pronounced in neonates while glucuronide
conjugation is deficit [1, 3]. The functional maturation
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Figure 5 Pharmacokinetic parameter changes with age for
pooled analysis. Neonates and infants from current study are
shown as open squares. The between occasion variability for each
individual is demonstrated by linking estimates with a fine line.
5a Volume of distribution changes with age. Individual predicted
volumes, standardized to a 70 kg person, from NONMEMs post
hoc step are plotted against age. The solid line demonstrates the
nonlinear relationship between volume of distribution and age.
5b Individual predicted clearances, standardized to a 70kg person,
from NONMEMs post hoc step are plotted against age. The solid
line demonstrates the nonlinear relationship between clearance
and age.

profile of paracetamol clearance is similar to that of
morphine, which is also metabolized by sulphate and
glucuronide conjugation. Morphine clearance in infants at
6 months was approximately 80% of that described in
adults when clearance was standardized for size [21, 22].
The relative contribution of sulphate and glucuronide
conjugation change with age. The usual adult ratio of 2: 1
glucuronide to sulphate conjugates of acetaminophen is
reached by the age of 12 years [1, 3].

The population distribution volume of 69.9 (18%) 1
70 kg~ ! was similar to those reported in adults (5670 1
70 kg~ ") [23]. The volume of distribution for paracetamol
in mammals [23], including humans, is 0.7-1.0 1 kg™, as
we would expect from the allometric size model with a
power function of 1. The volume of distribution was 1.7
times as large at birth, but decreased exponentially to
69.9170 kgf1 by 2 weeks of age. This dramatic change in
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Table 4 Covariate models and estimates for pooled population
parameters.

(a) Volume of distribution
V/Forg = (Vstd x (Wt/70)) x (1+ (vol.
x EXP(— AGE in months * Ln(2)/tvol)) 1
(b) Clearance
CL/pora = (CLstd x (Wt/70)%7%)
% (1+8cl x EXP(~ AGE in months * Ln(2)/fcl)) 1 h ™!
(c) Absorption
T, elixir (infants) =S elixir X Tabs elixir (child)
T, base (infants) =S base X T, base (child)
T,bs cap (infants) =S cap X Ty, cap (child)

Parameter Estimate s.e.
Bvol 0.74 0.291
Tvol 1.9 days 0.5
Bcl —0.62 0.042
tcl 3.25 months 1.4

S elixir 3.68 0.84
S base 0.40 0.14
S cap 1.51 0.31

Bvol. and Bcl are parameters estimating the fraction above or below I’/
Fo. and CL/F,,, respectively, at birth; tvol. and tcl describe the half-
times of the age-related changes of 1//Fy1 ana CL/ Fopa; S elixir, S base
and S base are scaling factors applied to f,, for the elixir, triglyceride base
and capsule suppository in infants 3 months and under.

distribution volume probably reflects neonatal body
composition and the rapid changes in body water
distribution in early life. Paracetamol has a low molecular
weight and reasonable lipid solubility [24]. Paracetamol
crosses cell membranes easily distributes throughout all
tissues and fluids [25], but does not bind to plasma
proteins. Tissue:plasma concentration ratios are close to
unity at equilibrium [23].

Absorption half-lives for both oral and capsule
suppository formulations were prolonged in infants
under three months compared to those seen in older
children. The absorption half-life of nasogastric para-
cetamol has been reported in children given oral elixir to
be as low as 0.04 h [9, 18]. The absorption half-life
reported in adult series after oral administration ranges
from 0.06 to 0. 6 h [23]. Paracetamol absorption depends
on gastric emptying and gastric emptying is slow and
erratic in the neonate [26]. Normal adult rates may not be
reached until 6-8 months [27]. Gastric pH is near neutral
in neonates. This increases the unionized form available
for absorption for paracetamol, which has a pKa of 9.5
[28]. The stomach, however, is a poor route of entry to the
circulation. The increased surface area, blood flow and
permeability of the small intestine favour the intestinal
route. Most of the neonates who presented with surgically
correctable lesions received morphine infusions for
analgesia. Morphine decreases gastric emptying [29], but
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Figure 6 Simulation of paracetamol elixir dosing in 1000
1-month-old children given 25 mg kg™ ' and then 15 mg kg ™'
6 hourly. Children were given an age range of 0.9—1.1 months
and a weight range of 3.5-4.5 kg. Variability is demonstrated
using box and whisker plots. The central box represents the 50th
centile. Indentations in this box indicate the median. Values
outside the 97.5% centile are shown individually.

we were unable to demonstrate a decreased elixir Tabs in
those infants and neonates on morphine infusions when
compared to those not receiving morphine. Absorption of
the capsule suppository was also slow in neonates
compared to older children. This may reflect the smaller
surface area available for absorption. Although we have
estimated that the £, of the triglyceride suppository in
infants under 3 months is lower than in older children (S
base 0.40, s.e. 0.14), we have less confidence in this
estimate. There were only nine children in the older age
bracket given a triglyceride suppository and these subjects
were all from the study of Hopkins et al. [2].

