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ABSTRACT

Parkinson’s disease (PD) is a progressive central nervous system (CNS)
disorder, the cardinal symptoms of which are bradykinesia, resting tremor, muscular
rigidity, and impaired postural balance. The lack of dopamine (DA) in the CNS basal
ganglia is associated with these symptoms. L-dopa, an immediate precursor of DA, is
used to treat PD. Unlike DA, L-dopa penetrates into the CNS where it is converted to
DA. However, the capacity of CNS neurones to produce or store DA deteriorates
during the course of the disease and the patient's clinical condition becomes closely
dependent on the availability of external L-dopa from plasma.

L-dopa is rapidly absorbed and eliminated with a short half-life and
extensively metabolised, to a great extent by dopa decarboxylase (DDC) enzyme,
already outside the CNS. Thus, the plasma concentrations of L-dopa fluctuate with its
dosing, which has to be more and more frequent during the course of the disease.
DDC inhibitors used as an adjunct to L-dopa improve the tolerability of the treatment
and decrease the L-dopa dose needed for a clinical response. O-methylation of L-dopa
by catechol-
-methyl transferase (COMT) enzyme then becomes the major metabolic
pathway. Entacapone, a COMT inhibitor, was developed to further improve L-dopa
therapy by decreasing its peripheral metabolism by COMT to 3-O-methyldopa (3-
OMD).

These studies were performed to investigate the pharmacokinetic suitability of
entacapone for continuous, frequently repeated co-administration with L-dopa and a
DDC inhibitor, to investigate the dose-response effects of entacapone in PD patients
after continuous treatment with L-dopa/carbidopa, and to investigate whether the
effects of entacapone at the 200-mg dose are comparable with different doses of L-
dopa and carbidopa. Further, new statistical approaches for testing of bioequivalence
were implemented and evaluated for formulation development.

The studies showed that entacapone is rapidly absorbed. Entacapone may be
considered a highly variable drug regarding its Cmax, which favours the use of a four-
way replicate cross-over design for bioequivalence studies. This design minimises the
sample size and is most efficient in indicating the differences and interchangeability
between different formulations. It also allows the use of various statistical approaches
in the assessment of bioequivalence. A new, more sensitive assay method revealed
three phases in the elimination curve of entacapone. The studies showed that
entacapone is almost completely eliminated with a short half-life during the early
phases of elimination. In PD patients, COMT inhibition by entacapone is maintained
during continuous treatment. Different repeated doses of entacapone inhibit COMT
activity in a dose-dependent manner and thereby reduce the peripheral loss of L-dopa
to 3-OMD, increasing its AUC and improving patients' clinical response measured as
functional time ('on' -time). The patients' clinical condition is not further improved by
increasing the dose from 200 mg to 400 mg. The COMT inhibition afforded by the
200-mg dose of entacapone is sufficient with all investigated doses of L-dopa and
carbidopa. The 200-mg dose of entacapone similarly increases the AUC of L-dopa
with different doses of L-dopa and carbidopa by changing the metabolic balance of L-
dopa.

These properties of entacapone provide the rationale for a concomitant and
frequently repeated simultaneous dosing of entacapone as a 200-mg dose with
different doses of L-dopa and carbidopa.
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1 INTRODUCTION

Parkinson’s disease (PD) is a progressive central nervous system (CNS)

disorder occurring mainly in the elderly. The lack of dopamine (DA) in the CNS basal

ganglia is associated with the symptoms of PD, as initially postulated and revealed by

Arvid Carlsson using an animal model (Carlsson et al. 1957). The most typical

symptoms of PD are bradykinesia, resting tremor, increased muscular rigidity, and

impaired postural balance (Montastruc et al. 1996). DA itself does not penetrate the

blood-brain barrier (BBB) and thus cannot be used for substitution therapy in PD. L-

dopa, the immediate precursor of DA, does penetrate the BBB and can therefore be

used for DA substitution (Bianchine et al. 1972; Soltis 1997). Indeed, L-dopa therapy

has been the gold standard for the treatment of PD since its introduction in the 1960s.

Despite the important role of L-dopa among the antiparkinsonian drug

therapies, including e.g. DA agonists, monoamine oxidase (MAO) inhibitors, and

anticholinergic drugs, it has some drawbacks. In the advanced phases of PD, the

patient's DA neurones have degenerated to such an extent that the capacity of

dopaminergic nerve terminals to produce DA, or to store external DA is very limited.

The patient's clinical condition becomes dependent on external DA, i.e., on L-dopa

available from plasma. The therapeutic window becomes narrower in the later phases

of the disease, i.e. the clinically effective and intolerable doses are closer to each other

than in the earlier phases of the disease (Contin et al. 1996; Harder et al. 1995b).

Considering the above neuropathological background, the pharmacokinetic

properties of L-dopa are not optimal for the treatment of PD. When L-dopa is

administered orally, it is rapidly and almost completely absorbed from the upper parts

of the gastrointestinal (GI) tract. The peak concentration (Cmax) in plasma occurs

usually within 0.5 to 2 hours (tmax) of an oral dose and the Cmax increases with the

dose. Mainly because of an extensive metabolism already outside the CNS, L-dopa

has a short half-life of elimination (between 0.6 and 1.8 hours) (Bergmann et al. 1974;

Cedarbaum 1987; Evans et al. 1980; Goodall and Alton 1972; Nutt and Fellman

1984). At least partly due to these pharmacokinetic properties of L-dopa, the patient's

clinical condition varies within the L-dopa dose interval in the later phases of the

disease. The patient experiences fluctuations in PD symptoms and the adverse effects

associated with the L-dopa dose are more common than in the earlier phases of the

disease (end-of-dose 'wearing-off'/'on-off'-fluctuations/peak-dose dyskinesia).
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Different approaches have been used to improve the pharmacokinetic profile

of L-dopa and consequently the clinical benefits and tolerability of L-dopa therapy.

These include inhibitors of enzymes metabolising L-dopa, new L-dopa formulations,

intraduodenal and intravenous (i.v.) administration of L-dopa, and L-dopa derivatives.

Of these, the enzyme inhibitors and new formulations with modified drug release rate

have an established place in the current clinical practice.

As L-dopa is metabolised to the greatest extent by dopa decarboxylase (DDC)

and catechol-
-methyl transferase (COMT) enzymes, the introduction of DDC and

COMT inhibitors has been a natural approach for the further improvement of L-dopa

therapy. A lot of effort has also been put into developing modified release

formulations of L-dopa, which were intended to prolong the absorption phase of L-

dopa and thereby prolong the availability of L-dopa in plasma and consequently the

clinical response. These expectations have, however, not been satisfactorily met and

there is still room for improvement (Cedarbaum 1989; Contin et al. 1996; Harder et

al. 1995b; Hutton and Morris 1994).

DDC inhibitors (carbidopa and benserazide), which decrease the peripheral

loss of L-dopa to DA, significantly decrease the amount of L-dopa needed for a

clinical response. Simultaneously the tolerability of L-dopa therapy is improved due

to the decrease in the dose of L-dopa and in the amount of peripheral DA (Cedarbaum

1987; Pinder et al. 1976). Indeed, L-dopa in a fixed combination with carbidopa or

benserazide (later referred to as L-dopa/carbidopa and L-dopa/benserazide) is a

clinically established treatment for PD.

When DDC inhibitors are used, the O-methylation of L-dopa by COMT to 3-

O-methyldopa (3-OMD) becomes the most important metabolic pathway. COMT

inhibitors, two of which (entacapone and tolcapone) have been introduced in clinical

use, decrease the peripheral metabolism of L-dopa to 3-OMD and thus increase the

availability of L-dopa in plasma for use in the brain. This results in a prolongation of

the clinical response to L-dopa without a clinically significant increase in adverse

events (Männistö and Kaakkola 1990; Parkinson Study Group 1997; Rinne et al.

1998).

The present studies have investigated various aspects of entacapone

pharmacokinetics when given alone or simultaneously with L-dopa/carbidopa. In

addition, the dose-response effect of repeated doses of entacapone on COMT

inhibition, on the pharmacokinetics of L-dopa, and on the clinical response to L-
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dopa/carbidopa in PD patients were studied. Further, the effect of the clinically used

200-mg dose of entacapone on the pharmacokinetics of L-dopa and carbidopa and on

the metabolism of L-dopa were studied with different clinically used doses of L-

dopa/carbidopa.

2 REVIEW OF THE LITERATURE

2.1 Parkinson’s disease

Parkinson’s disease (PD) is the second most common neurodegenerative disorder

after Alzheimer’s disease, with a prevalence of 1 � 2% among people over the age of

65 years. PD is first and foremost a movement disorder but in addition to the motor

symptoms, PD patients will face difficulties in daily activities, which may impact

their capability to work, to take care of their physiological needs, or to participate in

social activities. During the course of the disease the symptoms of PD may also be

associated with e.g. depression and cognitive changes. Thus, PD affects various

aspects of patients' lives, particularly in the later phases of the disease (Agid and Blin

1987; Gottwald et al. 1997; Martin 1999; Montastruc et al. 1996; Tanner 1992).

Although other neuronal systems may also contribute to the symptoms of PD,

DA depletion is the essential deficiency associated with the symptoms of the disease

(Gottwald et al. 1997; Montastruc et al. 1996). DA deficiency in the CNS will

manifest as the characteristic clinical symptoms when the DA depletion in substantia

nigra exceeds 70 � 90% of the normal level (Agid and Blin 1987; Barbeau et al. 1961;

Bernheimer et al. 1973; Ehringer and Hornykiewicz 1960; Marsden and Parkes 1977;

Montastruc et al. 1996).

2.2 L-dopa, a precursor of dopamine

Dopamine, like adrenaline and noradrenaline, belongs to catecholamine neuro-

transmitters acting both in the peripheral and central nervous systems (Fig. 1).
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These three neurotransmitters are synthesised in one synthesis chain. The essential

dietary amino acid, L-tyrosine, is catabolised to L-dopa (L-3,4-dihydroxy-

phenylalanine) by tyrosine hydroxylase (tyrosine-3-mono-oxygenase) � the enzyme

limiting the synthesis rate � and then further to DA by dopa decarboxylase (DDC,

aromatic L-amino acid decarboxylase, AADC). Noradrenaline and adrenaline are

formed in the next steps of this same synthesis (Bianchine et al. 1971; Cooper et al.

2003b; Cotzias et al. 1971; Masserano and Weiner 1983). A schematic outline of

catecholamine synthesis and metabolism is presented in Fig. 2.

L-dopa is decarboxylated to DA by DDC in dopaminergic neurones. In the

nerve terminals, DA is taken up into the storage vesicles by a vesicular monoamine

transporter (VAT), which modulates the concentration of free DA in the nerve

terminals (Cooper et al. 2003a). DA is protonated in the acidic environment of the

vesicle and thereby trapped inside for storage. Vesicular DA is released by a

depolarising stimulus (action potential) to the synaptic cleft where it activates the DA

receptors. The released DA is taken up into neurones by the specific DA transporter

(DAT) (Arbuthnott et al. 1990; Cooper et al. 2003b; Raiteri et al. 1979). In later

phases of the disease, PD patients have little or no neuronal storage capacity left and

the DA storing in the pre-synaptic vesicles does not act as a buffer between the L-

dopa doses. Consequently, the patient’s motor response closely follows the L-dopa

concentrations available in plasma to CNS for conversion to DA. DA activates the
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dopamine receptors D1 and D2 at the postsynaptic membrane and thereby alleviates

the signs and symptoms of PD (Contin et al. 1996; Harder et al. 1995b).

DHPG

MAO

MHPG
COMT

MAO

Noradrenaline NMN

D-�-H


� !"�#�

COMT

����

�
��$�%� ! &'��

���� ��� ���

&'��
 
����
����

�(�

������	)� Schematic outline of the biosynthesis and metabolism of L-dopa.
COMT = catechol-
-methyl transferase; MAO = monoamine oxidase; D-
�-H = dopamine-�-hydroxylase; DHPG = 3-methoxy-4-hydroxy-
phenylglycol; MHPG = 3-Methoxy-4-hydroxy-mandelic acid; NMN =
normetanephrine; 3-MT= 3-methoxytyramine; DOPAC =3,4-
dihydroxyphenylacetic acid; HVA= homovanillic acid (Bianchine et al.
1971; Kopin 1985; Männistö 1994; Rivera-Calimlim et al. 1977).

2.3 Pharmacokinetics and metabolism of L-dopa

2.3.1 Pharmacokinetics

As previously explained, the lack of DA in the basal ganglia is the basic reason for PD

symptoms. DA itself cannot be used for substitution because the highly ionised

molecule does not penetrate the BBB and because it is not a substrate for the active

transport system (Bianchine et al. 1972; Soltis 1997). Orally administered L-dopa, the

immediate precursor of DA, does have this potential.

Presumably, for the most part, L-dopa is carried through biological

membranes by a saturable, stereospecific (for the L-forms of the molecules), sodium-

dependent transport mechanism common for the various large neutral aromatic amino

acids (LNAAs). Thus, when absorbed, L-dopa has to compete for this active transport
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mechanism with dietary amino acids, although L-dopa to some extent passes

membranes also by passive diffusion. After oral administration, L-dopa is absorbed in

the upper parts of the small intestine (Bianchine et al. 1971; Lennernäs et al. 1993;

Nutt and Fellman 1984; Rivera-Calimlim et al. 1971).

There is considerable variation in the absorption of L-dopa both in healthy

volunteers and in patients with PD. Differences in the time and magnitude of L-dopa

concentrations observed after the same oral dose are especially large between

different individuals but also within individuals. Also, more than one peak occurs in

the plasma concentration time curve of L-dopa in > 40% of healthy subjects after a

single dose (Evans et al. 1980; Tyce et al. 1970; Wade et al. 1974). This variability

most probably relates to the gastric emptying rate, acidity of the gastrointestinal tract,

saturability of the active transport mechanism, and the activity of metabolising

enzymes in the gastrointestinal mucos. Thus, various factors, including the amino acid

contents of food and medications that affect gastric pH among others, affect the

absorption pattern of L-dopa (Table 1.) (Contin et al. 1996; Dunner et al. 1971;

Robertson et al. 1990a).

Orally administered L-dopa is almost completely absorbed from the GI tract,

and only 2% appear in the faeces. When given without a DDC inhibitor, the increase

in the plasma concentrations of L-dopa is not dose-linear. The bioavailability of L-

dopa is higher with higher doses, as the DDC barrier on the gastrointestinal

membranes becomes saturated. The peak concentration of L-dopa in plasma occurs

usually within 0.5 to 2 hours of the oral dose. The decline of L-dopa from plasma is 2-

phasic and the distribution and elimination phases can be identified after an i.v. dose.

The half-life of elimination for L-dopa has varied between 0.7 and 2.2 hours (t1/2 ��� �

phase) in different studies, when given either with or without a DDC inhibitor

(Bergmann et al. 1974; Cedarbaum 1987; Evans et al. 1980; Nutt and Fellman 1984;

Sasahara et al. 1980a; Sasahara et al. 1980b; Wade et al. 1974).
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�!*+�	�� Factors that may affect the gastric emptying rate and their potential effects
on L-dopa plasma pharmacokinetics.

�!,-�� �'%� !
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-PD[ �PD[

Decreased gastric
pH

� � Results on L-dopa
without a DDC inhibitor

(Rivera-Calimlim et al.
1971; Rivera-Calimlim et
al. 1970)

Meals � � (Baruzzi et al. 1987; Nutt et
al. 1984)

Anticholinergics � � Results on L-dopa both
with and without a DDC
inhibitor

(Algeri et al. 1976; Contin
et al. 1991b)

Tricyclic
antidepressants

� � Results on healthy young
volunteers without a DDC
inhibitor

(Morgan et al. 1975)

L-dopa � � Results on healthy young
volunteers

(Waller et al. 1991)

Dopaminergic
agents

� �? (Bentué-Ferrer et al. 1988;
Contin et al. 1992; Rabey et
al. 1991)

Exercise � �? (Carter et al. 1992; Goetz et
al. 1993)

� = increased, � = decreased, � =unchanged, �? = equivocal results

2.3.2 Metabolism of L-dopa

L-dopa is extensively metabolised to more than 30 metabolites. Decarboxylation of L-

dopa to DA by DDC is one step in the catecholamine synthesis. Decarboxylation by

DDC to DA is also the predominant metabolic pathway for L-dopa and constitutes

about 70% of its metabolism in the absence of external enzyme inhibitors (Burkhard

et al. 2001; Cedarbaum 1987; Goodall and Alton 1972; Nutt and Fellman 1984). DA

is then further metabolised to 3-methoxtyramine (3MT) and 3,4-

dihydroxyphenylacetic acid (DOPAC) which are then converted to homovanillic acid

(HVA) (Fig. 2 and 3). The DDC enzyme is abundant both in peripheral tissues and in

the CNS. Especially liver, kidney and intestinal mucus are rich in DDC but it is also a

constituent of the enzymatic BBB and the brain (Burkhard et al. 2001; Hardebo et al.

1980; Hardebo and Owman 1980; Rahman et al. 1981).

Another important metabolic pathway for L-dopa is O-methylation (Fig. 2 and

3). Catechol-
-methyl transferase (COMT), a magnesium-dependent enzyme,
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catalyses the transfer of the methyl group from S-adenosylmethionine (SAM) to one

of the hydroxyl groups in the catechol ring of L-dopa. In this reaction, 3-O-

methyldopa (3-OMD) is formed and a slight amount of 4-O-methyldopa. 3-OMD

metabolite constitutes about 10% of L-dopa metabolism in the absence of DDC and

COMT inhibitors (Cedarbaum 1987; Goodall and Alton 1972; Männistö and

Kaakkola 1990; Nutt and Fellman 1984; Sandler 1974). The COMT enzyme is widely

distributed in peripheral tissues, with high activities in the liver, kidney and gut wall

and it is also found in the CNS (Guldberg and Marsden 1975; Kopin 1985; Roth 1980;

Roth 1992).
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������	&. The two major metabolic pathways of L-dopa.
L-DOPA = 3,4-dihydroxyphenylalanine; 3-OMD = 3-O-methyldopa;
3-MT = 3-methoxytyramine; DOPAC = 3,4-dihydroxyphenylacetic acid
HVA = homovanillic acid; DDC = dopa decarboxylase; COMT =
catechol-
-methyl transferase; MAO = monoamine oxidase

In addition to decarboxylation and O-methylation, L-dopa is metabolised through

oxidation and transamination. These metabolic pathways are, however, less important
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for L-dopa metabolism. Also conjugation reactions belong to L-dopa metabolism and

DA, 3MT, HVA, and DOPAC are partly conjugated prior to elimination (Goodall and

Alton 1972; Nutt and Fellman 1984).

It has been estimated that only 1 � 5% of orally administered L-dopa remains

unmetabolised and reaches the brain (Cedarbaum 1987; Goodall and Alton 1972;

Männistö and Kaakkola 1990; Sandler 1974).

2.4 DDC inhibitors and L-dopa therapy

2.4.1 General

DDC inhibitors have been developed to decrease the loss of L-dopa to DA in

peripheral tissues. DDC inhibitors decrease the metabolism of L-dopa by inhibiting

the activity of the DDC enzyme at the biological barriers and in organs that L-dopa

has to pass prior to access to the CNS, i.e., in the stomach, intestinal mucosa,

circulation, and at the enzymatic BBB. DDC inhibitors thereby increase the

availability of L-dopa in the brain for conversion to DA (Bianchine et al. 1972;

Cedarbaum 1987; Nutt and Fellman 1984; Pletscher 1973). With a DDC inhibitor, the

bioavailability of orally administered L-dopa increases significantly in plasma, from

about 15 � 30% after an oral dose without a DDC inhibitor to 60 � 90% with a DDC

inhibitor (Cedarbaum 1987; Nutt and Fellman 1984).

There are two peripheral DDC inhibitors available for clinical use: carbidopa

�(-)-L-�-hydrazino-3,4-dihydroxy-�-methylbenzenepropanoic acid), MK-486� and

benserazide �(	)-DL-seryl-2-(2,3,4-trihydroxybenzyl)hydrazine, RO-4-4602)�

(Cedarbaum 1987; Pinder et al. 1976). Interestingly, like in L-dopa, there is a catechol

ring in the chemical structure of these two DDC inhibitors (Figure 4).

According to some studies, benserazide may be a more potent DDC inhibitor

than carbidopa (Da Prada et al. 1984; Da Prada et al. 1987). In practice, however,

these compounds are considered clinically comparable (Coleman 1992; Diamond et

al. 1978; Pinder et al. 1976).
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������	0� Chemical structures of carbidopa and benserazide. Carbidopa is the L-
isomer, benserazide is a racemate (Pinder et al. 1976).

