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Background: The aim of this study
was to describe phenytoin pharmaco-
kinetics in a child during hypothermic
management of a traumatic brain
injury.

Methods: Two children admitted
to a paediatric intensive care unit
with closed head injuries were
given phenytoin prophylactically to
prevent seizures. One child (1 y, 12 kg)
who presented with a Glasgow
Coma Score (GCS) of 7/15 underwent
temp-erature reduction (33°C) for
the first 24 h to reduce cerebral
oedema and possible dysfunction.
The second child (7 months, 8 kg)
had an initial GCS of 10/15 and was
maintained normothermic. Phenytoin
time-concentration profiles from
both children (15 observations) were
available for analysis using non-linear
mixed effects models (NONMEM).
Estimates were standardised to a
70 kg person.

Results: Michaelis-Menten kinetics
provided a better data fit than a one
compartment first order elimination
model. Parameter estimates were
apparent volume of distribution (V)
67.6 1/70 kg, and Michaelis-Menten
constant (K _) 3 mg/l. The maximum
rate of metabolism (V__ ) at 37.3°C
was 12.5 mg/h and decreased to 1.2 mg/
h at 33°C.

Conclusions: Phenytoin elimination at a
target concentration of 15 mg/l is
reduced by 67% at 34°C compared
to normothermia. Temperature is a
large source of unexplained varia-
bility of phenytoin elimination and
reinforces the continued need for
therapeutic drug monitoring in order
to limit exposure to a safe and
effective range.
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Introduction

The induction of hypothermia (33-34°C)
within 8 h of traumatic brain injury (TBI)
and its maintenance for 24 h is used in an
effort to reduce cerebral oedema and preserve
cerebral function!*. This hypothermic state is
achieved using cooling mattresses with the
concomitant use of neuromuscular blocking drugs

(NMBDs) to prevent shivering. Children with
head trauma remain at risk of seizure activity
during this phase of treatment and NMBDs mask
signs of overt seizures. Seizures increase cerebral
metabolic demands during a period when these
should be kept minimal and anticonvulsant drugs
such as phenytoin are commonly administered
as prophylaxis*°.

133



Paediatric and Perinatal Drug Therapy, 2005; 6 (3)

Phenytoin is 90% bound to albumin in blood
and is eliminated by hepatic hydroxylation
(CYP2C9, CYP2C19). Elimination is dependent
on unbound fraction and intrinsic clearance of
the liver. The pharmacokinetics of phenytoin
in adults and children has been described using
Michaelis-Menten kinetics. The maximum rate
of metabolism (V. ) and Michaelis-Menten
constant (K_) of a 70 kg adult male Caucasian
were estimated to be 17.3 mg/h and 5.7 mg/
I, respectively®. The K_ for patients less than
15-years-old is 43% less than that of older
patients. V__and K _ vary unpredictably among
individuals with a coefficient of variation of
10-20% and approximately 50% respectively®.
Metabolism approaches adult levels within the
first month of life”®. K but not V__ has been
shown to be age dependant, using a non-linear
function of body weight to adjust for body size®.

Body temperature has a profound effect on
metabolic rate in all organisms®. Hypothermic
techniques, involving temperature reduction to
as low as 15°C, have been used in medicine for
many years. Paediatric cardiac surgery, neuro-
surgery and the intensive care management of
TBI all use hypothermia for cerebral protection.
The effects of hypothermia uncomplicated by
cardiopulmonary bypass on drug elimination
are poorly documented. This current case report
investigates the effect of hypothermia down to
33°C on phenytoin pharmacokinetics in a child.
Phenytoin serum concentrations were available
from routine therapeutic drug monitoring (TDM).

Case report 1

A 1 year old 12 kg child was an unrestrained
back seat passenger in a motor vehicle collision.
The child was found by ambulance staff in a ditch
beside the road 10 m from the car. Three other
car occupants died in the accident. On arrival at
the district general hospital the child was noted
to have a Glasgow Coma Score (GCS) of 7/15
with intact vital signs. The child was sedated
with diazepam (100 mcg/kg/h) and morphine
(20 mcg/kg/h) and electively intubated (propofol
20 mg, pancuronium 2 mg) and ventilated
before transport to a paediatric intensive care
unit (PICU) at a tertiary children’s hospital.
Computed tomography (CT) revealed an isolated
head injury consistent with diffuse axonal injury.
The intracranial pressure from a monitor sited in
the subdural space was 10-14 mmHg. Intravenous
phenytoin 250 mg (20.8 mg/kg) over 1 h, followed
by 40 mg 8 hourly was administered for 40 h.
A noradrenaline infusion (0.05 mcg/kg/min) was
used to maintain a cerebral perfusion pressure
greater than 60 mmHg. The child was cooled
to 33°C for 24 h and then allowed to passively

rewarm (Figure la). Temperature was measured
at the tympanic membrane. Neuromuscular
blockade was maintained with pancuronium
1 mg prn. Rewarming over 6 h occurred without
any intracranial pressure elevation; sedation and
NMBDs were ceased. The child was extubated
after 42 h and was noted to be crying and moving
her left side purposefully. She had weakness of
her right arm and leg that was resolving
on discharge to the hospital ward at 72 h.
Blood chemistry, hepatic transaminases and
serum creatinine and albumin (39 g/l) were
normal throughout her PICU stay. Antibiotics
were not required during her management.