The relative bioavailability of the suppositories (Frecal/

oral = 0.64) compared with the elixir in infants under
3 months was similar to children. This relative bioavail-
ability is higher than our previous estimate (Frectal/ora 0-52
for capsule suppository) [9] but lower than that reported by
Coulthard et al. [30] (0.78, 95% CI 55 101) for triglyceride
base and capsule suppositories in children. Paracetamol has
low first pass metabolism and the hepatic extraction ratio is
0.11-0.37 in adults [31]. It has been suggested that the
relative bioavailability of suppositories in the neonatal age
group is higher than older children because suppository
insertion depth may result in a different rectal venous
drainage pattern [32]. The rectal route has the potential to
partially reduce first pass hepatic loss by draining into the
inferior and middle haemorrhoidal veins. Bioavailability
strongly depends on site of absorption within the rectum
[33, 34]. The impact of the rectal venous drainage pattern
is questionable, given the degree of rectal venous
anastomotic channels, slow absorption times and natural
attrition from the rectum. We were unable to show an
increased rectal bioavailability in infants 3 months and
under.

The pharmacokinetic model used a first order input
model with a lag time to describe absorption. The lag time
for the triglyceride base was small (0.14 h, s.e 0.1)
compared with the capsule suppository (0.54 h, s.e. 0.03).
The standard error (‘stability’) of this parameter estimate
for the base was high. Birmingham et al. [35] have reported
a first order input model with a zero order dissolution time
to describe absorption characteristics of a triglyceride base
suppository in children. We were unable to explore this
alternative absorption model in our study as we had fewer
observations than in Birmingham’s study for the first hour
after rectal administration. The glycogelatin capsule

Table 5 Dosing regimens that attain a target trough concentration of 10 mg 1~ " in 50% of children.

Loading dose

Maintenance dose

Dosing interval Total daily dose

(mg kg™ (mg kg™ ") () (mg kg~ " day™")
Oral dosing regimen
New-born 30 15 8 45
1 month 25 15 6 60
3 months 25 15 5 72
6 months 25 15 4 90
12 months 25 15 4 90
5 years 25 15 4 90
8 years 20 12.5 4 75
Rectal dosing regimen
New-born 37.5 20 8 60
1 month 30 20 6 80
3 months 35 22,5 6 90
6 months 35 17.5 4 105
12 months 30 20 4 120
5 years 30 20 4 120
8 years 30 15 4 90
132 © 2000 Blackwell Science Ltd Br J Clin Pharmacol, 50, 125-134



suppository contains an paracetamol slurry that is released
rapidly once the capsule wall is breached and consequently
a lag time absorption model may have greater physiolo-
gical relevance, although this was not investigated.
Autret et al. [4] separated infants in their study into those
older and those younger than 10 days and suggested
different dosing regimens for the groups
—30 mg kg~ " day~ ! for those infants less than 10 days

two

and 60 mg kg~ ' day ' for children aged over 10 days.
This categorization fails to account for the gradual increase
in clearance over the first year of life or the lower relative
bioavailability of rectal formulations. In addition, the
larger volume of distribution in the new-born means a
larger initial dose is required to reach the target
concentration of 10 mg 17",

A target concentration of 10 mg 17" is the steady-state
concentration which is reported to reduce temperature to
50% of the maximum possible temperature reduction in
febrile children [8] and is also the effect site concentration
associated with pain scores less than 6/10 in 90% of
children after tonsillectomy [9]. The dosing schedules
proposed in Table 5 result in approximately 50% of
simulated subjects having concentrations above 10 mg 17!
at trough. The daily elixir doses predicted using the target
concentration approach in this current study are the same
as those recommended by others who used potential
hepatotoxicity as the primary determinant of dose [17, 36].

Penna & Buchanan [37] reported 7 deaths and 11 cases
of hepatotoxicity associated with paracetamol. Survival
was usually seen in those children suffering hepatotoxicity
due to paracetamol greater than 150 mg day ™' kg™ for 2
to 8 days [37]. However, hepatotoxicity has been reported
with doses above 75 mg kg™ ' day ™! in children and
90 mg kg~ ' day~' in infants [17, 36, 38, 39]. Hepato-
toxicity from prolonged use of paracetamol in neonates is
also possible. Neonates are also capable of forming
hepatotoxic metabolites, despite a relatively low level of
activity of the cytochrome P-450 CYP2E1 enzyme system
[40, 41]. It is currently impossible to predict which
individuals have an enhanced susceptibility to cellular
injury from paracetamol. The
paracetamol, N-acetyl-p-benzoquinone imine (NAPQI)
is formed by the cytochrome P450s CYP2E1, 1A2 and
3A4 [42]. The coingestion of therapeutic drugs, foodstufts
or other xenobiotics has potential to induce these enzymes

toxic metabolite of

[17]. The influence of disease on paracetamol toxicity is
unknown. Consequently even the proposed regimens may
cause hepatotoxicity in some individuals if used for longer

than 2-3 days [17].
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