Carbidopa is used worldwide, while benserazide has not been approved for the US

market. In this dissertation, all the studies on L-dopa and a DDC inhibitor were

conducted with the L-dopa/carbidopa combination. Therefore, only the

pharmacokinetic and -dynamic properties of carbidopa are described in the following

section.

2.4.2 Pharmacokinetics of carbidopa

Approximately 40 � 70% of carbidopa is absorbed after an oral dose. The absorption

is slower than that of L-dopa, and the peak concentration (tmax) usually occurs within

2 to 4 hours of the oral dose in healthy volunteers and within 0.5 to 5 hours in PD

patients (Da Prada et al. 1984; Pinder et al. 1976; Vickers et al. 1974; Vickers et al.

1975). For comparison, the L-dopa concentration peaks at about one hour after an oral

dose (Cedarbaum 1987; Nutt and Fellman 1984). Plasma concentrations of carbidopa

are even more variable than those of L-dopa (Pinder et al. 1976; Vickers et al. 1974)

and individuals may possibly be divided in two categories regarding the rate of

absorption: to slow and to rapid carbidopa absorbers (Durso et al. 2000). The

mechanism of carbidopa absorption is unknown. However, it has been speculated that

the mechanism would not be the same as for L-dopa, because only small amounts of

carbidopa, unlike L-dopa, penetrate the BBB (Durso et al. 2000). Carbidopa is widely

distributed in peripheral tissues. Kidneys and liver, rich in DDC, are the primary sites

for localisation of carbidopa. Carbidopa penetrates the BBB only in high doses, and

those doses are far above clinically used ones. This suggests that the DDC inhibition

by carbidopa is mainly peripheral while the DDC activity in the brain still allows the

conversion of L-dopa to DA (Jonkers et al. 2001; Kaakkola et al. 1992; Pinder et al.

1976). The elimination half-life of carbidopa varies between 2 to 3 hours (Cedarbaum

et al. 1989; Pinder et al. 1976).
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2.4.3 Pharmacodynamics of carbidopa

Carbidopa as such, in clinically administered doses, has no demonstrable

pharmacological effects other than the DDC inhibiting activity (Lotti 1973; Pinder et

al. 1976). The acute toxicity of carbidopa is in the same range, either alone or

combined with L-dopa, as that observed for L-dopa itself. LD50 values for carbidopa

range from 1750 to 5610 mg/kg in various animal species (Pinder et al. 1976).

2.4.4 Clinical effects of carbidopa

When carbidopa decreases the peripheral loss of L-dopa to DA, the AUC and Cmax of

L-dopa are profoundly increased while the tmax of L-dopa remains unchanged (Morris

et al. 1976; Robertson et al. 1989). There are conflicting reports on whether carbidopa

prolongs the elimination half-life of L-dopa; it may either remain unchanged or it is

prolonged to some extent (Fahn 1974; Morris et al. 1976; Nutt et al. 1985; Robertson

et al. 1989). However, carbidopa does not decrease the dosing frequency of L-dopa in

clinical treatment and it does not prolong the clinical benefit from L-dopa (Nutt et al.

1985).

Besides these pharmacokinetic and metabolic changes, there are several

positive clinical impacts of DDC inhibition. As a consequence of the increased

bioavailability of L-dopa with carbidopa, the clinically effective dose of L-dopa can

be decreased to 20 � 25% of the dose needed without a DDC inhibitor (Fahn 1974;

Kremzner et al. 1973; Mars 1973; Robertson et al. 1989). It is also possible to find the

clinically optimal dose of L-dopa more rapidly at the initiation of L-dopa treatment

when a DDC inhibitor is combined with the L-dopa therapy. Further, as the dose of L-

dopa can be decreased with a DDC inhibitor, also those patients who could not

tolerate high daily L-dopa doses can be treated with L-dopa. In addition, the decreased

peripheral concentrations of L-dopa and DA decrease the occurrence of L-dopa- and

DA-related adverse events (nausea and vomiting, cardiac arrhythmias, and orthostatic

reactions) (Cedarbaum 1987; Mars 1973; Pinder et al. 1976).

Since the advent of treatment with L-dopa in combination with carbidopa in

the late 1960s, the ratio of L-dopa and carbidopa in a given dose has been changed

from 10:1 to 4:1 (L-dopa:carbidopa). The reasons for this change are the following: It

has been shown in single dose studies in healthy volunteers that DDC is more

efficiently inhibited with formulations containing L-dopa and carbidopa in a ratio of
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4:1 and thereby the increase in the AUC of L-dopa is more pronounced with these

preparations (Kaakkola et al. 1985). Also the therapeutic response, including a further

decrease in adverse events compared to the 10:1 ratio, is improved with the higher

amount of carbidopa (Bermejo Pajera et al. 1985; Rinne and Mölsä 1979; Tourtellotte

et al. 1980).

It is considered that the DDC enzyme is not sufficiently inhibited if the daily

dose of carbidopa remains below 75 mg. On the other hand, increasing the carbidopa

dosage to over 160 mg daily does not result in further L-dopa dosage reduction in

clinical treatment situations (Jaffe 1973; Kremzner et al. 1973). Still, with this amount

of daily carbidopa, DDC is not completely blocked and one can see an increase in the

AUC of L-dopa and in DDC inhibition when the daily dose is increased up to 200 to

300 mg (Cedarbaum et al. 1986; Dingemanse et al. 1997). Only in doses much higher

(50 mg/kg, i.p.) than those mentioned above does carbidopa in animal studies

penetrate into the brain (Jonkers et al. 2001; Kaakkola et al. 1992; Pinder et al. 1976).

2.5 Modified release formulations developed for improving the effects of L-dopa

As previously mentioned, formulation development has been one of the attempts to

improve the pharmacokinetic and consequently the clinical properties of L-dopa for

the treatment of PD. Had the expectations set for the modified release formulations of

L-dopa been met, there would have been possibly no need to introduce the COMT

inhibitors in clinical use. Therefore, the modified release formulations are discussed in

more detail in the next section.

2.5.1 Targets and problems of modified release formulation development

Although L-dopa/DDC inhibitor therapy has been considered the mainstay in the

treatment of PD for decades it is associated with various problems. When given in a

standard release (conventional, immediate release) formulation, L-dopa is released

rapidly and absorbed from the proximal small bowel. The peak concentration in

plasma is reached within one hour of the dose, ranging usually between 800 – 2000

ng/ml after 100/25 mg of L-dopa/carbidopa. As L-dopa is also eliminated with a short

half-life (1-1.5 hours), its plasma concentrations fluctuate with dose administration

(Contin et al. 1991a; Harder et al. 1995a; Pahwa et al. 1996; Verhagen Metman et al.

1994). The patient is more or less directly dependent on the L-dopa available from

plasma for conversion to DA in the brain in the later phases of the disease because the
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capacity for neuronal storage of DA in the CNS has become very limited  (Contin et

al. 1996; Marion et al. 1986; Nutt et al. 1984; Quinn et al. 1984; Sage and Mark 1994;

Shoulson 1975; Tolosa et al. 1975). In these patients it is not possible to increase the

single doses of L-dopa to extend the clinically effective time as also the therapeutic

window for L-dopa has become narrower. In other words, the plasma concentration of

L-dopa producing the beneficial clinical effects and the concentration when the

patient experiences adverse effects (e.g. dyskinesias), have become closer. The

therapeutically optimal L-dopa concentration is individual and the concentration

producing half of the maximal response (EC50) is usually around 400 to 500 ng/ml.

The pharmacokinetic profile of L-dopa in association with the disease characteristics

gradually leads to a situation in which the patient needs intermittent, moderately small

doses of L-dopa to keep the ‘on’-stage without harmful adverse events (Contin et al.

1996; Harder et al. 1995a; Harder et al. 1995b; Reuter et al. 2000).

The currently used modified release formulations of L-dopa, introduced in the

late 1980s, are one attempt to control the ‘on-off’ fluctuations and adverse events of

L-dopa therapy by making the plasma concentrations of L-dopa less variable. More

sustained plasma concentrations of L-dopa as such are also considered a beneficial

effect from the long-term treatment effects point of view (Cedarbaum 1987; Contin et

al. 1996). However, it has to be acknowledged that L-dopa is not an ideal compound

for a modified release formulation. The active saturable mechanism of absorption, the

rather limited area of absorption in the upper part of the proximal bowel, and the short

half-life of elimination with a narrow range of therapeutically effective and tolerable

concentrations, in addition to the combination with another drug substance, carbidopa,

are all facts that make the development of a modified release formulation quite an

ambiguous goal. The modified release formulations move through the stomach, the

small intestine, and the large intestine releasing the drug substances. During the

passage through these parts of the GI tract, the transit time, local surface area, pH and

enzymes in the fluid in contact with the dosage form vary greatly. All these factors

affect the absorption of L-dopa and carbidopa from these formulations (Dempski et al.

1989).

The majority of modified release dosage forms rely on erosion and diffusion,

or the combination of the two (Erni 1987). Three different formulation types adopted

and developed for L-dopa formulations are presented in Fig 5.
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Tablet with fat or polymer pellets or
granules

Matrix tablet Fat pellets or microcapsules or coated
pellets in a hard-shell capsule

������	1�	 Schematic presentation of different types of oral modified-release
dosage forms in which drug release is controlled by the composition of
the tablet or capsule. (Erni 1987).

Some characteristics of the modified release formulations of L-dopa/carbidopa and L-

dopa/benserazide are summarised in Table 2. Dissolution time ������� and the release

time ����� correlate with each other (Dempski et al. 1989). The nonerodible polymer

matrix tablets of L-dopa/carbidopa did not physically decompose but were excreted

unchanged in the stool. These tablets were designed to release their drug contents for

approximately 6 to 8 hours (90% dissolution in 7 hours). The erodible polymer matrix

tablets released the drug through surface erosion while passing the GI tract and were

designed to release their drug contents for approximately 2.5 hours, i.e. for one gastric

emptying cycle. The last developmental formulation of L-dopa/carbidopa was also an

erodible tablet, which was to produce an intermediate release rate (Cedarbaum 1989;

Dempski et al. 1989; Hutton et al. 1988a). Correspondingly, in the L-dopa/

benserazide formulation drug substances were packed in a gelatine cell with

hydrocolloids, soluble excipients, and hydrogenated fatty substances. This low density

(<1) capsule was designed to stay in the stomach for an extended time period (t90% = 8

h) and to float on the surface of the stomach fluids while the gelatine cell would be

dissolved and the formed mucous body would release the drugs through the hydrated

layer by diffusion (Erni 1987).

Considering the progressing disability of PD patients, the ‘on-off’ fluctuations,

and the close relationship between the plasma concentrations of L-dopa and the

clinical fluctuations, none of the modified release L-dopa tablets have been shown to

be optimal (Cedarbaum 1989; Cedarbaum et al. 1987c; Goetz et al. 1987; Hutton et al.

1988a; Hutton et al. 1984; Hutton et al. 1988b; Juncos et al. 1987; Nutt et al. 1986).

However, one of the L-dopa/carbidopa formulations was selected for more extended

clinical studies (Sinemet CR4) and is currently used in clinical practice in two

different strengths (50/200 mg and 25/100 mg). This formulation was designed to

release both L-dopa and carbidopa with a first-order release rate (Dempski et al. 1989;

Hutton and Morris 1994). In the GI tract, the tablet disintegrates within 3 – 4 hours of
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dosing and releases its L-dopa/carbidopa contents (Wilding et al. 1989; Wilding et al.

1991).

�!*+�	)� Some characteristics of modified release L-dopa/carbidopa and L-dopa/
benserazide preparations

��� !�!-��# �'%� !2
,!�*�%� !

���"�+!-��#	-3 � ��+�!.�	"�,4!#�." 
�..�+�-��#	-�"�	546
57���	��+6

5"�6 -�� -��
Sinemeta 100/25 Conventional tablet Dissolution 0.25 0.50

Sinemet CSR1 100/25 Nonerodible polymer
matrixb

Diffusion 2.50 7.00

Sinemet CR2 100/50 Erodible polymer
matrixc

Surface dissolution
and erosion

0.75 2.00

Sinemet CR3 200/50 Nonerodible polymer
matrixb

Diffusion 2.50 7.00

Sinemet CR4b 200/50 Erodible polymer
matrixc

Surface dissolution
and erosion

0.75 2.00

Sinemet CR5 200/50 Erodible
(intermediate release)

Diffusion 1.00 3.00

Madopar HBS 100/25 Non disintegrating
‘mucous body’

Diffusion 3.00 8.00

Sinemet CSR and CR = modified release L-dopa/carbidopa formulations; Madopar HBS = modified
release L-dopa/benserazide formulation; a Standard release tablet; t50 = time for 50% dissolution,
t90 = time for 90% dissolution; bThe currently used Sinemet CR 200/50 formulation, Sinemet CR2, is
the same formulation except that the drug contents are different (Cedarbaum 1989; Dempski et al.
1989; Hutton et al. 1988a; Hutton et al. 1984; Juncos et al. 1987; Nutt et al. 1986)

2.5.2 Pharmacokinetic characteristics of modified release L-dopa/carbidopa

The relative bioavailability of L-dopa from Sinemet® CR (200/50 mg, 100/25

mg) is about 70% and that of carbidopa about 60% of the values for standard release

tablets. The absorption of L-dopa and carbidopa is also significantly slower and the

peak concentrations remain essentially lower with the modified release than with the

standard release formulation. On average, the modified release tablet produces a peak

concentration that is about 40% of that attained with the corresponding dose of

standard release tablets, while the trough level is doubled with the modified release

formulation (Table 3). However, if the standard and modified release tablets are

administered 3 times daily, i.e. every 8 hours, in a 200-mg dose of L-dopa and 50-mg

dose of carbidopa, there is no accumulation of either L-dopa or carbidopa. The major
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difference between the modified and the standard release formulations is that the

plasma concentrations of L-dopa fluctuate within a narrower window with the

modified release formulation. The plasma concentrations with this formulation are,

however, less predictable and the metabolism of L-dopa to 3-OMD is enhanced

(Contin et al. 1996; Hammerstad et al. 1994; LeWitt et al. 1989; Wilding et al. 1989;

Wilding et al. 1991; Yeh et al. 1989).

�!*+�	&� Pharmacokinetics of L-dopa with modified release L-dopa/carbidopa
formulations relative to standard release formulations.

�'%� !	 !�!"�-�� �//�,-

tmax � (2-3 fold)

Cmax � (2-3 fold)

t 1/2 �
C4 hours post dose � (2-fold)

Frel % � (20 –40%)
C4 hours post dose = concentration at 4 hours after dose
administration

2.5.3 Clinical benefits and drawbacks of modified release L-dopa/carbidopa

As the plasma levels of L-dopa are more sustained with modified release

formulations, less peak-dose symptoms are produced and the wearing-off

symptomatology is decreased. In the current treatment practise, modified release

tablets are, however, often combined with standard release tablets. This is due to the

slow rise of L-dopa plasma concentration and the low peak concentration achieved

after the modified release tablet. Especially in patients with ‘on-off’ fluctuations these

may be a problem because the lag-time for clinical effect is prolonged and

concentrations producing a relief of symptoms may not be attained. The response

itself may also be unpredictable due to the low and unpredictable L-dopa

concentrations in plasma. Modified release preparations, however, provide a less

variable over-a-day plasma concentration and thus more sustained availability of L-

dopa for the brain. From this perspective, it may be considered a more physiological

treatment than the standard release formulation (Contin et al. 1996; Deleu et al.

1989a; Deleu et al. 1989b; LeWitt 1992a; LeWitt et al. 1989; Stocchi et al. 1994). In
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clinical studies the CR-preparations have, however, not prevented the development of

clinical fluctuations (Dupont et al. 1996; Koller et al. 1999).

The modified release formulation of L-dopa/benserazide has the same

problems and benefits as the corresponding L-dopa/carbidopa formulation (Contin et

al. 1996). Thus, the current controlled release formulations are not the final solution

for L-dopa delivery to the CNS.

2.6 Introduction to COMT inhibitors

When the DDC enzyme is inhibited, the metabolism of L-dopa shifts to the

COMT pathway and 3-OMD becomes the major metabolite of L-dopa (Kuruma et al.

1972; Messiha et al. 1972; Rivera-Calimlim et al. 1977; Sandler 1974). The more

efficient the DDC inhibition is, the more the metabolism shifts to the COMT pathway

and the more 3-OMD is formed as a result of the metabolic process (Cedarbaum

1987; Dingemanse et al. 1997; Nutt et al. 1984). Therefore, COMT inhibition has

been considered a further opportunity to prevent metabolism of L-dopa outside the

CNS and thus increase and sustain its concentration in plasma and increase its

availability for the brain.

Several COMT inhibitors have been evaluated during the last four decades

(gallates, tropolone, ascorbic acid, U0521, nitecapone, GCP 28014, OR-486, OR-490,

OR-657, entacapone, and tolcapone) (Männistö and Kaakkola 1990). The first COMT

inhibitors were developed during the late 1960s and 1970s but they proved to be

unspecific and toxic and thus not eligible for clinical use (Ericsson 1971; Guldberg

and Marsden 1975; Reches and Fahn 1984). The next generation of COMT inhibitors

was developed during the late 1980s and 1990s. Two of these second generation

COMT inhibitors, tolcapone and entacapone, were tested in extensive clinical studies

and approved for clinical use in the end of the 1990s. The licence of tolcapone was,

however, limited due to safety concerns shortly after the introduction to clinical use.

Both of these compounds have a nitrocatechol ring in their chemical structure (Fig. 6;

for chemical structures of L-dopa and carbidopa see Fig. 1 and 4) (Kaakkola et al.

1994a).
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������	8� Chemical structures of entacapone and tolcapone

2.7 Entacapone in combination with L-dopa/carbidopa

2.7.1 Pharmacokinetics of entacapone

The pharmacokinetics of entacapone has been described in healthy young volunteers

who were not simultaneously treated with L-dopa/DDC inhibitor. Entacapone is

rapidly absorbed after an oral dose from the upper parts of the GI tract and it exhibits

dose-linear absorption kinetics within the investigated dose range of 5 to 800 mg.

After these oral doses, the bioavailability of entacapone ranges from 29 � 46%,

bioavailability being higher with higher doses. The plasma concentration time curve

peaks at 0.4 – 0.9 hours after administration and the Cmax values range from about

0.060 
g/ml (5 mg) to about 7.0 
g/ml (800 mg). Correspondingly, the AUC values

range between 0.030 and 8.5 h x 
g/ml, both Cmax and AUC increasing with the dose.

The Cmax reported for the clinically used 200-mg dose of entacapone is 1.8 	 0.8


g/ml (mean 	 SD) and the AUC 1.6 	 0.3 
g/ml x h (Keränen et al. 1994).

Entacapone is rapidly eliminated from plasma with a short half-life of

elimination. The elimination pharmacokinetics for oral doses between 100 and 800

mg is best described by two phases; an �-phase with an elimination half-life (t1/2a) of

about 0.3 hours and a �-phase with the elimination half-life (t1/2b) of 1.6 to 3.4 hours,

increasing with the dose. For the 200-mg dose t1/2a is 0.3 	 0.1 and t1/2b 3.4 	 2.7

hours (Keränen et al. 1994).

After an i.v. (25 mg) dose entacapone is distributed into a central volume of

approximately 4 litres and then rapidly enters the peripheral volume of about 29 litres.

The half-life for the �-phase is 0.5 	 0.2 hours. The total plasma clearance is

approximately 750 ml/min (Keränen et al. 1994).
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Entacapone is almost completely metabolised prior to excretion. Only traces of

entacapone are found unchanged in urine. The main metabolites are the glucuronides

of entacapone itself (�-isomer) and those of its active metabolite, the �-isomer of the

molecule. The �-isomer accounts for about 5% of the drug concentrations in plasma

(Keränen et al. 1994; Wikberg et al. 1993).

Pharmacokinetics with L-dopa and DDC inhibitor

In clinical practice, entacapone is always given simultaneously with L-dopa and a

DDC inhibitor. Some pharmacokinetic parameters for the 200-mg dose of entacapone

with L-dopa and carbidopa or benserazide from different studies are summarised in

Table 4. When given simultaneously with L-dopa/DDC inhibitor, either as a single

dose (Keränen et al. 1993), or repeatedly (Rouru et al. 1999), the pharmacokinetics of

entacapone does not differ from the kinetics of entacapone alone. Similarly, with

modified release formulations of L-dopa and carbidopa, the pharmacokinetic profile

of entacapone remains unchanged (Ahtila et al. 1995). Also in the elderly population

with PD, the pharmacokinetic profile of entacapone is comparable with that in healthy

young volunteers (Kaakkola et al. 1995; Ruottinen and Rinne 1996b).