Case report 2

A 7 month, 8 kg infant restrained in a back child
seat was involved in a motor vehicle collision.
The front seat passenger died on impact, but the
driver and infant were cut free of the wreckage
and survived to hospital. The infant’'s GCS
was reported as 10/15 on arrival at hospital.
The infant was electively intubated (propofol
25 mg, pancuronium 1 mg) for a CT of the
head, neck, chest and abdomen. Sedation was
maintained with diazepam (100 mcg/kg/h) and
morphine (20-30 mcg/kg/h). The infant suffered
left sided rib fractures with underlying lung
contusion and a diffuse axonal injury with a 2 mm
depressed skull fracture in left fronto-parietal bone
and blood was present in the cerebral ventricles.
The infant was admitted to PICU where she was
maintained normothermic, given intravenous
phenytoin 160 mg (20 mg/kg) over 1 h, and
weaned from artificial ventilation within 6 h.
At extubation she had spontaneous eye opening,
full purposeful power in all limbs and was crying.
She was discharged to the ward after 38 h.
Blood chemistry, hepatic transaminases, albumin
(40 g/l) and serum creatinine were normal
throughout her PICU stay. Antibiotics were not
required for her management.

Pharmacokinetic modelling

Total phenytoin serum concentration measure-
ments were assayed using fluorescence polari-
sation immunoassay (TDx, Abbott Laboratories,
North Chicago, IL, USA) in the hours following
sample collection and were reported in mg/L.

Parameter estimates (V,__, V) were obtained using
a non-linear mixed effects model (NONMEM)®.
A proportional term (Err) characterised the
residual unknown variability. Convergence
criterion was 3 significant digits. A Compaq Digital
Fortran Version 6.6A compiler with Intel Celeron
333 MHz CPU (Intel Corp., Santa Clara, CA)
under MS Windows XP (Microsoft Corp., Seattle,
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Figure 1 Time-concentration profiles and individual predictions. (la) the infant managed with hypothermia.
The hypothermic period and timing of phenytoin doses are also shown. (1b) the infant managed with normothermia.

WA) was used to compile and execute NONMEM.
Both a one compartment first order elimination
model and a Michaelis-Menten (mixed order
elimination) model were fitted to the data.

The parameter values were standardised for a body
weight of 70 kg using an allometric model'"12,

Pi= Py X (W, 1 W,

PWR
std)

where P, is the parameter in the ith individual,
W.is the weight in the ith individual and P_ is the
parameter in an individual with a weight W, of
70 kg. This standardisation has a strong theoretical
and empirical basis and allows comparison of
neonatal parameter estimates with those reported
for adults. The PWR exponent was 3 for clearance

and 1 for distribution volume!>-1°.

Covariate analysis included exponential and linear
models to investigate the effect of temperature
onv o e.g.

Vo= (Vo aX (Wt/70)%7%) x (1+Const X

EXP (-(Temp-37) x F,,. ) mg/h

Vo= (Vs X (WH/70)07%) x

(1+Const X (Temp-37)) mg/h

where V. is the estimate for Michaelis-

Menten maximum rate of metabolism (V. )
at 37°C, standardised to a 70 kg person using
allometric models; Temp is tympanic membrane
temperature, F - is a scaling factor applied to
temperature and Const is a constant.

The quality of fit of the pharmacokinetic model
to the data was judged by NONMEM'’s objective
function and by visual examination of plots
of observed versus predicted concentrations.
Models were nested and a decrease 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
0=0.05.

Results

Total phenytoin time-concentration profiles from
both children (15 observations) were available
for analysis. Michaelis-Menten kinetics provided
a better data fit than a one compartment first
order elimination model. It was not possible to
estimate the K because this was considerably less
than that of the lowest measured concentration.
An estimate from the literature of 3 mg/l was used
for this parameter® !'¢. Parameter estimates are
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Table 1 Parameter estimates for linear and exponential models. SE is the standard error of the estimate

Linear Model

Exponential Model

Estimate SE (%) Estimate SE (%)

V 1/70kg 67.6 2.9 67.6 2.9

e M8/ 11.7 9.6 217 7.7
K, mg/l 3 FIX 0 3 FIX 0
Const 0.221 2.4 -0.562 10.0
Fremp - - 0.133 18.9
Err 0.078 8.8 0.078 8.8
Vaxeia 18 the estimate for Micahaelis-Menten maximum rate of metabolism (V) at 37°C, standardised to a 70 kg person using allometric models;

Temp is tympanic membrane temperature, me
the residual unknown variability.

shown in Table 1. Inter-individual variability from
the two individuals was minimal and set to 0. Time-
concentration profile and individual estimates
for the infant managed with hypothermia are
shown in Figure la. Apparent volume of distri-
bution (V) was 67.6 1/70 kg. Introduction of a
function to describe temperature effects reduced
the objective function by 12.437. The maximum
rate of metabolism (V. ) at 37.3°C was 12.5 mg/
h and decreased to 1.2 mg/h at 33°C. Linear and
exponential functions both adequately described
the relationship between V. and temperature,
but there were no observations made between
temperature extremes that allowed one function
to gain ascendancy over the other (Figure 2).
Interpolation of Figure 2 suggestsa V, . of approx-
imately 4 mg/h at 34°C. If a target concentration
of 15 mg/l is assumed, then phenytoin elimination
is 3.3 1/h/70 kg at 34°C compared to 9.9 1/h/70 kg
at 37°C - a reduction of 67% at 34°C.

Discussion

The apparent volume of distribution of 67.6
1/70 kg is similar to that previously reported!’
of 70 1/70 kg (CV 23%). The V. and K of a
70 kg Caucasian adult male were estimated to be
17.3 mg/h and 5.7 mg/l, respectively®. A K
of 2.41 mg/l and a lower V_._of 13.5 mg/h has

is a factor applied to temperature and Const is a constant. Err is a proportional term that characterises

been reported in Japanese adults!® (60 kg);
attributable to reduced CYP2C9 activity. The
estimate for the current reported individual of
12.5 at 37.3°C is consistent with these reports.
The elimination clearance (a first order process)
of phenytoin was reduced by 67% in 14 adults
(15-73 yr) with TBI at 34°C compared to the
same individuals at normothermia'®, similar to
the current observation using Michaelis-Menton
kinetics based on two individuals. The large
reduction in V,__ at 33°C observed in this current
study is due to decreased metabolism at lower
body temperature. There may be a small contri-
bution to the increase in V___ due to a progressive
increase in systemic phenytoin clearance during
therapy in critically ill patients!'®. This apparently
increasing clearance may be a consequence
of changes in protein binding, induction of
metabolism, or the influence of stress on hepatic
metabolic capacity?®. Noradrenaline reduces
splanchnic perfusion but is unlikely to effect
elimination of a “capacity limited” drug. Other
medications used during treatment were unlikely
to effect phenytoin elimination.

Size has considerable impact on the estimation
and interpretation of pharmacokinetic parameters
in children!!" 12 and is often unaccounted for
in paediatric pharmacokinetic and neonatal
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Figure 2 Linear and exponential functions described the relationship between V.

and temperature (°C). Both functions
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were adequate. There were few observations made between temperature extremes.
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studies?!. A great many physiological, structural
and time related variables scale predictably within
and between species with weight exponents of 3,
1 and 1/4 respectively!®. These “% power models”
were used in this current study rather than centred
weight, or some other function of weight, because
the “%4 power models” have sound biological
principles. Fractal geometry has been used to
mathematically explain this phenomenon!*!4,
The “34 power law” for metabolic rates was derived
from a general model that describes how essential
materials are transported through space-filled
fractal networks of branching tubes!*!4. These
design principles are independent of detailed
dynamics and explicit models and should apply to
virtually all organisms.

The pharmacokinetics of phenytoin are signifi-
cantly affected by age, but V__ changes are
compatible with size effects. Out of the neonatal
age range, V. in children can be predicted from
adult values based on a power function of weight;
the estimate of the power function is reported®!”
as 0.6 and as 0.737. The impact of these different
exponents over the human weight range 10-100
kg is minimal!! when compared to 0.75 (34) and
is consistent with the “% power models”.

Hypothermia decreases clearance of propanolol??,
rocuronium??, remifentanil®*, propofol?*, nitro-
glycerine?® and pentobarbital?’. These temperature
effects on clearance are not always disentangled
from those effects on distribution volumes or
concomitant bypass circuitry and the relationship
between temperature and clearance remains
undefined in humans for these drugs.

Temperature had a dramatic effect on phenytoin
elimination in this current case report, beyond
the increased phenytoin clearance observed in
critically ill patients on therapy after a few days.
This V__ reduction during hypothermia must be
factored into dosing and emphasises the need for
TDM in such clinical scenarios. TDM has proved
invaluable in rationalising the use of phenytoin.
Because of wide inter-individual variation and
non-linear kinetics, it is difficult to establish
an optimum maintenance dose for this drug.
Individualising dose using Bayesian forecasting
resulted in improved seizure control in 10 of
the 11 patients (91%) receiving phenytoin?s.
Others have reported similar success in children
and adults?®3°, Target concentration intervention
based on population analyses are not yet possible
in a cohort of hypothermic paediatric patients until
further covariate analyses quantifies hypothermic
effect and its variability>!.
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