�!*+�	0� Some pharmacokinetic parameters for entacapone 200 mg when given
with L-dopa/DDC inhibitor therapy
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HV (12) 100/25 (C) 0.9 	 0.12 2.0 	 0.4 1.16 	 0.09 (Keränen et al.
1993)

HV  (12) 100/25 (C) 1.1 	 0.48 0.9 	 0.6 1.99 	 1.24 (Rouru et al.
1999)

HV (12) 200/50 (C): 1.3 	 0.56 0.8 	 0.5 1.35 	 0.32 (Ahtila et al.
1995)

PD (6)
PD (6)

200/50 (C)
200/50 (C):

0.9 	  0.59
1.3 	 0.73

0.8 	 0.6
0.8 	 0.3

1.27 	 0.52
1.77 	 0.57

(Kaakkola et al.
1995)

PD (12) Individual
(C or B)

1.30 	 0.71 AF

1.59 	 0.81 AC
0.67 	 0.33 AF

 0.71 	 0.45 AC
1.45 	 0.48AF

1.69 	 0.45 AC
(Ruottinen and
Rinne 1996b)

L= L-dopa, DDCI= dopa decarboxylase inhibitor, C= carbidopa, B= benserazide, HV= healthy
volunteers, PD= PD patients, *modified release formulation of L-dopa and carbidopa, AF= after the
first dose, AC= after continuous treatment for 4 weeks. Mean ± SD is given, except in the study by
Keränen et al. 1993 given is the mean ± SEM.
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2.7.2 Pharmacological effects of entacapone

Entacapone, when given orally to rats, decreases the COMT activity in peripheral

tissues, RBCs, liver, and especially the duodenum. The same oral dose only

transiently inhibits striatal COMT activity, and to a much lesser extent than it does

outside the CNS. Maximum inhibition occurs at about 0.5 hours of the dose in all

tissues (Nissinen et al. 1992). It can be considered a peripherally acting, selective

COMT inhibitor with dose-dependent and reversible effects (Kaakkola and Wurtman

1992; Keränen et al. 1994; Nissinen et al. 1992; Nissinen et al. 1988). The IC50 for

COMT inhibition by entacapone is in the nanomolar range (IC50 0.010 nmol/l), and

entacapone does not show activity in any other enzyme system within the evaluated

concentration range up to 50 
mol/l (Nissinen et al. 1992). However, not even

transiently, or even in high doses, does entacapone fully block COMT activity. The

maximum decrease in COMT activity observed with entacapone in human RBCs is

approximately 80% with a high, 800-mg single oral dose. As an indication of

reversibility, the COMT activity in RBCs increases rapidly with declining plasma

concentrations of entacapone. The maximum inhibition in human RBCs occurs

between 0.5 and 1.0 hours of an oral dose and the activity returns to the basal level

within 4 to 5 hours of an oral 200-mg dose, which is the dose used clinically (Keränen

et al. 1994). Even if entacapone is given 10 times daily at the clinically used 200-mg

dose level, COMT inhibition does not accumulate over the day (Rouru et al. 1999).

Entacapone penetrates the BBB only in very high doses (30 - 100 mg/kg in rats) that

are far above those used clinically (Kaakkola and Wurtman 1992).

It has been shown in healthy volunteers that 50, 100, 200, and 400-mg single

oral doses of entacapone given with a constant 100/25 mg dose of standard release L-

dopa/carbidopa dose-dependently decreases the peripheral metabolism of L-dopa to 3-

OMD. The maximum decrease is about 60% and it is achieved with the 400-mg dose.

The amount of DOPAC, the MAO dependent metabolite of L-dopa, is also increased

with the dose. On the other hand, changes in HVA, the metabolite formed by both

COMT and MAO after decarboxylation of L-dopa, are not as clear-cut as those in the

3-OMD and DOPAC concentrations (Keränen et al. 1993). In PD patients treated with

L-dopa/DDC inhibitor (either L-dopa/carbidopa or L-dopa/benserazide), the same

single doses of entacapone decrease the AUC0-4h of 3-OMD by maximally 13% when
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given once concomitantly with the patient’s individual L-dopa/DDC inhibitor dose.

Simultaneously, the AUC0-4h of DOPAC increases dose-dependently, by 73% to

108% and the AUC0-4h of HVA decreases dose-dependently by about 25 � 50%

(Ruottinen and Rinne 1996). After short-term treatment with the 200-mg dose of

entacapone in combination with the patient’s individual daily L-dopa dose regimen

consisting of an average of 700 to 900 mg L-dopa (L-dopa:DDC inhibitor 4:1), the

plasma levels of 3-OMD are decreased by about 40 � 60% from the pre-treatment

level. DOPAC concentrations are at least two or three times as high as without

entacapone. HVA concentrations are decreased by about 20 � 25%. At the same time,

the patients’ daily L-dopa dose was reduced by about 10 � 15% (Kaakkola et al. 1995;

Ruottinen and Rinne 1996; Ruottinen and Rinne 1996a; Ruottinen and Rinne 1996b).

Due to the long half-life of elimination ����������	�
�� �����������the changes in

the 3-OMD concentrations are slow in patients previously treated with L-dopa

(Kuruma et al. 1971; Sharpless et al. 1972).  The L-dopa dose reduction also

decreases the 3-OMD concentration.

No tolerance for COMT inhibition is developed during long-term treatment:

the plasma concentrations of 3-OMD are about halved from the pre-treatment level

after the initiation of entacapone 200-mg dose with each daily L-dopa dose and

maintained during long-term treatment (Parkinson Study Group 1997; Rinne et al.

1998).

In therapeutic doses, entacapone has no other pharmacological effects than

those on COMT activity (Männistö and Kaakkola 1999; Männistö et al. 1992). The

acute toxicity of entacapone is low, as it is for other nitrocatechol-structured

compounds (Borgulya et al. 1989; Kaakkola et al. 1994a). The acute LD50 for

entacapone in rodents is about 500 mg/kg after an i.p. dose (Törnwall and Männistö

1991). L-dopa or carbidopa do not significantly increase the acute toxicity of

entacapone (Kaakkola et al. 1994a).

2.7.3 Effects of entacapone on the pharmacokinetics of L-dopa

The metabolic changes by entacapone result in an improved bioavailability of L-dopa

in plasma. Table 5 summarises some pharmacokinetic data for L-dopa from single-

dose dose-response studies on entacapone (Keränen et al. 1993; Ruottinen and Rinne

1996). The changes in the AUC of L-dopa are clearly entacapone-dose-dependent in
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healthy volunteers, and the dose-dependency is observed also in PD patients though it

is less pronounced, possibly due to the short sampling period of only 4 hours.

Entacapone seems not to change, or has a tendency to slightly decrease the Cmax of L-

dopa and prolong its occurrence (tmax). The delay effect is more pronounced with

higher doses of entacapone (Keränen et al. 1993; Ruottinen and Rinne 1996),

(Merello et al. 1994).

According to studies in PD patients, the clinically used 200-mg dose of

entacapone increases the AUC of L-dopa by about 25 � 45%, while the Cmax and tmax

remain practically unchanged (Kaakkola et al. 1995; Myllylä et al. 1993; Ruottinen

and Rinne 1996; Ruottinen and Rinne 1996a; Ruottinen and Rinne 1996b). The

apparent half-life of elimination of L-dopa either remains unchanged, or is modestly

prolonged when both entacapone and L-dopa are administered orally (Keränen et al.

1993; Myllylä et al. 1993). However, it has been shown in PD patients that

entacapone, given in the 200-mg dose 30 min prior to and 90 min after an i.v. L-dopa

dose, clearly prolongs the half-life of elimination of i.v. L-dopa from of 1.26 hours to

2.1 hours, on average (Nutt et al. 1994).

�!*+�	1� Some pharmacokinetic parameters for L-dopa with and without
entacapone from single-dose dose-response studies

Healthy volunteers*
Dose of
entacapone Cmax

(
g/ml)
tmax

(h)
t 1/2 el

(h)
AUC 0-inf  (***)

    (
g/ml x h)
0 1.21 	 0.58 0.94 	 0.49 1.91 	 0.35 2.34 	 0.44
50 1.10 	 0.38 1.13 	 0.69 1.81 	 0.38 2.83 	 0.51 (21%)
100 1.03 	 0.38 1.38 	 0.60 1.75 	 0.19 3.02 	 0.76 (29%)
200 1.04 	 0.14 1.27 	 0.66 1.81 	 0.31 3.33 	 0.58 (42%)
400 1.17 	 0.36 1.21 	 0.66 1.86 	 0.25 3.86 	 0.81 (65%)

PD patients**
Dose of
entacapone Cmax

(
g/ml)
tmax

(h)
t 1/2 el

(h)
AUC 0-4h(***)

(
g/ml x h)
0 3.35 	 1.77 0.79 	 0.61 1.03 	 0.16 -
50 3.08 	 1.65 0.71 	 0.62 1.23 	 0.27 +  (14%)
100 2.92 	 1.44 0.85 	 0.42 1.27 	 0.25 +  (21%)
200 2.90 	 1.25 0.98 	 0.63 1.44 	 0.37 +  (23%)
400 2.70 	 1.06 1.29 	 0.78 1.40 	 0.47 +  (23%)

* A constant 100/25 mg dose of standard release L-dopa/carbidopa (Keränen et al. 1993).
** A constant, individual dose of standard release L-dopa/DDC inhibitor (benserazide or carbidopa)
(Ruottinen and Rinne 1996). *** Percent increase compared with placebo
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When single increasing doses (100, 200, 400, or 800 mg) of entacapone were

given with a modified release formulation of L-dopa/carbidopa (dose 200/50 mg), the

bioavailability of L-dopa increased up to the 400-mg dose of entacapone but started to

decline thereafter (Ahtila et al. 1995). In PD patients after repeated doses of 200 mg

entacapone with modified release L-dopa/carbidopa, the increase in the L-dopa AUC

was approximately 37% (Kaakkola et al. 1995).

2.7.4 Effects of entacapone on the pharmacokinetics of carbidopa

The effects of different entacapone doses on the pharmacokinetics of carbidopa have

been evaluated in healthy volunteers (Ahtila et al. 1995; Keränen et al. 1993). In

single doses up to 200 mg, entacapone does not affect the pharmacokinetics of

carbidopa. However, when doses containing 400 mg (or more) of entacapone are

administered concomitantly with L-dopa/carbidopa, the plasma concentration of

carbidopa starts to decline both with standard and with modified release formulations

of L-dopa (Table 6). An 800-mg dose of entacapone decreases the AUC of carbidopa

by about 40% when given with a modified release L-dopa/carbidopa preparation.

It has not been investigated whether the high 800-mg dose of entacapone

affects carbidopa concentrations when administered with standard release L-

dopa/carbidopa tablets. However, it is known that the clinically used 200-mg dose of

entacapone does not affect the AUC, Cmax or tmax of carbidopa, either with the

standard or modified release L-dopa/carbidopa formulations (Kaakkola et al. 1995;

Rouru et al. 1999).
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�!*+�	8� Some pharmacokinetic parameters for carbidopa with and
without entacapone from single-dose dose-response studies

Standard release L-dopa/carbidopa 100/25 mg
 in healthy volunteers*

Dose of
entacapone

Cmax

(
g/ml)
tmax

(h)
AUC 0-inf

(
g/mlx h)
0 1.96 	 0.62
50 No change No change 1.99 	 0.61
100 No change No change 1.98 	 0.62
200 No change No change 1.95 	 0.55
400 No change No change 1.74 	 0.45

Modified release L-dopa/carbidopa  200/50 mg
in healthy volunteers **

Dose of
entacapone

Cmax

(
g/ml)
tmax

(h)
AUC 0-t

(
g/ml x h)

0 0.09 	 0.03 4.2 	 0.4 0.39 	 0.16
100 0.10 	 0.03 4.3 	 0.5 0.39 	 0.09
200 0.10 	 0.04 4.1 	 0.9 0.39 	 0.25
400 0.09 	 0.03 4.3 	 0.5 0.29 	 0.17
800 0.07 	 0.03 4.3 	 0.5 0.24 	 0.11

* (Keränen et al. 1993), ** (Ahtila et al. 1995), Values are means 	 SD,

2.7.5 Clinical effects of entacapone

The clinical effects of entacapone have been investigated in PD patients using

different single doses of entacapone (50, 100, 200, 400, and 800 mg) in combination

with standard release L-dopa preparations (Lyytinen et al. 1997; Merello et al. 1994;

Myllylä et al. 1993; Nutt et al. 1994; Ruottinen and Rinne 1996). In addition, a single-

dose study has been conducted in PD patients on the clinically used 200-mg dose of

entacapone in combination with modified release L-dopa (Piccini et al. 2000). These

studies have shown that the increase in the AUC of L-dopa is associated with an

improved clinical response to L-dopa in PD patients with end-of-dose wearing-off

fluctuations. The patients' 'on'-time was significantly prolonged after a single dose

when assessed by the motor part (Part III) of the Unified Parkinson's Disease Rating

Scale (UPDRS) (Lyytinen et al. 1997; Piccini et al. 2000; Ruottinen and Rinne 1996),

or by using different tests assessing patients' capability to move (tapping test, walking

test, clinical global assessment) (Merello et al. 1994; Nutt et al. 1994; Piccini et al.

2000). According to these so called 'L-dopa-tests', the increase in the 'on'-time after a

single individual L-dopa /DDC inhibitor dose was 20 min  72 min with entacapone.

This is translated to a 12 %  81% increase in the 'on'-time (Kaakkola 2000). The
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single-dose studies in PD patients also suggest a favourable safety profile for

entacapone. It also seems to be free of clinically significant interference with

catecholamine metabolism and haemodynamic responses both when given without

(Lyytinen et al. 2001; Myllylä et al. 1993) and with MAO-B inhibitors (selegiline)

(Lyytinen et al. 1997), which also affect the catecholamine metabolism.

Multiple dose and long-term studies have investigated the clinical efficacy and

safety of the 200-mg dose of entacapone when given as an adjunct to each dose of L-

dopa and DDC inhibitor in PD patients, most of whom had wearing-off fluctuations.

The data from these studies confirm the findings from the single-dose studies. When

treated with the 200-mg dose of entacapone as an adjunct to each daily L-dopa dose,

patients' clinical response to L-dopa and the daily 'on'-time were significantly

prolonged both with L-dopa/carbidopa (Kaakkola et al. 1994b; Parkinson Study

Group 1997) and with L-dopa/benserazide (Durif et al. 2001; Kaakkola et al. 1994b;

Rinne et al. 1998; Ruottinen and Rinne 1996a; Ruottinen and Rinne 1996b). In

quantitative terms, the increase in the daily 'on' time with entacapone varies from 1 to

2 hours (Kaakkola 2000). Entacapone is also well tolerated in long-term use (Myllylä

et al. 2001; Poewe et al. 2002). Dopaminergic and gastrointestinal effects are the most

commonly reported adverse effects, which include dyskinesia (27% of patients),

nausea (11% of patients), and diarrhea (8% of patients) as the most commonly

reported adverse events (Kaakkola 2000).

2.8 Bioequivalence as proof of therapeutic equivalence

Formulation development plays an important role in the study program of a new

chemical entity. The pre-clinical part of the program is conducted using the drug

substance itself. However, from the beginning of the clinical program, the drug

substance is given in a formulation targeted for optimal delivery of the active

ingredient to its site of action. The formulation has to exhibit predictable and

reproducible bioavailability (EMEA 2001). It shall allow efficient and economic

manufacturing according to a validated process. Further, it shall guarantee the stability

of the drug substance in the formulation, and possible toxic impurities and/or

degradation products shall be known and remain on a sufficiently low level for

effective and safe use of the drug.
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The efficacy and safety of the developed formulation is investigated in the

phase III study program. If the formulation is significantly changed thereafter, or a

new formulation is developed (e.g. a generic one), evidence of therapeutic

equivalence between the phase III formulation and the new formulation will be

needed (Chen et al. 2001; Patterson et al. 2001). Two products are considered

therapeutically equivalent if they contain the same active substance or therapeutic

moiety, and show the same efficacy and safety clinically (EMEA 2001). Establishing

bioequivalence between two products in adequately designed bioequivalence studies

is considered sufficient proof of therapeutic equivalence and no further clinical

evidence of therapeutic equivalence is needed. From the regulatory point of view this

means that, two drug products are considered interchangeable if they contain the same

active drug substance and have been shown to be bioequivalent (CDER 2000; CDER

2001; EMEA 2001).

During the development program of entacapone, it was observed that the

absorption of the drug was variable from the 200-mg standard release tablet.

Especially the Cmax for the developed formulation varied within and between subjects.

Therefore, the bioequivalence aspect and methods to be implemented were to be

carefully considered in different phases of the study program.

2.8.1 Methodology used for the evaluation of bioequivalence

According to current regulatory guidelines, bioequivalence studies should be

designed in such a way that the effect of the formulation can be distinguished from

other effects (EMEA 2001). Basically, a bioequivalence study compares the systemic

exposure of two drug products, commonly referred to as test (the new product) and

reference (the existing product for which efficacy and safety have been shown).

There are several test procedures that are considered adequate for the

evaluation of bioequivalence. These include pharmacokinetic, pharmacodynamic,

clinical, and ��� ���� studies. Pharmacokinetic bioequivalence studies are usually

preferable (Chen et al. 2001).

For establishing pharmacokinetic bioequivalence between test and reference,

the similarity of certain pharmacokinetic parameters for the products is evaluated as a

measure of systemic exposure. The pharmacokinetic parameters to be determined for

the test and the reference may comprise e.g. AUC0-t, AUC0-�, Cmax, tmax, Ae0-t, Ae0-�,
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t1/2. Adequate parameters are chosen on clinical and pharmacokinetic grounds.

Usually the primary parameters for the evaluation of bioequivalence are Cmax and

AUC. The study design has to reflect the pharmacodynamic and pharmacokinetic

properties of the drug compound(s), i.e., one needs to consider how these properties

relate for example to sampling times, wash-out periods, and active metabolites. In

addition, several details of bioequivalence study designs are provided in regulatory

guidelines (CDER 2000; EMEA 2001).

Bioequivalence studies are generally conducted in healthy male and female

volunteers who are at least 18 years old, although they may also be carried out in

target indication patients. Rather recently a requirement has been issued for

conducting bioequivalence studies in a population that is representative of the

population of patients who will use the drug (CDER 2000). Thus, bioequivalence

studies will increasingly be conducted also in the elderly.

Three different methods may be used for the evaluation of pharmacokinetic

bioequivalence. These methods comprise the evaluation of average, individual, and

population bioequivalence. The average bioequivalence method remains the primary

method for assessing bioequivalence in new regulatory guidelines for conducting and

analysing bioequivalence studies (CDER 2000; CDER 2001; EMEA 2001), although

the method was seriously discussed and evaluated during the last decade.

2.8.2 Average bioequivalence

Non-replicate study-designs: For the evaluation of average bioequivalence, a two-

period study-design is usually considered appropriate if the number of formulations to

be compared is two. It means that the test (T) and reference (R) formulations are

given once each to the same subjects. The subjects are allocated on the test and

reference treatments in sequential order according to randomisation (T, R or R, T).

For most cases, a single-dose study is considered adequate. In some situations,

however, a repeated-dose study with measurement of concentrations at the steady

state may be required in addition to a single-dose study. This may concern e.g. drugs

that exhibit dose- or time-dependent pharmacokinetics, or modified release drug

products. A steady-state study may be helpful also for drugs with bioanalytical

methods not sensitive enough to assay drug concentrations with sufficient accuracy

after a single dose. Similarly, for drugs/drug products with high intra-subject

variability, a steady-state study may be considered helpful. Single-dose studies are,
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however, usually preferred as they are generally considered more sensitive in

assessing the ��� �� release of the drug (Chen et al. 2001; El-Tahtawy et al. 1995;

EMEA 2001).

The average bioequivalence method compares population averages between

the test and reference treatments. Usually Cmax and AUC are determined from drug

concentrations in plasma and used as the measure of rate and extent to which the

active ingredient or active moiety is absorbed and becomes available at the site of

action. Thus, Cmax and AUC are used as the measure of relative bioavailability in the

assessment of bioequivalence. Also tmax is determined and evaluated but only

considered a critical measure if there is a clinically relevant claim for rapid release or

action or if there are signs related to adverse effects (EMEA 2001). In case of L-dopa,

all these aspects are relevant, since the patients’ well-being is dependent on L-dopa

concentrations in plasma, especially in the advanced phase of PD (Harder et al.

1995b; Olanow and Obeso 2000; Olanow et al. 2000).

A claim of bioequivalence can be established if there is no difference between

the population averages for test and reference treatments. According to current EMEA

and FDA guidelines, similarity of the population averages is to be established using

logarithm transformed pharmacokinetic data (usually AUC and Cmax). The

test/reference ratio for the log-transformed bioequivalence measure, i.e., the geometric

mean, is determined and the 90% confidence interval (90%CI) for this ratio is

constructed using appropriate statistical methodology. The acceptance criterion for

bioequivalence is based on the 90%CI for this ratio. The 90%CI for this geometric

mean ratio of the bioequivalence measure in question has to be at least 0.80 but

cannot exceed 1.25, according to current CPMP and FDA guidelines (EMEA 2001),

(CDER 2001). Should these limits be exceeded, the claim of bioequivalence is

rejected and the drug products are considered bio��equivalent. If the lower bound is

not met, the inequivalence claim concerns efficacy. Correspondingly, if the upper

bound is exceeded, a safety concern is raised (CDER 2000; EMEA 2001).

The bioequivalence methodology, variables and acceptance criteria may vary

between different countries. For example, Canadian regulations apply requirements

similar to those of EMEA and CDER regarding AUC. However, the 90%CI for the

Cmax does not need to meet the 80 � 125% acceptance limits as long as the ratio of
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geometric means for Cmax remains within these limits (Health and Welfare Canada

1992a; Health and Welfare Canada 1992b).

Replicate study-designs: A four-way cross-over study with replicate administration of

test and reference may be advisable for drugs with highly variable pharmacokinetics,

i.e., when the within-subject coefficient of variation � 30% (CDER 2000; EMEA

2001). Highly variable drug products may include standard release, modified release,

or any other orally administered drug product. The replicate study design offers

several scientific advantages compared to non-replicate designs:

a) allows comparison of the within-subject variances of the test and reference

products

b) shows, which of the test and reference products exhibits the higher within-

subject variability for the BA measure

c) suggests whether a subject-by-formulation interaction is present

d) provides more information about factors underlying formulation performance

and decreases the number of subjects needed in a bioequivalence study (CDER

2001).

Thus the replicate study design provides a lot of information on the quality of the test

and reference products that is not recovered in a two-period, two-treatment design.

The average bioequivalence criterion is recommended for the evaluation of

bioequivalence also with replicate study designs and the 90%CI for the test/reference

geometric mean has to remain between 0.80 and 1.25. However, some regulatory

authorities may accept a more extended 90%CI as the acceptance criterion for highly

variable drugs and drug products under certain conditions (EMEA 2001). This is

possible only if there exists no efficacy or safety concerns even if the drug

concentrations would be variable and exceed the conventional 90%CI (0.80 – 1.25).

The minimum requirement for the extension of the 90%CI is that the reference

product is as highly variable as the test product and that the therapeutic window for

the product is wide (Shah et al. 1996). 

2.8.3 Individual bioequivalence

Although the method of average bioequivalence has been and will continue to be the

method �� ������ for the evaluation bioequivalence between two formulations, the
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individual bioequivalence approach has been a topic of interest for years already.

Although the average bioequivalence approach is used to support the clinical

switchability of two products in an individual, the method actually compares the

population means of test and reference as a measure of bioequivalence. Instead, the

individual bioequivalence approach assesses within-subject variability for test and

reference formulations and the subject-by-formulation interaction in addition to a

comparison of test and reference means. Thus, it focuses on the switchability of two

formulations within a subject.

In principle, there is no difference in conducting the study whether

bioequivalence is evaluated by average or individual bioequivalence approach, except

that the individual bioequivalence approach requires a replicate study design, in which

both test and reference are administered twice to the same subjects.

According to the individual bioequivalence approach, an acceptable

(bioequivalent) test formulation is a product for which the distance of a

bioequivalence measure between test and reference (T-R) is not greater than that

between two reference administrations (R-R), i.e. the variation between test and

reference does not exceed that of reference - reference administration (e.g., AUCT -

AUCR < AUCR - AUCR in an individual, on average). This may also be described as

the individual difference ratio (IDR) for the bioequivalence measure

IDR= T-R / R-R

If the IDR is approximately equal to 1, the two products can be considered

individually bioequivalent.

The subject-by-formulation interaction term is included in the individual

bioequivalence model to assess whether the test and reference formulations behave

similarly within a given subject. Should there be any significant differences in the

behaviour of the test and reference formulations between any given individuals, the

subject-by-formulation interaction term increases. This indicates that an increasing

number of individuals may have their test/reference average ratios outside 0.8 and

1.25. The interpretation of a meaningful subject-by-formulation interaction may

include e.g. a difference in how the formulations behave in individual gastrointestinal

pH-environments. As a further example, a meaningful subject-by-formulation

interaction term may also be an indication of a gender difference between the two

formulations, or an indication that the two formulations may behave in different ways
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in populations of different ages (CDER 2001; Chen and Lesko 2001). All these

differences may be clarified by sub-population analysis.

The individual bioequivalence approach has many scientific advantages. It

provides the possibility to compare individual variances for test and reference, to scale

the bioequivalence acceptance criterion to the variation of the reference product, and

to observe the possible subject-by-formulation interaction. These arguments make the

individual bioequivalence approach especially suitable for evaluation of switchability

between two products if they are modified release formulations or for drugs with

highly variable pharmacokinetics (Chen and Lesko 2001).

2.8.4 Population bioequivalence

The population bioequivalence approach assesses the total variability of a

bioequivalence measure in a population (CDER 2001). Similarly to individual

bioequivalence, the population bioequivalence approach is based on the comparison

of an expected distance between test and reference formulation (T-R)2 to the expected

distance between reference - reference administrations (R-R)2. According this method,

two formulations are considered bioequivalent if the distance T-R is not significantly

greater than the distance R - R. This method also allows the comparison of test and

reference treatment variances. Experience of this method in assessing bioequivalence

is still very limited (CDER 2001; EMEA 2001).

3 AIMS OF THE STUDY

As previously described, COMT inhibition by entacapone is reversible. Therefore, in

clinical use, entacapone should be administered several times daily as an adjunct to

each dose of L-dopa. The purpose of these studies was to investigate the

pharmacokinetic properties of entacapone and to evaluate the dose at which

entacapone would be effective and safe in continuous frequently repeated

administration in the treatment of PD. Furthermore, the aim was to investigate

whether the effects of the selected 200-mg dose of entacapone are comparable

between different doses of L-dopa/carbidopa, which was given as a standard release

formulation in these studies. In addition, different study designs and statistical
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approaches for testing of bioequivalence between different entacapone formulations

were evaluated.

The detailed aims of these studies were:

1. To study the pharmacokinetic characteristics of entacapone by giving 

simultaneously a stable non-radioactive isotope, 13C-entacapone, i.v. and 

unlabelled entacapone per os.

2. To further investigate the source of the observed variability in the Cmax of

entacapone.

3. To evaluate the suitability of different study designs and statistical approaches for

the assessment of bioequivalence between different entacapone tablet formulations.

4. To investigate the dose-response effects of entacapone on COMT inhibition, the

pharmacokinetics and metabolism of L-dopa, and the clinical effects of L-

dopa/carbidopa in PD patients after continuous treatment as an adjunct to L-

dopa/carbidopa.

5. To investigate whether the effects of the 200-mg dose of entacapone on the

pharmacokinetics and metabolism of L-dopa are comparable between different

doses of L-dopa/carbidopa.

6. To investigate the pharmacokinetics of entacapone (200 mg) when given in

combination with different doses of L-dopa/carbidopa.

7. To investigate the effect of entacapone on the pharmacokinetics of carbidopa,

when given in combination with different doses of L-dopa/carbidopa.

4� MATERIAL AND METHODS

4.1 Ethics

For each study, the study protocol (I, II, III, IV), the subject information text, and the

consent form were approved by the Ethics Committee of the study centre prior to the

initiation of the study. The purpose and the course of the study were explained to the

subjects and written informed consent was obtained before inclusion in the study.

Local laws and regulations, Good Clinical Practice (GCP) guidelines and the

Recommendations for Biomedical Research Involving Humans (Declaration of
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Helsinki of the World Medical Assembly and its amendments) were followed in each

study.

4.2 Study locations and subjects

Three of the studies were conducted in healthy volunteer subjects in Finland (I, II,

IV), and one in PD patients in the US (III). Altogether 78 healthy volunteers and 25

PD patients participated in the studies. All were Caucasian. Table 7 summarises the

study centres and demographic data.

4.3 Study designs and study medications

Three different entacapone formulations were used in the studies: 13C-labelled

entacapone (1 mg/ml) for i.v. use, and 100 mg and 200 mg standard release tablet

formulations for oral use. Detailed information on study designs, subject populations,

blinding procedures and study treatments is given in Table 7.

4.4 Study procedures

Study I  The subjects were admitted to the hospital in the morning of the study day.

They had fasted overnight for 12 hours prior to drug administration and they

continued fasting for 6 hours after the intake of the study drug. During the fast the

subjects were allowed to drink water. A standard meal (lunch) was served at 6 hours

and dinner at 10 hours after administration of the study drug.

At about 0800 hours, after emptying the bladder, the subjects were given 20

mg of 13C-entacapone as an i.v. infusion at a constant rate (5 mg/min) over 4 min. At

5 min after the initiation of the infusion one 100-mg tablet of entacapone was

administered with 100 ml of water. Frequent blood samples (10 ml) were drawn and

all urine was collected in fractions after drug intake for determination of non-labelled

entacapone and 13C-entacapone according to the schedule presented in Table 8. All

subjects completed the study.

Study II			The study consisted of a screening visit, four one-day study visits separated

with a washout period of at least one week, and a post-study visit. The subjects came
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�!*+�	;� Study designs, demographic data, blinding methods, and study treatments

�-�%3	� �-�%3	�� �-�%3	��� �-�%3	�(

Study centres (n) 1 1 3 1

Study design Open,
one study period

Open,
4 cross-over periods

Double-blind, 4
cross-over periods

Double-blind,
4 cross-over periods

Subjects 8 all healthy
subjects; all males

24 healthy subjects;
16 males and
8 females

25 PD patients;
18 males and
7 females

46 healthy subjects;
all males

Groups one group one group one group 3 groups of 14-16
subjects

Age (years);
mean 	 SD
(range)

24 	 0.5

(23 � 27)

24 	 3

(19 � 32)

64 	 8

(43 � 77)

24 	 3.4

(18 � 35)

Weight (kg);
mean 	 SD
(range)

74 	 4.2
(56 – 88)

68 	 10
(51 – 85)

- 75 	 6.8

(65 � 89)
Blinding method - - Placebo, double-

dummy techniques
Placebo

Entacapone
formulations

Fresh solution of
13C-labelled
entacapone for i.v.
use (1 mg/ml) and
100 mg standard
release tablet of
entacapone for oral
use

200 mg standard
release tablet for oral
use, three different
tablet batches

100 mg standard
release tablet for
oral use

200 mg standard
release tablet for oral
use

Placebo tablets - - Identical in
appearance to the
entacapone 100 mg
tablet

Identical in
appearance to the
entacapone 200 mg
tablet

Study treatment Single 20 mg i.v.
dose of 13C-
entacapone
simultaneously
with a 100-mg
dose of entacapone
per os

Single 200-mg dose
once during each of
the 4 study periods
per os

Repeated oral
dosing:
0 (placebo), 100,
200, or 400 mg
of entacapone 4 to
6 times daily for a
2-week period
simultaneously
with patient's
individual L-dopa/
carbidopa.
The test dose on
PK days: the same
dose of entacapone
as during the
preceding period
and patient's
constant, individual
morning dose of L-
dopa.

Single 0 mg
(placebo) or
200 mg oral dose
once with two
different doses of L-
dopa/carbidopa
(50/12.5 mg and
150/37.5 mg, or
100/10 mg and
100/25 mg, or
200/50 mg and
250/25 mg)

PK = pharmacokinetic study. All study medications were prepared by Orion Pharma, Espoo, Finland in
compliance with Good Manufacturing Principles (GMP) for Medicinal Products
- = not available, not relevant



43

to the study facilities in the morning of each study day after an overnight (10h) fast.

They continued fasting for 4 hours after the intake of the study drug. At about 0800

hours, each subject took one 200-mg tablet of entacapone with 100 ml of tap water in

the morning of each of the four study days. Venous blood samples were drawn just

before and frequently after the drug intake according to the schedule provided in

Table 8. Nineteen of the 24 subjects completed the study.

Study III  The study started with a run-in period and was followed by four 2-week

treatment periods during which the patients took 4 to 6 daily doses of L-dopa/

carbidopa according their individual treatment schedule concomitantly with 100, 200,

or 400 mg of entacapone, or placebo. The effects were assessed at the end of each

period (14 ± 2 days). The patients were admitted to the hospital	 the previous night.

They started fasting and stopped their L-dopa treatment at midnight, and were allowed

to drink only tap water, which was also withheld for 2 hours prior to the test dose. At

about 0800 hours, the patient took the allocated dose of entacapone/placebo

simultaneously with their individual, standard dose of L-dopa/carbidopa and 200 ml

of tap water. Venous blood samples were taken immediately prior to the test dose (0)

and frequently thereafter as summarised in Table 8. Twenty-one of the 25 enrolled

patients completed the study.

Study IV  The study was a placebo-controlled, randomised, single-dose, four-way

cross-over study that was double-blinded regarding entacapone and open regarding L-

dopa/carbidopa. In addition to the four study visits, separated by a washout period of

at least three weeks, the study included a screening visit and a post-study visit. The

subjects were divided into three groups of equal size (n=14–16) in the order they were

enrolled in the study. Each subject was administered two different L-dopa/carbidopa

doses given on two consecutive visits simultaneously with either the 200-mg tablet of

entacapone or with placebo, in random order. The drugs were administered in the

morning of each study day after an overnight (10 h) fast allowing only the use of tap

water, which was, however, withheld for the last hour prior to the study medication,

given with 200 ml of water. Upright position and fasting with no liquids were

maintained until lunch at 4 hours after dosing. Serial blood samples were collected

according to the schedule provided in Table 8. Forty-five of the 47 enrolled subjects

completed the study.
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�������� Sampling schedules, bioanalytes, and storage of the samples

	
���� 	
����� 	
������ 	
�����

Blood samples
1) Volume

10 ml 7 ml 3 ml at all other time points
except 8 ml at 0 and 90 min

10 ml

2) Time 5 min before the start and
immediately upon the
termination of the infusion (i.e.
at -1 min prior to the oral
dose). Thereafter, at 2, 5, 10,
20, 30, 45, 60, and 90 min, and
at 2, 3, 4, 5, 6, 7, 8, 10 and 12 h
after the oral dose

0 (before dose) and at 10, 20,
45, 60, 75, 90 min and at 2, 3, 4,
5, 6, and 8 h after dose

0 (before dose) and at 15, 30, 60,
90 min and at 2.0, 2.5, 3.0, 4.0,
5.0, and 6.0 h after dose

0 (before dose) and 15, 30, 45,
60, and 90 min and at 2, 3, 4, 5,
6, 8, 10, 12, and 24 h after dose

Urine samples All urine was collected in
fractions of two hours up to 12
h and thereafter in two
fractions up to 48 hours (12 -
24 h and 24 - 48 h).

Not collected Not collected Not collected

Bioanalytes Entacapone and 13C-
entacapone

Entacapone L-dopa (at all time points),
3-OMD, entacapone, S-COMT
(all three at 0 and 90 min only)

L-dopa, 3-OMD, DOPAC,
HVA, entacapone, carbidopa

Storage of samples Plasma samples were deep-
frozen and stored at -70 oC
until assayed

Plasma samples were deep-
frozen and stored at -80 oC until
assayed

Plasma samples were deep-
frozen. Entacapone samples were
stored at -20 oC or at
-70 oC depending on the storage
time, L-dopa and 3-OMD samples
at -70 oC and COMT samples at
-70 or -80 oC until assayed.

Plasma samples were deep-
frozen and stored at -70ºC until
assayed.
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4.5 Bioanalytical methods

The bioanalytes in different studies are summarised in Table 8. Table 9 summarises

the quantification limits with intra-assay variability for each study.

�������� Quantification limits and CV% for each bioanalyte in each study

Quantification range and CV %

Bioanalyte Study I Study II Study III Study IV

Entacapone (E)
and
13C-entacapone
(13C-E) a from
plasma

10 � 5000 ng/ml*

E: 5.0 � 6.4%
13C-E: 4.9 � 8.1%

0.5 � 50 ng/ml **

E: 5.5 � 14.7%
13C-E: 1.8 � 14.6%

10 � 4000 ng/ml

0.4 � 2.1%

10 � 4000 ng/ml

0.3 � 8.3%

10 � 4000 ng/ml

1.5 � 4.8%

Entacapone (E)
and
13C-entacapone
(13C-E)a from
urine

10 � 2000 ng/ml

E: 6.0 � 12.7%)
13C-E: 5.9 � 9.5%

- - -

L-dopa - - 0.1 � 25.0 nmol/ml

(20 � 4930 ng/ml)
6.4 � 2.8%***

20 � 2000 ng/ml

0.6 � 3.2%

3-OMD - - 0.4 � 56.3 nmol/ml

(85 � 11892 ng/ml)
7.8 � 2.8% ***

20 � 2000 ng/ml

0.6 � 2.5%

DOPAC - - - 20 � 2000 ng/ml

0.5 � 3.2%

HVA - - - 20 � 2000 ng/ml

0.1 � 2.7%

Carbidopa - - - 20 � 2000 ng/ml

0.2 � 3.8%
a  Only in Study I, * Method 1, ** Method 2, ***mean � SD

Study I� �� Determination of entacapone and 
13

C-entacapone in plasma (I): Two

methods with different quantification ranges suitable for simultaneous determination

of entacapone and 13C-entacapone in human plasma were developed and validated.
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��������: 500 ng of the internal standard (N,N-dimethyl homologue of entacapone)

was added in 25 �l of phosphate buffer (pH 7.2) to 0.5 ml of plasma. The sample was

mixed by Vortex and left standing for 5 min. After acidification to pH ~2 with 50 �l

of 2 M HCl, the sample was extracted with 5 ml of hexane-ethyl acetate (8:2), shaking

by Vortex for 2 min and centrifuging for 5 min at 4000 g. Then the organic layer was

separated and evaporated at +35 ºC (TurboVap, Zymark, Hopkinton, MA, USA). The

dry residue was dissolved in 25 �l of N,O-bis-(trimethylsilyl)-trifluoroacetamide–

acetonitrile mixture (8:2) and left standing for 5 min at room temperature. The

reaction mixture was transferred into a micro vial (glass, 300 �l), inserted in a brown

autosampler vial (glass, HP), and analysed by gas chromatography–mass spectrometry

using the selected ion monitoring technique.

�������	: 25 ng of the internal standard was added in 25 �l of phosphate buffer (pH

7.2) to 1.0 ml of plasma and the sample was acidified (pH ~2) with 75 �l of 2 M HCl.

The calibrated range was 0.5–50 ng/ml. Otherwise the procedure was as in Method 1.

A Hewlett-Packard 5790A gas chromatograph (Hewlett-Packard, Avondale,

PA, USA) equipped with an NB-1 silica capillary column (Nordion Ltd., Helsinki,

Finland) was used. The column (25 m x 0.32 mm, i.d., 0.1 �m film) was held at 240

ºC, and connected straight to the ion source of the mass spectrometer. Injections were

made manually at 290 ºC with a split ratio of 1:5 in Method 1 and 1:2 in Method 2.

Helium was used as the carrier gas with a flow rate of 2.7 ml/min.

Mass spectrometric detection was carried out on a JEOL JMS-HX100 double

focussing instrument (JEOL Ltd., Tokyo, Japan) operating in the EI mode (70 eV) at a

resolution of 600 (Method 1) or at a resolution of 4000 (Method 2). The ionisation

current was 300 �A and the ion source temperature 200 ºC. Ion current profiles at m/z

434 (entacapone), m/z 440 (13C-entacapone) and m/z 406 (internal standard),

corresponding to the M-15 fragment ion of each compound, were recorded with a

JEOL JMA-DA5000 data system.

Determination of entacapone and 
13

C-entacapone in urine (I): The concentration of

entacapone, i.e. the 
-isomer of the molecule, and its glucuronides was determined.

The urine samples were prepared by adding 0.5 ml of 0.2 M phosphate buffer (pH

6.8) to 1 ml of urine. The sample was then mixed by Vortex and incubated in a water

bath at +37 ºC for 10 – 15 min. Thereafter, 100 U of �-glucuronidase in 0.5 ml of 4

mM phosphate buffer (pH 6.8) was added to hydrolyse the glucuronides of
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entacapone and the sample was incubated for 1.5 h. After that 1000 ng of the internal

standard was added in 25 �l of phosphate buffer (pH 7.2) and the sample was mixed

by Vortex and left standing for 5 min. Then the sample was acidified to pH ~2 with 1

M HCl and prepared and analysed like the plasma samples in Method 1.

Study II�A 1-ml plasma sample was thawed at +40 oC for 1.5 min and acidified to

about pH 1.7 using 0.3 M HCl. Thereafter the analyte was extracted into 4.0 ml of

ethyl acetate-n-hexane (1:1 v/v). The organic phase (2.5 ml) was evaporated to

dryness and dissolved into 200 µl of the mobile phase. An aliquot of 10 µl was

analysed by using reversed-phase HPLC with amperometric detection. The method

was validated with respect to linearity, accuracy, precision, recovery, specificity,

stability, and the suitability of the chromatographic parameters for the determination

of entacapone in human plasma. It gave linear and interference-free results over a

concentration range of 10 � 4000 ng/ml. Recovery for entacapone was 86%.

Study III Plasma concentrations of L-dopa and 3-OMD (Nutt et al. 1986) and

entacapone (Karlsson and Wikberg 1992) were measured by high performance liquid

chromatography (HPLC). Similarly, COMT activity in RBCs was measured using an

HPLC method by Schultz et al (Schultz et al. 1989) with some modifications (Ahtila

et al. 1995).

Study IV�Two different analyses were performed, one for the determination of L-

dopa, 3-OMD, HVA, DOPAC and carbidopa and the other for determination of

entacapone. An antioxidant, sodium metabisulfite, was added to the plasma samples

for the determination of L-dopa, its metabolites and carbidopa before deep-freezing

the samples. Plasma concentrations of these analytes were determined by ion-pair,

reversed-phase high-performance liquid chromatography (RP-HPLC) with

coulometric detection using a slightly modified previously published method

(Wikberg 1991). The plasma samples used for the determination of entacapone were

protected from light during the handling and storing procedures to avoid degradation

of the analyte. Plasma concentrations of entacapone were determined by an RP-HPLC

method with amperometric detection. The method was modified from the one

published by Karlsson and Wikberg (Karlsson and Wikberg 1992).
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4.6 Pharmacokinetic evaluations

The computer programs PCNONLIN, IGPHARM, and WinNonlin, all commercially

available, were used to determine the pharmacokinetic parameters in different studies.

Standard compartmental methods were applied in Study I, and standard ����

compartmental methods in Studies, II, III, and IV. Detailed pharmacokinetic

methodology is described below for each study. Plasma concentrations for 3-OMD

and entacapone are expressed as arithmetic means (�SD) for the time of determination

if only plasma samples prior to dose and once thereafter were taken (III). The

inhibition of S-COMT activity in RBCs is expressed as percent change from the pre-

dose level for the time of determination (mean ± SD, III).

Study I � I.v. administration (I): The plasma concentration time data was fitted using

the iterative non-linear least squares regression method of PCNONLIN. The half-lives

for the distribution phase, and for the rapid and terminal elimination phases (T1/2�,

T1/2�, and T1/2��) were calculated by dividing ln2 by the rate constant of the

corresponding phase. The rate constants (�����and �	��for each phase were obtained

directly from the regression analysis. The reciprocal of the concentrations (1/y2) was

used to weigh the data. The area under the plasma concentration time curve (AUC) of

entacapone from time zero to infinity was determined as AUC0-� =A/� +B/� + C/�,

where A, B, and C are the zero time intercepts associated with the ����, and �� phases,

respectively. The volume of distribution was described as the volume of the central

compartment (Vc) 
Dose / (A+B+C)� and as the volume of distribution at steady state

(Vss) 
(1+ k
12

/k
21

+ k
13

/k
31

) x Vc, where k-values are rate constants obtained from the

PCNONLIN analysis�. Further, the volume area (Varea) based on the AUC (Dose/

AUCcurve x �	�was determined and the total plasma clearance (Cltot) [Dose / AUCcurve]

was calculated.

Oral administration (I): The absorption phase could not be analysed adequately

mainly because of the small number of data points. The Cmax and the time to reach

the peak concentration (tmax) were read directly from the concentration time data. The

elimination rate constant (kel) was determined from the slope of the linear regression

of the terminal linear proportion of the log AUC. The AUC was calculated using the
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linear trapezoidal rule (Gibaldi and Perrier 1982; Ritschel 1986) from time zero to the

last detectable concentration. The AUC from last detectable concentration to infinity

was extrapolated as Ctlast/�� The absolute oral bioavailability (F) was calculated from

plasma concentrations (Doseiv x AUCoral 0 - �, trap)/ (Doseoral x AUCiv 0 - �,

curve) x 100 %.

Excretion of entacapone into urine (I): The amount of entacapone excreted into urine

during each collection period was calculated by multiplying the concentration

detected in each fraction with the urine volume. The cumulative amount excreted was

calculated by summing the entacapone amounts excreted during each collection

period. The excretion rate was determined for each collection period. Bioavailability

was calculated by dividing the cumulative excretion after oral administration with the

corresponding value after the i.v. dose.

All subjects completed the study and were included in the pharmacokinetic analysis.

Study II�The entacapone Cmax and the time to reach it (tmax) were read directly from

the plasma-concentration curve of each subject. The area under the concentration time

curve from time 0 to 8 hours (AUC0-8h) was calculated according to the trapezoidal

rule. The rate of absorption was derived also as Cmax/AUC0-8h. Relative bioavailability

(Frel) of the three other treatments compared to the reference (R1) was calculated using

the formula 100 x (AUC0-8h for treatment/ AUC0-8h for R1). The AUC0-infinity was not

determined as the plasma concentrations of entacapone were with a few exceptions

below the limit of quantification already at 8 h and the limit of quantification was set

low enough for a reliable pharmacokinetic analysis. Thus, AUC could be determined

accurately as the AUC0-8h. All nineteen subjects who completed the study were

included in the pharmacokinetic analysis.

Study III  The Cmax and the time to the maximum concentration (tmax) were recorded

from the observed individual L-dopa plasma concentrations. The area under the

concentration time curve (AUC) was calculated using the linear trapezoidal rule from

time zero to six hours (AUC0-6). The elimination rate constant (kel) was calculated

from the slope of the linear regression of the terminal log-linear portion of the

concentration time curve. The number of concentration time points for calculation of

kel varied from four to six. The terminal elimination half-life (t1/2el) was calculated

from the ratio (ln2) / kel. Values below the limit of quantification in the elimination
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phase were replaced by their predicted values, based on kel, prior to the computation

of t1/2el. When the mean values were calculated for L-dopa plasma concentrations,

each concentration below the limit of quantification was included in the calculation as

"0". Altogether 19 patients were included in the main pharmacokinetic analysis (L-

dopa) (for reasons to exclude see III/p. 151).

Study IV The Cmax and the time to maximum plasma concentration (tmax) were

recorded directly from observed individual plasma concentrations. The area under the

plasma concentration time curve (AUC) was calculated by conventional linear-

trapezoidal summation to time and extrapolation to infinity. The AUC for L-dopa was

determined both from time 0 to 12 hours and to infinity. As L-dopa concentrations

were determined up to 12 hours and were close to 0 with all six doses in the vast

majority of cases at that time point, only the AUC0-12h is presented in the result

section. The AUC0-� was closely similar to AUC0-12h. The AUC for 3-OMD was

determined from time 0 to 24 hours, and for DOPAC, HVA, carbidopa and

entacapone from time 0 to 12 hours due to the same reasons as with L-dopa. Data

from 12 to 14 subjects per treatment group were used for pharmacokinetic analysis.

4.7 Efficacy evaluations

Study III To assess the clinical effects of entacapone, the patients performed an 18-

hour self-rating of their PD on two consecutive days prior to each clinical visit. They

recorded in a diary hour by hour from 0600 hours to 2400 hours, whether they were

’on’, ’on’ with dyskinesia, ’off’ or ’asleep’. The patient and the investigator agreed upon

the definition of each condition based on the patient’s signs and symptoms. The time

and dose of L-dopa intake was recorded in the diary as well.

4.8 Safety evaluations

Study I The safety of the treatment was monitored by recording all reported adverse

events (passive inquiry), by measuring hematology and clinical chemistry parameters

before treatment and after dosing of entacapone. Heart rate and blood pressure were

measured and ECG was recorded before and during the dosing up to 30 min after the

initiation of the i.v dosing.

Study II Adverse events were assessed by spontaneous reporting, inquiry and

observation throughout the study. In addition, a physical examination was performed
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and blood pressure, heart rate and ECG were recorded and clinical laboratory

parameters were measured at the screening and post-study visits.

Study III The safety measures were followed at baseline, at the end of each 2-week

cross-over period, and at the end of the study. Adverse events were recorded and ECG

was performed. In addition, hematology and clinical chemistry parameters were

determined. Supine and standing systolic and diastolic blood pressures, heart rate and

ECG were recorded several times a day during the pharmacokinetic test days and once

during the control visits between these test days.

Study IV Adverse events were assessed by spontaneous reporting, inquiry and

observation throughout the study. In addition, a physical examination was performed

and blood pressure, heart rate and ECG were recorded and clinical laboratory

parameters were measured at the screening and post-study visits.

4.9 Statistical analysis

Study I The pharmacokinetic parameters for i.v. and oral doses were summarised

using descriptive statistics.

Study II�Four different approaches were taken in the evaluation of bioequivalence:

two approaches for average bioequivalence and two for individual bioequivalence.

One of the individual bioequivalence approaches is described in the FDA guidance

(CDER, 2001) and the other was selected from the literature (Pigeot, 2001). All data

were used in the bioequivalence evaluation despite the observed variability in Cmax

values. However, no data from discontinued subjects were included in the analysis.

The assumption of no carry-over effects was done before the statistical analyses.

�������������������������������: The following random effects model ��� was used

��� �MKN����N����K����M����MKN���

where   = 1, ..., 19 indicates subject, � = 1, 2, 3, 4 the period, and ! = T1, T2, R1, R2 the

treatment. �MKN� denotes the log-transformed response for treatment ! for subject  � in

period � and �N� represents the fixed effect of treatment !, and �K� the fixed effect of

period �. Further, �M is the random subject effect for subject  �and��MKN� is the residual

error. It was assumed that the �M´s and �MKN"� are mutually independent and identically

distributed as

 	2,0~ %M� ��  and  	2,0~ :MKN �� � ,
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where 2
%

�  and 2
:

�  represent between and within subject variances. To simplify the

analysis, the effect of sequence was not included in the model. Model (1) was used to

evaluate the average bioequivalence between R1, which was the predefined reference,

and each of the three other treatments (R2, T1 and T2).

������������������������������	: In this approach T1 and T2 were assumed to be one

treatment (Test, T) and R1 and R2 the other treatment (Reference, R). The statistical

model used to evaluate the average bioequivalence between T and R and to estimate

the intra- and intersubject variability within each treatment (T and R) was

�	� �LMNO����N����LNO����LMN����LMNO��

where � = 1, ..., 6 indicates sequence,   = 1, ..., �L the subject within sequence �, ! = T,

R indicates treatment, � = 1, ..., #LN indicates replicate on treatment ! for subjects

within sequence �. �LMNO� denotes the log-transformed response for replicate �� on

treatment ! for subject   in sequence �, �N�represents the fixed effect of treatment !���LNO

represents the fixed effect of replicate � on treatment ! in sequence �, �LMN�is the random

subject effect for subject   in sequence ��on treatment !, and �LMNO�is the residual error. It

was assumed that the �LMNO´s are mutually independent and identically distributed as

 	2,0~ :NLMNO �� � ,

where 2
:N

�  represents within subject variance on treatment !. Also, the random

subject effects were assumed to be mutually independent and distributed as
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where 2
%N

�  represents between subject variance on treatment ! and � denotes the

correlation coefficient. Within- and between-subject variability was measured as a

coefficient of variation ($% %), which was calculated using the formulas

1)exp(100 2 ���
:N:N

$% �  and 1)exp(100 2 ���
%N%N

$% � .

&���������� ��������������: The model described in equation �	� was used for the

assessment of individual bioequivalence, with the restriction that only two sequences

were defined: one starting with any of the test treatments and the other starting with

any of the reference treatments. The individual bioequivalence analysis was based on

the following linearised individual bioequivalence criterion:

  Individual bioequivalence =  	  	 ),max( 22
0

2222

:5:,:5:7'57
�������� ������ ,
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where 
,

�  and 2
0:�  are constants specified by regulatory standards. The variability of

test to reference differences for each subject is described as

%5%7%5%7'
������ )1(2)( 22 ���� .

Both constant- and reference-scaled approaches were applied independent of whether

the estimated within reference variability was less or more than� 2
0:� .�The individual

bioequivalence criterion was calculated using two different methods: by method of

moments and by bootstrapping. Details of the method of moments are described in

FDA guidance (CDER, 2001) and in Hyslop et al. (Hyslop 2000). In the bootstrap

method a dataset was created from each of the two sequences by drawing a random

sample of size ni with replacement. The parameters of equation �	� were estimated

using this dataset and the respective linearised individual bioequivalence criterion was

calculated. These steps were repeated 2000 times. The upper 95% confidence limit of

the individual bioequivalence criterion and the 95% confidence intervals for 2
'

� ,

$%WR and $%WT were calculated from the bootstrap samples (Pigeot, 2001). In both

methods individual bioequivalence could be claimed only if the upper 95%

confidence limit of the individual bioequivalence criterion was below zero and the

respective point estimate of the T/R ratio was within the 80 � 125% limits. The

calculated value of the upper 95% confidence limit (UPPER) of the linearised

individual bioequivalence criterion was converted to percentage-scale as follows to

aid interpretation: )exp(100 2
0:,

'((
) �� ���  for the constant scaled criterion and

))(exp(100 22
0

2
:5::5,

'((
) ���� ����  for the reference scaled criterion. Note that this

conversion can only be done if the operand for the square-root is positive.

As both the test and reference treatments were of the same formulation, we

also performed the average bioequivalence, Method 2 and individual bioequivalence

evaluations with reversed test and reference� labels. The difference in tmax was tested

using Wilcoxon signed rank test.

Study III The statistical analysis of plasma concentrations of entacapone and the level

of S-COMT inhibition, pharmacokinetic parameters of L-dopa and the plasma

concentrations of 3-OMD followed the same principles applied in the analysis of the

efficacy variables. The evaluation was performed using the analysis of variance

(ANOVA) for cross-over designs (Jones and Kenward 1989). In evaluation of the

differences, the doses of entacapone were compared with those of placebo and with
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each other using orthogonal contrasts with Bonferroni adjustment for multiple

comparison; mean differences between treatments were estimated with 95%

confidence intervals. A model including parameters for centre, visit, treatment,

treatment*visit, and treatment*centre was used. Time point within the day was

considered a repeated factor in the model. Normality of residuals was checked with

Shapiro-Wilk’s test and by using normal-probability plots. Normality of residuals was

rejected in many cases, and therefore, Friedman’s non-parametric ANOVA was

performed for each variable.

The patient diaries were used to determine the proportions of daily ’on’ and

’off’ times during each treatment period. The following formulas were used in

calculations: Proportional ’off’ time = (100 x ’off’ time)/total time of recording.

Proportional ’on’ time = 100 x (’on’ time + ’on’ time with dyskinesias)/total time of

recording, and the proportion of time spent ’on’ with dyskinesias = (100 x ’on’ time

with dyskinesias)/total time of recording. The proportions of daily ’on’ and ’off’ times

could be determined for 20 of the 21 patients who completed the study. One patient

who completed the study did not fill in the diary on one of the scheduled days. With

respect to the other diaries, the average amount of missing recordings did not exceed

2% of the planned total recording time.

The difference between systolic supine and standing blood pressure was

calculated for evaluation of the occurrence of orthostatic hypotension (difference

between supine and standing systolic blood pressure � 30 mmHg) and ECG was

evaluated for occurrence of new abnormalities. Safety laboratory parameters were

analysed to find any clinically significant changes in individual values or trends to

changes from baseline to the end of each 2-week treatment period in the mean values.

 Adverse events were tabulated in System Organ Classes according to the WHO

Adverse Event Dictionary and the frequency of each event was calculated.

Study IV�The pharmacokinetic parameters of L-dopa, 3-OMD, DOPAC, HVA, and

carbidopa were summarised for placebo and entacapone periods of each L-

dopa/carbidopa dose using descriptive statistics. The metabolic ratios (MRs) were

derived for each subject by dividing the AUC values of 3-OMD, HVA, and DOPAC

by the AUC of L-dopa. In addition, the ratio AUCHVA/AUCDOPAC was calculated.

Entacapone pharmacokinetics was summarised for each L-dopa/carbidopa dose using

descriptive statistics. An ANOVA model appropriate for statistical analysis of cross-
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over designs was applied to AUC and Cmax values to test the differences between

placebo and entacapone periods for each L-dopa/carbidopa dose. All values were log-

transformed prior to applying the model, which included sequence, period and

treatment as fixed factors, and subject (sequence) and residual error as random effects.

The model was applied for each of the three subject groups separately. Wilcoxon

signed rank test was applied to statistically evaluate the differences in tmax values

between the entacapone and placebo periods of each L-dopa/carbidopa dose. In all

statistical evaluations, statistical significance was concluded if the 95% confidence

interval (CI95%) excluded 0. In addition, to further describe the effect of entacapone on

the AUC and Cmax of L-dopa and its metabolites, the ratio of geometric means

(entacapone vs. placebo) with CI95% was established for each of these parameters.

5 RESULTS

5.1 Pharmacokinetics of entacapone

5.1.1 Pharmacokinetics of entacapone after an i.v. dose (13C-entacapone)

The pharmacokinetics of entacapone after an i.v. dose (20 mg) was investigated in

Study I. The data are summarised in Fig. 1/I and Table 1/I.

The pharmacokinetics of i.v. 13C-entacapone in plasma was best described by

an open three-compartment model.�There was a distribution phase with a half-life

(mean ± SD) of 0.05 ± 0.01 h (range 0.04 � 0.07), which was followed by two

elimination phases with half-lives of 0.38 ± 0.16 h (range 0.19 � 0.58 h) and 2.4 ±

1.7 h (range 0.9 � 4.4), respectively. The mean AUC value for 13C-entacapone was

409 ± 98 ng/ml x h after i.v. infusion. The distribution phase accounted for 71% of the

total AUC and the rapid and terminal elimination phases 23% and 9.0%, respectively.

The mean central distribution volume (Vc) was 0.08 ± 0.03 l/kg (range 0.05 � 0.13

l/kg) and the steady-state distribution volume (Vss) 0.27 ± 0.10 l/kg (range 0.16 �

0.46 l/kg). The mean distribution volume based on the AUC was 2.5 ± 1.9 l/kg. Mean

total clearance was 11.7 ± 1.9 ml/min kg-1.
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5.1.2 Pharmacokinetics of entacapone after an oral dose

The pharmacokinetics of entacapone after an oral dose (100 mg) was evaluated in

three studies (I, II, and IV). In addition, the plasma concentration of entacapone was

determined at the 1.5 h time point in Study III. These data are summarised in Table

10, in Fig.7 – 8, and in Fig.1/I, Fig. 2/II and in Tables 2/I and 3/IV. Results from

bioequivalence analysis in Study II are shown in Fig. 3/II and in Tables 3/II and 4/II.

������	
� Pharmacokinetic parameters of entacapone in studies I, II, and IV

Cmax (�g/ml) tmax (h) AUC (�g/mlx h)

Entacapone (mg) Study I: Entacapone 100 mg (without L-dopa/DDC inhibitor)
100 0.46 � 0.33 0.9 � 0.4 0.50 � 0.12

Entacapone (mg) Study II: Entacapone 200 mg (without L-dopa/DDC inhibitor)
A 200
B 200
C 200
D 200

1.38 ± 0.73
1.42 ± 0.64
1.32 ± 0.58
1.42 ± 0.53

0.90 ± 0.50
0.93 ± 0.85
1.15 ± 0.66
0.90 ± 0.51

1.42± 0.37
1.44 ± 0.31
1.43 ± 0.41
1.40 ± 0.33

L-dopa/carbidopa (mg) Study IV: Entacapone 200 mg with L-dopa/carbidopa
50/12.5
100/10
100/25
150/37.5
200/50
250/25

1.06 ± 0.37
1.00± 0.56
1.00 ± 0.82
1.00 ± 0.37
0.65 ± 0.29
0.69 ± 0.36

1.20 ± 0.80
1.00 ± 0.82
0.80 ± 0.62
0.82 ± 0.83
1.45 ± 1.44
1.82 ± 1.55

1.34 ± 0.54
1.40 ± 0.42
1.40 ± 0.35
1.22 ± 0.33
1.14 ± 0.33
1.26 ± 0.41

Values are expressed as Mean � SD. A, B, C and D are the four different 200 mg test doses of
one developmental 200 mg entacapone tablet formulation. The AUC value given in Study II is
the AUC0-8h and in Study IV the AUC0-last

Plasma concentrations of entacapone without L-dopa/carbidopa:

Study I� The mean Cmax, tmax, and  AUC0-� values of  entacapone after the 100-mg

dose in Study I are summarised in Table 10. The elimination half-life from the central

compartment�was 1.4 ± 0.3 h. The time period from 6 h to infinity covered only 1.6 ±

0.9% of the AUC.

Study II The mean plasma concentrations of entacapone after replicate

administration of one 200-mg tablet from one batch (R1 and R2) were almost

overlapping (Fig. 7). However, there was extensive variation in the individual plasma

concentrations during the absorption phase. Individual AUC0-8h values for R1 and R2

varied between 0.90 and 2.14 µg/ml x h, Cmax values between 0.48 and 3.49 µg/ml,
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and tmax between 0.33 and 4.0 h (Fig. 2/II). There was one subject who had an

exceptionally high Cmax and tmax, each of these during different periods. These two

values were included in all the analysis and they did not change the statistical

interpretation of the study.

The mean AUC values were comparable for all four treatments as were the

mean Cmax values (Table 10). The mean values for partial AUC (AUC0-8h/ Cmax)

varied between 0.95 � 0.36 and 1.04 � 0.38 h for all four treatments.
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�������� Mean plasma concentrations of entacapone at different time points in
studies I, II, and IV and the mean (� S.D.) entacapone concentration at 90
min in Study III. Dotted vertical lines indicate the 90-min time point.

Plasma concentrations of entacapone co-administered with L-dopa/carbidopa:

Study III: Plasma entacapone concentrations prior to the test doses were low, as

expected. The concentrations were below the limit of quantification (10 ng/ml). The

mean plasma entacapone concentrations at 90 min were 227±342 ng/ml, (mean±SD,

n=16), 419±495 ng/ml, and 878±790 ng/ml after 100, 200, and 400-mg doses of

entacapone, respectively (Fig. 7). The correlation between the dose of entacapone and
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the plasma entacapone concentration at 90 min was statistically significant (p<0.05).

Individually the correlation coefficients between the dose and plasma concentration of

entacapone varied between 0.4223 and 0.9983 exceeding 0.9000 for the majority of

the patients.

Study IV�The mean Cmax of entacapone 200 mg dose was about 1.0 �g/ml with most

of the L-dopa/carbidopa doses, although it tended to be slightly lower with the two

highest doses of L-dopa. The peak concentration (the highest) of entacapone was

reached at about 0.8 to 1.2 hours after dosing with all other doses except with the two

highest L-dopa doses (200/50 mg and 250/25 mg) for which the mean tmax was about

1.5 to 1.8 hours (Study IV in Table 10). There was variability in the plasma

concentrations of entacapone and the mean plasma concentration time curve of

entacapone peaked twice with all six L-dopa/carbidopa doses, the first peak being the

higher peak. The double peaks in the entacapone plasma concentration time curve

usually occurred simultaneously with those of L-dopa (Fig. 8).

Bioequivalence evaluation of entacapone tablets:

Average bioequivalence was established between the test treatment and reference

treatments for AUCs according to both Model 1 and 2 (90%CI 0.80 � 1.25) (II).

Regarding Cmax, average bioequivalence Model 1 did not establish bioequivalence

between the individual treatments R2, T1 or T2 vs. R1 (90%CI was not between 0.80

and 1.25) (Fig. 3/II). At least a four-fold sample size would have been needed for this

purpose. However, according to average bioequivalence Model 2, the bioequivalence

between R (including R1 and R2) and T (including T1 and T2) was established (Table

4/II). The within- and between-subject variations were low for AUC, while Cmax was

highly variable (CV>30%). These variations were of the same degree for both T and

R and suggested the use of individual bioequivalence methods with constant scaling

for AUC and with reference scaling for Cmax in this study. Individual bioequivalence

was established for the AUCs according to both of the models with constant scaling

and for the Cmax with reference scaling (Table 4/II). On average, the peak

concentration was attained within 0.90 � 0.50 to 1.15 � 0.66 h on all treatments (Table

10). There was no statistical difference between the reference (R1) and the three (R2,
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T1, and T2) other treatments (Wilcoxon signed rank test). The mean Frel for R2, T1, and

T2 was within +5% of the bioavailability for R1.
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5.1.3 Excretion of 13C-entacapone (i.v.) and entacapone (p.o.) in urine

The excretion of entacapone in urine was investigated in Study I. The excretion of i.v.

and oral entacapone in urine during each collection period is presented as cumulative

excretion in Fig. 2/I and as excretion rate in Fig. 3/I. On average, 38.1 ± 7.2% of the

i.v. 
13

C-entacapone dose was excreted in urine during 48 h after the infusion and 13.3

± 3.9% of the oral entacapone dose during the same time period.

5.2 COMT inhibition

Study III The mean entacapone concentrations at 90 min after the test dose of L-dopa

and entacapone 100, 200, and 400 mg, the decrease in the S-COMT activity in RBCs,

and the decrease in the plasma 3-OMD concentrations at the corresponding time point

are presented in Fig. 9. The changes are given as percent decrease from the

corresponding value with placebo. These data were collected on the L-dopa test days

at the end of each 2-week treatment period.
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�������� The mean plasma concentrations of entacapone, the mean decrease in the
activity of S-COMT (%) in RBCs, and the decrease in the plasma
concentrations of 3-OMD at 90 min after single graded doses of
entacapone administered concomitantly with individual single doses of L-
dopa/carbidopa (Study III). All measurements were done at the end of the
2-week treatment period. The decrease in the COMT activity and in the 3-
OMD concentrations is given as a %-decrease from the placebo level at
the corresponding 90-min time point (n=18).

All doses of entacapone significantly inhibited the S-COMT activity in RBCs at 90

min after the test dose: 100 mg by 25%, 200 mg by 33%, and 400 mg by 32% from

pre-dose level (p<0.001 vs. placebo for each dose). If the S-COMT activity with each
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entacapone dose was compared with S-COMT activity on placebo at the

corresponding time point, the decrease in the S-COMT activity was 23%, 27%, and

34% with the 100, 200, and 400-mg doses of entacapone, respectively (Fig. 9).

5.3 Pharmacokinetics and metabolism of L-dopa

5.3.1 Pharmacokinetics

The results are summarised in Tables 1/III and 1/IV and in Fig. 2/III and Fig. 1 � 3/IV.

Table 11 summarises the Cmax and AUC values of L-dopa standardised for a 100 mg

L-dopa dose and Fig. 8 shows the plasma concentration profiles of L-dopa (and

carbidopa) when given with entacapone from Study IV.

Study III The Cmax, or the mean times to reach the peak concentrations (tmax) of

plasma L-dopa did not significantly differ from placebo with any of the entacapone

doses (Table 1/III). Entacapone dose-dependently increased the AUC0-6h (µg/ml x h)

of L-dopa (Table 1/III, Fig. 2/III); the increase was 17% with 100 mg (p<0.05), 27%

with 200 mg (p<0.001), and 37% with 400 mg of entacapone (p<0.001) as compared

with placebo. Similarly, each of the entacapone doses significantly prolonged the

elimination half-life (t1/2el) of L-dopa (100 mg; p<0.05, 200 mg; p<0.01, 400 mg;

p<0.001, compared with placebo) (Table 1/III). The lowest (100 mg) and the highest

(400 mg) doses of entacapone statistically significantly differed from each other in

both L-dopa AUC0-6h and t1/2el (p<0.01 for each parameter).

Study IV Entacapone increased the mean AUC0-12h of L-dopa by about 30% to 40%

with all six L-dopa/carbidopa doses. The difference between entacapone and placebo

was highly significant for all L-dopa/carbidopa doses (p<0.001, Table 1/IV, Fig. 2/IV

and Fig. 3/IV). There was a decrease in the Cmax values of L-dopa for all L-

dopa/carbidopa doses when given with entacapone. However, this decrease did not

attain statistical significance with all doses of L-dopa/carbidopa (Table 1/IV, Fig.

3/IV).

The ratios of geometric means suggest a close similarity between different

doses for changes in the AUC and Cmax of L-dopa with entacapone, independent of

the L-dopa/carbidopa dose. All AUCs of L-dopa increased with entacapone and all

Cmax values slightly decreased with entacapone (Fig. 3/IV).
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Two or more peaks in the plasma concentration time profile are frequently

observed with L-dopa (Cedarbaum 1987; Nutt and Fellman 1984; Robertson and

George 1990b; Wade et al. 1974). This double peak phenomenon was observed also

in our study (Fig. 1/IV and Fig. 8). It occurred similarly with and without entacapone

and was present with all L-dopa doses but especially with the two highest ones. At

some doses (100/25 mg, 200/50 mg and 250/25 mg) the time to peak concentration of

L-dopa was significantly delayed by entacapone (Table 1/IV). However, at all L-

dopa/carbidopa doses, with or without entacapone, the initial phase of L-dopa

absorption was rapid and there was no lag-phase in the absorption of L-dopa

(Fig.1/IV).

The L-dopa AUC standardised per 100-mg dose, tended to be somewhat

higher when higher doses of carbidopa were combined with L-dopa. Entacapone

further strengthened this phenomenon (Table 11).

������		� Pharmacokinetic parameters (Cmax and AUC) of L-dopa after
 administering of placebo or entacapone 200 mg with different doses of 

L-dopa/carbidopa in healthy subjects (Study IV). The values are 
standardised for a 100 mg L-dopa dose.
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Placebo Entacapone Placebo Entacapone

50/12.5 1.04 ± 0.58 0.76 ± 0.24 1.18 ± 0.24 1.52 ± 0.39

100/10 0.83 ± 0.26 0.71 ± 0.12 1.21 ± 0.27 1.55 ± 0.32

100/25 0.85 ± 0.31 0.72 ± 0.25 1.43 ± 0.34 1.93 ± 0.35

150/37.5 1.01 ± 0.44 0.73 ± 0.21 1.56 ± 0.28 2.08 ± 0.53

200/50 0.66 ± 0.12 0.58 ± 0.10 1.60 ± 0.22 2.22 ± 0.36

250/25 0.70 ± 0.28 0.52 ± 0.09 1.47 ± 0.24 2.00 ± 0.38
Values are means with SD. For statistical differences between entacapone and placebo, see Table 1/IV

With entacapone (200 mg), higher plasma concentrations of L-dopa were

maintained for a longer period with all different doses of L-dopa/carbidopa (Fig.

1/IV). For example, the mean plasma concentration of L-dopa at 3 h after the 150/37.5

mg dose was 239 ± 42 ng/ml (mean ± SD) without entacapone and 418 ± 134 ng/ml

with entacapone. Correspondingly, at 3 hours after the 200/50 mg dose, the L-dopa
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concentration in plasma was 458 ± 147 ng/ml without entacapone and 696 ± 189

ng/ml with entacapone.

5.3.2 Metabolism of L-dopa to 3-OMD, DOPAC and HVA metabolites

The dose-response effects of entacapone on the metabolism of L-dopa, when given

repeatedly with an individually standardised dose of L-dopa/carbidopa, were

investigated in Study III by measuring the 3-OMD concentration at the 90 min time

point after the test dose of L-dopa/carbidopa + entacapone. A more comprehensive

evaluation of the effects of the 200-mg dose of entacapone on the metabolism of L-

dopa with various different L-dopa/carbidopa doses was performed in Study IV. The

results are summarised in Fig. 9, Fig. 1/III, and in Fig. 2 � 4/IV.

Study III After 2-week continuous treatment with different doses of entacapone with

individually standardised L-dopa/carbidopa, the plasma concentrations of 3-OMD

were comparably and significantly decreased both prior to and 90 min after the L-

dopa dose, compared with placebo values. At 90 minutes, the decrease was 39% with

100 mg (p<0.001), 54% with 200 mg (p<0.001), and 66% with 400 mg of entacapone

(p<0.001) as compared with placebo. The lowest (100 mg) and the highest (400 mg)

doses of entacapone statistically significantly differed from each other (p<0.01).

Study IV In Study IV, entacapone at a 200-mg dose decreased the mean AUC0-24h of

3-OMD to 55 � 60% of that observed with placebo. The difference between

entacapone and placebo was statistically significant at all L-dopa/carbidopa doses

(p<0.001, CI95% -0.72;-0.35). The similarity of the decrease in the 3-OMD

concentrations at different L-dopa/carbidopa doses is supported by the ratios of

geometric means for the AUC and Cmax values of 3-OMD (Fig. 2 and 3/IV).

The plasma concentrations of DOPAC increased with all six L-dopa/carbidopa

doses by 2 to 2.6-fold following entacapone compared with placebo (p<0.001 CI95%

0.60;1.10) (Fig. 2 and 3/IV). Similarly, the AUC of HVA decreased following

entacapone to about 65 � 75% of the placebo treatment values (p<0.001-0.05, CI95% -

0.76;-0.01), except after the smallest dose of L-dopa, where the difference did not

reach statistical significance (p>0.05, CI95% -0.59;0.05) (Fig. 2 and 3/IV).

Entacapone decreased the ratios of AUC3-OMD/AUCL-dopa (p<0.001, CI95%

0.85;0.68), and AUCHVA/AUCL-dopa (p<0.001, CI95% -1.01;-0.18), and increased the
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ratio AUCDOPAC/AUCL-dopa (p<0.001, CI95% 0.26;0.90). A significant decrease was

also observed in the ratio AUCHVA/AUCDOPAC (p<0.001, -1.68; -0.84).

The mean plasma concentration time profiles for 3-OMD, DOPAC, and HVA

after administration of L-dopa/carbidopa 200/50 mg either with placebo or with

entacapone 200 mg are shown in Fig. 4/IV as representative of the other profiles.

5.4 Pharmacokinetics of carbidopa

The effects of the 200-mg dose of entacapone given with various different L-

dopa/carbidopa doses on the pharmacokinetics of carbidopa were investigated in

Study IV. The results are summarised in Table 2/IV and Table 12. Plasma

concentration time profiles of carbidopa are shown in Figure 10.

Study IV The 200-mg dose of entacapone did not statistically significantly affect the

plasma concentrations of carbidopa with any of the L-dopa/carbidopa doses. The

initial phase absorption was comparable both with and without entacapone and the

Cmax values with and without entacapone were comparable. Entacapone increased

rather than decreased the absorption of carbidopa at the three highest L-dopa doses,

although the difference was not statistically significant. The wide confidence intervals

obtained for AUC and Cmax values of carbidopa at all investigated doses of L-

dopa/carbidopa indicate considerable variation in the pharmacokinetics of carbidopa

(Table 2/IV).

������	"� Pharmacokinetic parameters (Cmax and AUC) of carbidopa after
administering of placebo or entacapone 200 mg with different doses of L-
dopa and carbidopa (Study IV). The values are standardised for a 25 mg
carbidopa dose.

�������
���������
��������

�PD[

�������
��������K
������ !�

Placebo Entacapone Placebo Entacapone

100/10 78 ± 45 83 ± 38 238 ± 177 232 ± 164

50/12.5 78 ± 46 80 ± 38 264 ± 185 243 ± 153

100/25 82 ± 33 76 ± 35 335 ± 147 313 ± 161

250/25 54 ± 27 69 ± 25 229 ± 118 321 ± 151

150/37.5 75 ± 27 74 ± 26 323 ± 113 367 ± 150

200/50 63 ± 23 66 ± 19 293 ± 122 335 ± 97
Values are means with SD, n =14-16. For statistical differences between entacapone and placebo, see
Table 2/IV
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or entacapone (200 mg) with six different doses of L-dopa and carbidopa
(Study IV). Data are presented as means with SEM, n=14-16.
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5.5 Clinical response to L-dopa

Study III was conducted in PD patients with end-of-dose wearing-off fluctuations. It

evaluated how changes in COMT activity, L-dopa metabolism and consequently in

pharmacokinetics are reflected in the clinical response to L-dopa at different

entacapone doses. These data are summarised in Table 2/III.

5.5.1 Effect of entacapone on the dose of L-dopa

The mean daily dose of L-dopa, recorded in home diaries at the end of each 2-week

treatment period, was decreased from baseline with each of the entacapone doses but

not with placebo. The decrease was 3% with 100 mg (p<0.05), 15% with 200 mg

(p<0.05), and 17% with 400 mg (p<0.05) of entacapone as compared with placebo

(Table 2/III). The number of daily L-dopa doses was kept constant, as intended in the

protocol, with only 2 exceptions.

5.5.2 Effect of entacapone on the daily ’on’ and ’off’ time

Entacapone in different doses decreased the proportion of daily ’off’ time: by 11%

(100 mg), 18% (200 mg), and 20% (400 mg) (Table 2/III). Correspondingly, the

proportion of daily ’on’ time increased with no increase in the proportion of daily ’on’

time with dyskinesia (Table 2/III). These changes in the proportions of daily ’on’ and

’off’ times in this patient population, however, did not reach the level of statistical

significance with any of the doses.

5.6 Safety

Safety and tolerability of entacapone treatment was followed in all studies. Only

single doses were used in Studies I, II, IV. Some subjects prematurely discontinued

the study (none in Study I, 5 subjects in Study II, and 1 in Study IV). The reasons for

discontinuation were personal or adverse event related, none of which were severe or

serious. In general the treatment doses were well tolerated and only mild or moderate

adverse events were reported.  

Study III�was a multiple dose study in PD patients. Four patients discontinued the

study prematurely. Two withdrew after being treated only with placebo (one due to

personal reasons and the other due to anxiety). Two patients discontinued when on
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entacapone. One completed the first treatment period with the 200-mg dose of

entacapone but discontinued during the second period with 100 mg of entacapone due

to anxiety and worsening of parkinsonian symptoms. The other subject completed the

first treatment period with placebo but discontinued the study during the second

treatment period (400-mg dose) due to nausea and vomiting.

The adverse events were mainly mild or moderate in nature and no treatment-

related serious adverse events were reported. There was no dose-relationship in the

occurrence of adverse events. Dyskinesias, sleep disorders, constipation, nausea, and

fatigue were the most commonly reported adverse events for each entacapone period

and also for the placebo period. There were no clinically significant deviations from

the reference ranges in the individual laboratory parameters, including liver

transaminase values. None of the tested doses of entacapone significantly affected the

vital signs. Orthostatic reactions occurred no more often with any of the entacapone

doses than with placebo (Table 3/III).

6. DISCUSSION

6.1 Study methodology

Selection of subjects, randomisation and blinding are the basic elements of unbiased

study methodology. The following sections discuss these aspects in the studies I, II,

III, and IV.

6.1.1 General considerations on study population

Entacapone, like L-dopa and carbidopa, is used in the middle-aged or elderly

population according to its clinical indication, Parkinson’s disease. There are no

significant differences in the pharmacokinetics of entacapone between young and

elderly or between healthy volunteers and PD patients (Holm and Spencer 1999;

Orion Pharma 1999). However, obviously the DDC activity in the GI tract decreases

with ageing (Iwamoto et al. 1987; Robertson and George 1990b). The impact of this

difference in the DDC activity on L-dopa pharmacokinetics disappears with the

administration of carbidopa, a DDC inhibitor, given in combination with L-dopa.

Despite concomitant administration of carbidopa with L-dopa, there are still

differences in the pharmacokinetics of L-dopa between healthy young volunteers and
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PD patients, as also among PD patients of different ages because the age related

decline in systemic clearance persists despite of carbidopa (Evans et al. 1981; Evans

et al. 1980; Robertson and George 1990b). In addition, weight and sex may have an

impact on the pharmacokinetics of L-dopa (Kompoliti et al. 2001; Müller et al. 2000),

which is extensively variable even within a subject (Wade et al. 1974), and also on the

pharmacokinetics of carbidopa (Durso et al. 2000). The above considerations and the

purpose of the studies I, II, and IV favour the use of a well-standardised population of

healthy volunteer subjects to avoid any confounding factors such as great variation in

age, weight, concurrent diseases and medications.

6.1.2 Study-specific considerations on the study populations

Study II investigated the source for the observed variability in the pharmacokinetics

of entacapone and also evaluated the suitability of different methods for the

assessment of bioequivalence between different entacapone formulations. Therefore,

it might have been preferable to enrol an equal number of female and male subjects.

Study IV investigated the effects of a standard 200-mg dose of entacapone on

L-dopa and carbidopa concentrations in plasma with various different L-

dopa/carbidopa doses. The study population consisted of healthy male subjects.

Considering the purpose of the study, the variability in the pharmacokinetics of each

compound, and the number of subjects per treatment (n=12), this is an appropriate

approach as it minimises the variability in the pharmacokinetics of all three

compounds.

Study III was a clinical dose-finding study in a population of the target

indication. The entacapone doses investigated were 100, 200 and 400 mg up to 6

times daily. In the PD population, however, the number of daily L-dopa doses may

often exceed 6, especially so in the patients with more advanced disease, as previously

discussed. Thus, the patient population enrolled in Study III probably was not as

representative as it was in the main efficacy studies on entacapone (Parkinson Study

Group 1997; Rinne et al. 1998). Because the patients' clinical condition already was

rather well controlled in the beginning of the entacapone treatment in Study III, there

was less room for improvement than in a more severe patient population with more

'off' time. Therefore, it is probable that the clinical effect of entacapone on the daily

'off' time may be underestimated. At the time of this study, however, there was safety
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data available from healthy volunteers for daily doses up to 2400 mg of entacapone

(Illi et al. 1994) but not for higher daily doses. Patients with higher daily L-dopa

dosing frequencies (> 6 doses) were therefore excluded to avoid the compromising of

patients’ safety during the two-week treatment period with the highest 400-mg dose.

6.1.3 Blinding and randomisation and of the studies

The studies (I, II, III, IV) evaluated mainly pharmacokinetics/-dynamics, i.e., the data

was based on bioassays and not on direct assessments by the clinical investigator or

the patients. Only one of the four studies employed also measures for the assessment

efficacy of the treatment (III). All four studies were randomised and, in addition,

studies III and IV were blinded both regarding the investigator and the subject

concerning entacapone treatment (Table 7). Study III employed double-dummy

techniques in blinding. This method provided an excellent level of blinding, both

regarding the investigator and the subjects, who themselves performed the clinical

assessment of efficacy in this study by recording their ’on-off’ fluctuations in a home

diary.

The database for the each study was locked to prevent any changes to it during

analyses. The treatment code was not disclosed to the person performing the

pharmacokinetic analysis until the analysis was complete. In summary, the blinding

and randomisation measures in each study were adequate for receiving reliable

results.

6.1.4 Doses and administration of the study medication

In general, the doses used in different studies and the mode of administration,

including the study conditions prior to and at the administration of study drug, have an

impact on the study outcomes.

The clinically used 200-mg dose of entacapone was investigated in all other

studies except in Study I in which the dose was 100 mg (p.o.) (Table 7). Although it

might have been optimal if the clinically used 200-mg dose would have been used

also in this study, it should not make any major difference as the pharmacokinetics of

entacapone is linear over the dose range 5 � 800 mg (Keränen et al. 1994).

In Study I, a 100-mg tablet, and in Study II, a 200-mg tablet of entacapone was

administered with 100 ml of water. In the two other studies (III, IV) the study
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medication was administered with 200 ml of water. The water solubility and the

dissolution properties of entacapone, especially in the low gastrointestinal pH, might

decrease the bioavailability of entacapone after an oral dose (Forsberg et al. 2002).

Therefore, the 200-ml volume of water is preferable to 100 ml. Furthermore, the new

FDA guideline on the design of bioavailability and bioequivalence studies

recommends the study drug to be administered with as much as 240 ml of water

(CDER 2000). Similar advice was given in the previous, currently withdrawn,

informal communication by the FDA concerning the ��� ���� bioequivalence and ��

����� dissolution of carbidopa and L-dopa (CDER 1992). One may assume that a

higher volume of liquid given with the study drug stabilises the absorption phase at

least to some extent and especially so in fasting conditions. Fasting, which is a

standard procedure in pharmacokinetic studies not investigating the food effect, was

employed also in these studies.

6.1.5 Study-specific aspects related to sample collection

Sample collection with sufficient frequency and for a sufficient period of time is

essential for appropriate pharmacokinetic evaluation allowing proper conclusions of

the study data. A sufficient sampling frequency is especially important for drugs with

rapid absorption and elimination pharmacokinetics with significant variability

between and even within subjects.

In studies I, II, and IV, which were performed in healthy volunteers, frequent

blood samples were taken to describe the absorption phase accurately. In addition, the

sampling was continued for a sufficiently long period, up to 8 (I), 12 (II), and 24 h

(IV) after drug intake, to evaluate the elimination phase properly. In study III,

conducted in PD patients, less blood was drawn, the blood samples were collected less

frequently, and only during 6 hours following the study drug administration.

Considering the rapid absorption and elimination phases of the main analyte, L-dopa,

the 6-hour sampling time is sufficient to describe the AUC of L-dopa accurately.

However, the peak concentration and the half-life of elimination may not have been

covered as accurately as in Study IV, which was conducted in healthy volunteers.

It is known that entacapone as a single 400-mg or higher dose interferes with

the pharmacokinetics of carbidopa and decreases its plasma concentrations when

carbidopa is given in a modified release formulation (Ahtila et al. 1995). The patients
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enrolled in Study III were treated with the standard release formulation of L-

dopa/carbidopa and entacapone for a two-week period. However, no carbidopa

concentrations were determined in Study III. It would have been a valuable addition

to the information available on entacapone if the carbidopa concentrations had been

determined in this study because carbidopa is a chemically labile compound (Wikberg

1991) and the plasma sample collection procedures have to be especially well

standardised within a study to avoid interference with the study data. Carbidopa was,

therefore, not an optimal analyte for this study conducted in three different centres.

6.1.6 Bioanalytical methods

Validated bioanalytical methods were employed in each study and the quantification

range for each analyte was adequate considering the drug concentrations in plasma.

The sensitivity of the methods was also sufficient for adequate determination of

analytes with one exception, the quantification range for carbidopa in Study IV. The

quantification range from 5 to 2000 ng/ml instead of 20 to 2000 ng/ml would have

been preferable. In this way the plasma concentration data on carbidopa would have

been more comprehensive with the two lowest carbidopa doses (10 mg and 12.5 mg)

as there would have been less time points with concentrations under the limit of

quantification. This 20 ng/ml limit of quantification, however, had no significant

impact on the outcomes of the study.

In Study I, two new sensitive methods suitable for simultaneous determination

of entacapone and 13C-entacapone were developed and validated. This provided an

opportunity to administer unlabelled (p.o.) and 13C-labelled (i.v) entacapone

simultaneously and thereby to minimise intraindividual variation and the number of

subjects needed in the study. This dosing method is especially suitable for

pharmacokinetic investigations of drugs with high variation in their pharmacokinetics.

The number of subjects needed is reduced to about one half, the risk of

methodological errors is smaller, and the duration of the study is shorter with this

design than with the cross-over method (Browne 1990). In earlier studies, using less

sensitive assay methods, an open two-compartment model has best described the

pharmacokinetics of entacapone (Keränen et al. 1994). As the limit of quantification

in this study for both entacapone isotopes in plasma was lower (0.5 ng/ml) than in the

previous study (Keränen et al. 1994), the two isotopes could be reliably assayed up to
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12 h after the low dose used. Consequently, in this study all the three phases in the

elimination curve of entacapone were observed and determined for the first time.

6.2 Pharmacokinetic properties of entacapone

6.2.1 Bioavailability and the rate of absorption

Entacapone is rapidly absorbed. The peak concentration is reached on average at

approximately 1 hour after an oral dose (Table 10, Studies I and II), and in most cases

within 1.5 h after dose (Fig.2/II). There is, however, significant intra- and

interindividual variation in the time to peak concentration. There may also be multiple

peaks in the plasma concentration curve of entacapone (Fig. 8). The mean Cmax

obtained for the 100-mg dose in Study I was lower (0.50 �g/ml) than the Cmax value

reported for this dose earlier (1.1 �g/ml) (Keränen et al. 1994). The Cmax for the 200-

mg dose was more comparable (about 1.4 �g/ml) with data reported earlier (1.8

�g/ml). Also the AUC values for both 100-mg and 200-mg doses were more close to

those reported earlier (Keränen et al. 1994). The lower Cmax observed in Study I may

be connected to the amount of water taken at the drug administration. In this study the

water volume was 100 ml while in the study by Keränen et al. it was 200 ml. The

lower volume of water might have an impact on the drug absorption rate as a

consequence of a slower rate of dissolution of the tablet (Walter-Sack 1992). Most

probably, however, the overall variability in the absorption rate of entacapone (intra-

and interindividual) accounts for this difference for the major part. In Study II, the

200-mg entacapone tablet from one formulation and batch was administered

repeatedly (replicate study design). The mean Cmax and AUC values of entacapone

were similar after each dose in this study. There was however significant inter- and

intraindividual variation in the Cmax values (CV >30%). The AUC values of

entacapone did not vary similarly. According to Study I, the interindividual variation

is higher in the absorption than in the elimination phase after an oral entacapone dose,

which is typical for a drug with extensive first pass metabolism and rather low

bioavailability.

The bioavailability of entacapone is rather low (Keränen et al. 1994). The

absolute bioavailability of the oral 100-mg entacapone dose in Study I was 25% to

35% depending on whether it was calculated on the basis of entacapone and 13C-

entacapone concentrations in plasma or urine, respectively. It is known that
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entacapone is mainly metabolised by glucuronidisation (Wikberg et al. 1993). The

glucuronides are presumably formed partly during the first-pass metabolism. This

most likely leads to an overestimation of the bioavailability if calculations are based

on the urine data. Thus, the bioavailability derived from plasma concentrations may

be more reliable.

6.2.2 The variability in the Cmax

Generally, Cmax is a more variable parameter than AUC. Cmax describes the drug

concentration only in one time point; therefore it is more sensitive e.g. to the sampling

times, to the solubility properties of the drug itself, and to the rate of stomach

emptying (which occurs about every two hours in fasting conditions). Cmax depends

also on the value of AUC.

In Study II, a not commonly used design was applied to investigate whether

the variability observed in the entacapone Cmax values was due to the absorption

properties of entacapone itself, or whether it was a property of the formulation and a

reflection of the variation between tablet batches.

As previously mentioned, there is considerable individual variation in the

entacapone plasma concentrations during the absorption phase. Further analyses of the

data from Study II suggest that the Cmax values of entacapone are highly variable. The

within-subject variability for Cmax exceeded 30% after replicate administration of

tablets from one batch. The variability in the Cmax of entacapone was of the same

extent within one batch than the variability between two different batches. Thus, it is

most probable that the observed variability in the Cmax values of entacapone relates to

the absorption pharmacokinetics of the drug itself and is not a property associated

with the formulation. Drugs/drug products exhibiting a within-subject variation (CV)

of at least 30% may be classified as highly variable (Shah et al. 1996). Consequently,

based on data from this study, entacapone can be considered as a highly variable drug

regarding its Cmax.

Similar variability was not observed in the AUCs of entacapone. The within-

subject CV for the AUC was low, about a third of that observed for Cmax. The

variability was also of the same degree for reference (one batch) and test (two

different batches) treatments. Thus, entacapone can be considered a highly variable

drug only regarding Cmax, which describes the rate of absorption, but not regarding the

AUC, which describes the extent of absorption. Like AUC, the tmax of entacapone is
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well predictable; it occurs at about 1 hour on average and usually within 1.5 h of the

oral dose.

6.2.3 Distribution and elimination

Study I investigated the decay of entacapone from plasma after i.v. administration.

Data indicated a rapid elimination for entacapone similarly to findings from a

previous study, in which an open two-compartment model was applied (Keränen et al.

1994). In Study I, using new and sensitive assay methods, three different phases in the

plasma concentration time curve of 13C-entacapone were identified and an open three-

compartment model best described the pharmacokinetics of entacapone after the i.v.

dose. The half-life of the first phase (�-phase), representing the distribution of

entacapone from the central compartment, was fast. The second exponential phase,

the rapid elimination phase, also indicated a quick elimination of entacapone

(t1/2b  0.38 ± 0.16 h). These two phases accounted for the major part of the total AUC,

indicating that the main part of entacapone is eliminated from plasma during the

distribution and rapid elimination phases. The terminal elimination phase (�-phase),

which was the slowest of the three phases (t1/2g  2.4 ± 1.7 h), accounted only for a

small proportion (9%) of the total AUC. After the oral dose the elimination half-life

was 1.4 h, which is in line with previous data (Keränen et al. 1994). This difference

between the t1/2g   (2.4 h) after the i.v. dose and the t1/2el   after the oral dose does not

indicate a difference in the elimination rate after i.v. and oral doses, but rather a

difference between the kinetic models applied in the evaluation. These new data show

that entacapone is mainly eliminated during the rapid elimination phase and the

elimination in the terminal elimination phase is quite limited. Thus, the data suggest

that entacapone does not significantly accumulate even during frequent administration

and therefore entacapone is well suited for frequent dosing, as necessary in the late

phases of PD.

In Study I, the observed volume of distribution of the central compartment was

rather small (about 5.5 l), corresponding roughly to the volume of blood. The volume

of distribution at steady state (about 19 l) approximately corresponds to the volume of

extracellular fluid. The mean distribution volume based on the area under the curve

was 2.5 ± 1.9 l/kg. This quite high value represents the distribution volume during the

last exponential elimination phase and is, therefore, not considered an important
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parameter to describe the distribution of entacapone. The volume of distribution at

steady state is somewhat smaller in our study (I) than that obtained in a previous study

(29 l) (Keränen et al. 1994). The plasma concentration of entacapone's 
-isomer

(entacapone itself), but not the concentration of the *-isomer, was determined in

Study I. These two isomers of entacapone account for the plasma concentration of the

drug (Wikberg et al. 1993). In a previous study with i.v. administration of entacapone

(Keränen et al. 1994), the Z-isomer accounted only for approximately 2 � 3% of the

total AUC of the drug after the i.v. dose. The difference observed in the steady state

distribution volumes between these two studies most probably reflects the difference

in the compartment models applied. The present study probably more accurately

describes the pharmacokinetics of entacapone, since all three compartments were

observed due to the high sensitivity of the assay method.

In line with previous data (Keränen et al. 1994), Study I showed that the total

clearance of entacapone from plasma is high and clearly exceeds the liver plasma

flow. Most of entacapone is metabolised before excretion in urine (Wikberg et al.

1993). Therefore, the total clearance represents primarily the metabolic clearance of

entacapone. The high total clearance as compared with the liver plasma flow indicates

that, in addition to the liver, entacapone is cleared from plasma also in extrahepatic

tissues.

The excretion of oral and i.v doses of entacapone in urine was investigated in

Study I.�Entacapone, the 
-isomer of the molecule, and its glucuronides, form about

75% of the total recovery in urine. Further, the *-isomer and its glucuronides form

about 24% of the total recovery. In addition, only traces (~ 1%) of other metabolites

are found (Wikberg et al. 1993). In this study the recovery of entacapone and its

glucuronides in urine was 38% of the i.v. dose and 13% of the oral dose. Considering

the proportions of other metabolites known to be excreted in urine, the total recovery

in urine can be estimated to be 50% of the i.v. dose and 17 � 18% of the oral dose.

The recovery in urine after an oral dose is one third of that after the i.v. dose and

reflects the bioavailability of the oral entacapone dose. It seems likely that after an

oral dose, entacapone and its metabolites are mainly excreted in the bile and faeces as

has been shown in the rat (Wikberg and Vuorela 1994). No such data were collected

in Study I. However, the low total recovery in urine after the oral dose indicates that

entacapone is mainly eliminated by non-renal routes.
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Entacapone was rapidly absorbed and eliminated with a short elimination half-

life after the oral dose. In line with rapid oral absorption, the rate of excretion in urine

differed only slightly between the i.v. and oral forms of administration in the

beginning of the 48-hour urine collection period. Only traces of the i.v. and oral doses

were found in urine between 6 and 48 hours after administration.

6.2.4 The pharmacokinetic suitability of entacapone for frequent administration

L-dopa is administered frequently during a day especially in PD patients with end-of-

dose wearing-off fluctuations, as previously discussed. Therefore, the

pharmacokinetic profile of entacapone with rapid absorption, distribution to a small

volume, and rapid elimination is optimal for a frequently repeated dosing

simultaneously with L-dopa and a DDC inhibitor in the treatment of PD.

6.2.5 The impact of Cmax variability on bioequivalence testing

According to current regulatory guidelines, the interchangeability between two

pharmaceutical formulations/products shall usually be evaluated in a bioequivalence

study applying a 2-way cross-over design with single doses of both the test and the

reference treatments, each representing one batch. The proof of bioequivalence is

based on the population means of test and reference products. Bioequivalence is

established if the 90%CI for the geometric mean ratio test/reference remains between

0.80 and 1.25. There are, however, issues which may require modification of the

above study design and the usual bioequivalence acceptance criterion. High variability

in the pharmacokinetics of a drug is considered such an issue because it may

significantly increase the number of subjects needed in the bioequivalence studies.

Repeated dosing, cross-over designs with replicate administration of the test and/or

reference products, or extension of the conventional acceptance criterion may be

considered appropriate to overcome this issue when planning bioequivalence studies

(CDER 2000; CDER 2001; EMEA 2001).

The variability in the Cmax of entacapone necessitates the consideration of this

variability when planning bioequivalence studies for formulation testing. An increase

in sample size, a replicate study design, and a possible extension of the

bioequivalence acceptance criterion in the average bioequivalence testing procedure

are to be considered. The variability in the Cmax of entacapone has an impact on
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sample size. If conventional acceptance criterion were applied (90%CI 0.80 – 1.25),

about 82 subjects would be needed in a 2-way cross-over design for establishing

average bioequivalence between tablets from one batch (R1 vs. R2) (assumptions:� =

0.05, power [1 - �] = 80%, residual variance estimate [MSE] = 0.197, expected mean

difference < 5%). However, a 4-way cross-over design, adopting the assumption of

replicate administration of test (T1 + T2) and reference (R1 + R2) treatments,

established average bioequivalence between tablets from different batches for both

AUC and Cmax according to the conventional acceptance criterion already in the rather

small population (n=19) of Study II. Thus, the 4-way cross-over design is more

efficient than the 2-way cross-over design for investigating the average

bioequivalence of different entacapone formulations. The number of healthy subjects

exposed to the drug is decreased to about half of that needed with the 2-way cross-

over design. Consequently, the number of plasma samples to be analysed and thereby

the costs of the study are significantly decreased.

Another tool for minimising sample size is the widening of the acceptance

criterion for a 2-way cross-over study design. The widened acceptance criterion often

referred to in scientific discussions is the 90%CI of 0.70 � 1.43 (Shah et al. 1996).

Some regulatory authorities may, however, not accept the widened acceptance

criterion as a basis for marketing authorisation approval (CDER 2001; EMEA 2001;

Shah et al. 1996).

Methods of average bioequivalence compare population averages, while

individual bioequivalence methods assess also the variation in the average differences

between test and reference among individuals. The evidence of average

bioequivalence is a regulatory requirement for drugs intended for clinical use and

registered on the basis of a limited clinical program. Not surprisingly, the number of

published literature, using any of the individual bioequivalence approaches for

bioequivalence testing of specific drug products is quite limited. These evaluations

give, however, valuable information of the quality of the formulation and of the

interchangeability between the treatments tested for bioequivalence. We performed a

case study on a developmental entacapone 200 mg tablet formulation. In Study II we

implemented two relatively new individual bioequivalence approaches, the bootstrap

method (Pigeot 2001) and the method of moments (CDER 2001; Hyslop 2000), for

evaluating individual bioequivalence between test (T1+T2) and reference (R1 + R2).
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The analysis indicated that the within-subject variation in the AUC values for the

reference was lower (�WR =0.17) than the constant within-subject variance (�W0 = 0.2)

specified in guidelines (CDER 2001). Thus, constant-scaled methods are considered

adequate for the evaluation of individual bioequivalence of the AUC values between

the treatments. On the other hand, the within-subject variation (�WR = 0.38) in the

Cmax values of the reference exceeded the guideline-specified �W0 (= 0.2).

Consequently, reference-scaled methods are adequate for evaluating the individual

bioequivalence regarding Cmax between the treatments. When evaluating the

individual bioequivalence of the AUC and Cmax values between test and reference

using the above justified scaling methods, both the bootstrap method and method of

moments indicated bioequivalence between test and reference treatments. The

population of 19 subjects seemed to be sufficient also for evaluating individual

bioequivalence using the new methodology, which describes better the

interchangeability between the treatments within individuals than the method of

average bioequivalence.

The subject-by-formulation interaction (�D) term can also be derived if a

replicate study design is used and the individual bioequivalence approach is applied.

For the formulation tested, the subject-by-formulation (i.e., subject-by-batch)

interaction was not meaningful for the AUC and extremely low for the Cmax (Table

4/II). Regarding Cmax, however, the upper bound of the 95%CI for �D exceeded

0.1741. It has been estimated that with the �D = 0.1741, there is a 20% probability that

the individual test/reference ratio for the parameter falls outside the window of 0.80 –

1.25 (Chen and Lesko 2001). Large magnitudes of estimated subject-by-formulation

interaction are seen more often with increasing within-subject variability for the

reference (Endrenyi et al. 2000; Endrenyi and Tothfalusi 1999). A high within-subject

variability in Cmax was found in this study. Further, the spread of the distribution of

the estimated subject-by-formulation interaction increases with increasing within-

subject standard deviation and decreases with increasing sample size (Hauck et al.

2000). Considering the observed variability in Cmax values, the sample size in this

study was possibly somewhat low for adequate estimation of the 95%CI for the �D

although the sample size was sufficient for establishing individual bioequivalence.

In summary, the data from these studies showed that the Cmax of entacapone

exhibits a high variability. These data suggest that entacapone can be classified a
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highly variable drug (HVD) regarding its rate of absorption measured as Cmax. A four-

way cross-over design seems to be most efficient in indicating the differences and

interchangeability between the formulations of a drug with variable pharmacokinetics.

It also allows a smaller sample size than two- or three-way cross-over designs would.

Further, the four-way replicate study design allows the evaluation of bioequivalence

using various approaches, which should result in a broader knowledge of the

interchangeability of products.

6.2.6 Effects of L-dopa/carbidopa on the pharmacokinetics of entacapone

It has not been previously investigated whether different L-dopa and carbidopa doses

have an impact on the pharmacokinetics of entacapone. The current studies showed

that there are no major differences in the relative bioavailability of entacapone whether

it is given without L-dopa and carbidopa (II) or with various doses of L-dopa and

carbidopa (IV). L-dopa/carbidopa, however, seems to some extent affect the

absorption rate of entacapone. In general, the peak concentrations of entacapone were

lower when given with L-dopa/carbidopa. At the two highest doses of L-dopa, the

absorption phase of entacapone was further prolonged to some extent and the decline

of entacapone from plasma slightly delayed (Table 10 and Fig. 7). It has been

speculated that entacapone itself would decrease the rate of stomach emptying

(Keränen et al. 1993). If so, the delay in the absorption should have occurred similarly

with all six L-dopa/carbidopa doses in Study IV. However, L-dopa itself is known to

decrease the gastric emptying rate and thus to influence its own absorption (Robertson

et al. 1990a). Therefore, it is more probable that this slight change in the

pharmacokinetic profile of entacapone with L-dopa/carbidopa, particularly with the

highest doses of L-dopa, is related to L-dopa. The phenomenon may also be associated

with the variability of entacapone Cmax, possibly strengthened by the simultaneous

dosing of L-dopa/carbidopa. Interestingly, the mean plasma concentration time curve

of entacapone with various doses of L-dopa peaks in parallel with that of L-dopa. No

such phenomenon was observed with carbidopa (Fig. 8). The double peaks in both the

L-dopa and entacapone plasma curves might be explained by the pulsatile emptying

rate of the stomach under fasting condition. Thus, the data suggest that like L-dopa,

entacapone is absorbed from the upper parts of the intestine after dissolution in the

stomach fluids. The absorption mechanism of L-dopa is an active carrier system, but
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that of carbidopa and entacapone are not known. Further studies would be needed to

clarify whether the transport mechanism/s across the membrane barriers would also be

associated with the absorption of entacapone and carbidopa.

Despite the observed variability in the absorption rate of entacapone, changes

in L-dopa pharmacokinetics and its metabolism to 3-OMD were comparable at all

doses, as discussed later. Consequently, the apparent delay in the absorption of

entacapone observed in Study IV at the two highest doses of L-dopa/carbidopa most

likely reflects the variability in the pharmacokinetics of entacapone and has no

relevance regarding the clinical effects of entacapone. Actually, these data suggest

that entacapone increases the bioavailability of L-dopa at least partly at its major

absorption site, in the upper part of the small intestine, which is known to be rich in

the COMT enzyme (Nissinen et al. 1988; Sharpless et al. 1973).

6.3 COMT inhibition and changes in L-dopa metabolism by entacapone

6.3.1 COMT inhibition

It has been shown in previous studies that entacapone as a single dose in healthy

subjects without L-dopa and DDC inhibitor and in PD patients with L-dopa and DDC

inhibitor produces a dose-dependent decrease in the COMT activity in RBCs

(Keränen et al. 1994; Ruottinen and Rinne 1996). In Study III for the first time,

different doses of entacapone were given repeatedly for a longer time to PD patients

treated with L-dopa/carbidopa, and the activity of COMT in RBCs was determined at

the end of the treatment period as were the 3-OMD levels in plasma. The study

showed that the effect of entacapone persists during repeated administration and no

tolerance is developed to the COMT inhibition by entacapone during continuous

treatment. In the previous single-dose study in PD patients, the maximum inhibition

of COMT was attained with the highest dose (400 mg) (Ruottinen and Rinne 1996).

This was the case also in Study III, the degree of inhibition was, however, somewhat

lower (maximum 34%) than in the above single-dose study (maximum 48%). The

most probable reason behind this difference is the sampling time (60 min in the earlier

study vs. 90 min in Study III). COMT inhibition by entacapone is reversible. It

declines with the declining plasma concentrations of entacapone and the maximal

COMT inhibition occurs at about the same time as the peak concentration of
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entacapone (Keränen et al. 1994), i.e. at approximately 60 minutes rather than at 90

minutes after entacapone intake (Fig. 7).

6.3.2 Changes in the metabolism of L-dopa

The primary metabolic effect of entacapone is the decrease in the peripheral loss of L-

dopa to 3-OMD, which is a metabolite of L-dopa with a long half-life of elimination

(Kuruma et al. 1971; Sharpless et al. 1972). Therefore, the measurement of the 3-

OMD concentration in plasma at a single time point indicates the extent of COMT

inhibition during a continuous entacapone treatment in a more sustained way than a

single measurement of the rapidly changing COMT activity. Study III showed for the

first time in PD patients that after continuous treatment with different doses of

entacapone the dose response in COMT inhibition and consequently in 3-OMD

concentrations is maintained. The 3-OMD concentrations decreased during the

treatment with all different doses of entacapone administered simultaneously with L-

dopa/carbidopa. The decrease was dose-related, being higher with the higher doses of

entacapone; the difference was statistically significant between the highest and lowest

dose of entacapone. The pre- and post-dose concentrations of 3-OMD were essentially

comparable, which indicates that the COMT inhibition by entacapone was maintained

with all three entacapone doses over the 2-week treatment period.

Previously it has not been studied whether entacapone similarly and

sufficiently increases the AUC of L-dopa independent of the dose of L-dopa and

carbidopa. Study IV showed that the 200-mg dose of entacapone clearly affects the

plasma concentrations of 3-OMD, DOPAC, and HVA at all six L-dopa/carbidopa

doses used in the study; the same doses are used also clinically. The changes in L-

dopa metabolism were most evident during the first 3 to 5 hours after administration

of L-dopa, carbidopa and entacapone (Fig. 4/IV), i.e., during the period when COMT

activity is most effectively inhibited by entacapone (Keränen et al. 1994). As an

indication of sufficient COMT inhibition, there was a consistent and significant

decrease in the peripheral metabolism of L-dopa to 3-OMD at all investigated L-

dopa/carbidopa doses. Although entacapone primarily inhibits the peripheral

degradation of L-dopa to 3-OMD it also inhibits the metabolism of DOPAC to HVA

in the second step of L-dopa metabolism (Kaakkola 2000). Indeed, the plasma

concentrations of DOPAC increased with entacapone, slightly more at lower L-
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dopa/carbidopa doses than at higher doses. This slight diversity may be related to the

differences in the plasma concentration profiles of L-dopa, carbidopa, and entacapone

and thus reflects small differences in the metabolic balance of L-dopa on the COMT

and DDC pathways. It may also reflect great metabolic pressure on the DDC pathway

with high L-dopa doses and entacapone. Entacapone, however, decreased the plasma

concentrations of HVA comparably at all L-dopa/carbidopa doses. One could,

however, mention that the formation of 3-OMD was somewhat greater with the

100/25 mg dose than with the 100/10 mg dose, which was also reflected as a

somewhat improved bioavailability of L-dopa with the higher amount of carbidopa.

Altogether, the outcome of these metabolic changes was a significant and consistent

increase in the availability of L-dopa in plasma at all six doses investigated.

6.4 Changes in the pharmacokinetics of L-dopa with entacapone

6.4.1 Bioavailability of L-dopa

Studies III and IV showed an increase in the relative bioavailability of L-dopa when

given with entacapone. This increase was clearly entacapone dose-dependent. The

finding is in line with data from previous single-dose studies in healthy volunteers

(Ahtila et al. 1995; Keränen et al. 1993). An earlier single-dose dose-response study in

PD patients showed no further increase in the AUC of L-dopa with the 400-mg dose

compared to the 200-mg dose of entacapone (Ruottinen and Rinne 1996). In that study,

the plasma concentrations were measured only for a 4-hour period after the L-dopa

dose instead of the 6-hour period in Study III. Therefore, the AUC in Study III may be

considered more reliable as it more comprehensively covers different phases of the L-

dopa plasma concentration time curve, including the elimination phase.

A previous study showed that the 400-mg dose of entacapone may decrease the

plasma concentrations of carbidopa when administered concomitantly with a modified

release L-dopa/carbidopa preparation (Ahtila et al. 1995). Despite this possible

interaction of entacapone 400 mg and carbidopa, the plasma concentrations of L-dopa

in a standard release formulation increased further with the highest (400 mg)

entacapone dose in Study III. However, doubling the entacapone dose did not double

the AUC of L-dopa; the dose-proportional increase in L-dopa AUC was clearly less

with the 400-mg dose than with the 200-mg dose (Fig. 2/III). Since the plasma
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concentrations of carbidopa were not measured in this study, the possible interaction

between entacapone and carbidopa could not be evaluated directly.

Data from Study IV showed that the increase in the bioavailability of L-dopa

is not significantly dependent on the dose of L-dopa and carbidopa. The 200-mg dose

of entacapone increased the mean AUC of L-dopa significantly and consistently by

30 to 40% with all six L-dopa/carbidopa doses investigated (Fig. 3/IV).

An increase in the amount of carbidopa improves the bioavailability of L-

dopa per 100 mg L-dopa dose, as seen in the placebo group of Study IV. This effect

of carbidopa on the bioavailability L-dopa is well known from studies investigating

the pharmacokinetics of L-dopa with preparations of different L-dopa/carbidopa

ratios (10:1, 4:1) (Kaakkola et al. 1985). Furthermore, entacapone tended to improve

the bioavailability of L-dopa somewhat more if a higher dose of carbidopa was

combined with the same dose of L-dopa (100/10 mg vs. 100/25 mg). More efficient

DDC inhibition with the higher carbidopa dose is the most probable explanation for

this phenomenon.

6.4.2 Peak concentration/rate of absorption of L-dopa

It has been reported that another COMT inhibitor, tolcapone, increases the Cmax of L-

dopa (Jorga et al. 1997; Jorga et al. 1998; Müller et al. 2000). Our studies (III, IV)

clearly indicate that simultaneous administration of entacapone does not increase the

peak concentration of standard release L-dopa with any of the entacapone doses or L-

dopa/carbidopa doses investigated (Table 1/III and Table 1/IV). In our study

entacapone rather decreases and smoothens the peak concentration (Cmax) of L-dopa

as shown by the ratios of geometric means for all doses in Study IV (Fig. 3/IV). A

similar decrease in the Cmax of L-dopa has been observed also in PD patients after a

10-day continuous treatment with standard release L-dopa/carbidopa 200/50 mg

simultaneously with 200 mg of entacapone, but not with the same dose of modified

release L-dopa/carbidopa and entacapone (Kaakkola et al. 1995). The fact that L-

dopa Cmax is not increased but rather decreased slightly when entacapone is dosed

with the standard release L-dopa and because the decrease is not as dramatic as that

produced by the modified release formulations of L-dopa/carbidopa or L-

dopa/benserazide, the decrease in L-dopa Cmax by entacapone can be considered a

clinically positive characteristic. Together with the extended AUC of L-dopa it will
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help in delivering more sustained plasma concentrations of L-dopa and lowers the

risk of peak dose dyskinesia (Mouradian et al. 1989; Pearce et al. 2001). Further

investigations could clarify whether these different effects of entacapone on the Cmax

of L-dopa with standard release and modified release formulations of L-dopa are

connected to the release/absorption rate or to the metabolic balance of L-dopa. It is

known that more 3-OMD is formed with modified release L-dopa/carbidopa

preparations than with a standard release formulations (Yeh et al. 1989).

With all the different doses of L-dopa and carbidopa, the initial absorption

phase of L-dopa was rapid both with and without entacapone and there was no lag-

phase in the absorption curve of L-dopa (Fig. 1/IV). It is a well-known fact from

literature that there may be two or even multiple peaks in the plasma concentration

time curve of L-dopa after a single oral dose (Cedarbaum 1987; Nutt and Fellman

1984; Robertson and George 1990b; Wade et al. 1974). In Study IV it was observed

that the highest peak concentration of L-dopa occurred later with some of the L-

dopa/carbidopa doses when co-administered with entacapone. A similar trend to a

delay in the occurrence of L-dopa Cmax with entacapone has been reported earlier in

studies performed in PD patients with wearing-off fluctuations, with no prolongation

in the time to clinical response to L-dopa (Kaakkola et al. 1995; Ruottinen and Rinne

1996b). Thus, as the initial absorption phase of L-dopa is rapid both with and without

entacapone and entacapone does not essentially change the pattern of L-dopa

absorption, the slight delay in the occurrence of L-dopa Cmax with some L-dopa doses

can be considered clinically insignificant.

6.4.3 Elimination of L-dopa

The elimination rate constant was calculated for L-dopa after placebo and different

doses of entacapone in Study III and with and without entacapone with various

different doses of L-dopa/carbidopa in Study IV. In Study III, all investigated doses of

entacapone (100 mg, 200 mg, 400 mg) significantly increased the elimination half-life

of L-dopa. This finding is in agreement with the data from studies in PD patients after

oral administration (Nutt et al. 1994; Ruottinen and Rinne 1996) and after i.v.

administration (Nutt et al. 1994) of L-dopa with and without entacapone. In Study IV,

higher concentrations of L-dopa were observed for a significantly longer period with

entacapone with no significant prolongation in the elimination half-life of L-dopa
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(unpublished data). There are, however, published data from PD patients (Ruottinen

and Rinne 1996b) and healthy volunteers (Ahtila et al. 1995; Keränen et al. 1993)

according to which the elimination half-life of L-dopa is not statistically significantly

prolonged by entacapone. In these published healthy volunteer studies blood sampling

was continued up to 10 to 12 hours, as also in Study IV. The 10- to 12-hour period

should be sufficient for an appropriate determination of the elimination rate constant

for L-dopa as the t1/2 el for L-dopa is less than 2 hours (Cedarbaum 1987; Nutt and

Fellman 1984). However, the double peak phenomenon complicates the determination

of the elimination rate constant for L-dopa and as a result, the t1/2el analysis may not be

reliable. This reliability is further affected by the short blood sampling period. These

factors may explain the diversity in the results on the effects of entacapone on the

elimination half-life of L-dopa when studied after oral administration. Therefore, the

mean concentrations in plasma at various time points after the peak concentration

more reliably describe the effects of entacapone on the plasma concentrations of L-

dopa. These data indicate that entacapone increases the availability of L-dopa for the

brain at each time point during the elimination phase of L-dopa (Fig. 1/IV). The i.v.

data from the study of Nutt et al. most reliably describes the prolongation in the

elimination half-life of L-dopa with entacapone (Nutt et al. 1994).

6.5 Effects of entacapone on the bioavailability of carbidopa

It has not been previously systematically investigated whether entacapone has any

impact on the pharmacokinetics of carbidopa. Like L-dopa, carbidopa also exhibits

substantial variability in its pharmacokinetics (Durso et al. 2000; Vickers et al. 1974).

The wide confidence intervals obtained for mean differences in both AUC and Cmax

values of carbidopa at all the investigated doses of L-dopa/carbidopa in Study IV

indicate extensive variation in the pharmacokinetics of carbidopa. The bioavailability

of carbidopa, which is also a substrate for COMT �������� (Hagan et al. 1980), should

theoretically increase with entacapone, a COMT inhibitor. Although the mean AUC

of carbidopa tended to increase in the presence of entacapone at the three highest L-

dopa doses, this was not statistically significant (Table 2/IV). Obviously, the +�

methylation of carbidopa has little, if any, significance ������� in light of the results

of this study.
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It was observed in a previous study in healthy volunteers that the 400-mg dose

of entacapone may decrease the plasma concentrations of carbidopa when

administered concomitantly with a modified release L-dopa/carbidopa preparation

(Ahtila et al. 1995). The data from Study III in PD patients, however, demonstrate that

the possible interaction of entacapone with carbidopa is not clinically relevant at the

therapeutic dose level of entacapone even if frequent doses of L-dopa, carbidopa, and

entacapone need to be used during a day. It is also possible that this interaction is only

seen with modified release L-dopa formulations as the drug release rates are different

for modified and standard release formulations. This may have its impact on the

absorption puzzle of L-dopa, carbidopa, and entacapone, as the absorption mechanisms

for the latter two are not known.

6.6 Clinical effects of L-dopa/carbidopa with entacapone

It has been clearly shown in many studies that entacapone increases the daily ’on’ time

and correspondingly decreases the daily ’off’ time in patients experiencing wearing-off

fluctuations (Parkinson Study Group 1997; Poewe et al. 2002; Rinne et al. 1998;

Ruottinen and Rinne 1996a). In Study III, graded doses of entacapone were

administered repeatedly to PD patients for the first time to investigate the dose-

response effects of entacapone. Home diary data from Study III indicated that

different doses of entacapone decrease the proportion of daily ’off’ time. A decrease in

the proportion of daily ’off’ time was attained in this study despite a considerable

decrease in the total daily intake of L-dopa. The 200-mg dose of entacapone reduced

the daily ’off’ time clearly more than the 100-mg dose, while the benefit with the 400-

mg and 200-mg doses was comparable. The proportion of daily ’on’ time

correspondingly increased with no increase in the proportion of ’on’ time with

dyskinesia. These changes in the proportions of daily ’on’ and ’off’ times in this small

and mildly fluctuating patient population, however, did not reach statistical

significance with any of the doses. The relatively low proportion of daily ’off’ time

reported by the patients already at baseline may explain the modest further

improvement. A previous study has indicated that the magnitude of reduction in ’off’

time is proportional to the amount of time the subjects are ’off’ daily (Parkinson Study

Group 1997). Also, Study III did not include a baseline evaluation period without a
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study treatment. Thus it is not possible to evaluate the extent of the possible placebo

effect, which may also appear in studies of this type (Parkinson Study Group 1997).

Each of the entacapone doses combined with L-dopa and carbidopa was well

tolerated. The occurrence of adverse events did not increase with any of the

entacapone doses as compared with placebo. Hemodynamic parameters did not

indicate any safety risks for any of the entacapone doses. Orthostatic hypotensive

reactions were observed with similar frequency with placebo and the different doses

of entacapone and there were no significant changes in the hematology or clinical

chemistry parameters. The good safety profile is in agreement with the results of long-

term studies with entacapone (Parkinson Study Group 1997; Poewe et al. 2002; Rinne

et al. 1998).

7. CONCLUSIONS

The studies showed that the pharmacokinetic properties of entacapone provide a

rationale for a concomitant and frequently repeated simultaneous dosing of

entacapone with L-dopa and carbidopa in the treatment of PD.

1. Entacapone is rapidly absorbed, distributed to a rather small volume, and

eliminated quickly. For the first time, a tri-exponential decay of entacapone from

plasma after an i.v. dose was observed and it was found that the drug is

eliminated mainly during the second linear phase, �-phase, with a short half-life

of about 0.4 h after an i.v. dose and after a simultaneous oral dose with a half-life

of about 1.5 h. Only a minor proportion of the i.v. dose is eliminated during the

terminal elimination phase, also with a relatively short half-life (about 2.5 h),

suggesting no or only minor accumulation of entacapone over the day during

frequently repeated dosing with L-dopa.

2. The studies indicate that the variation in the absorption phase of entacapone is

reflected as high variability in its Cmax values. Similar variability was not

observed for the AUCs of entacapone. The variability in entacapone Cmax seems

not to be associated with the formulation investigated but is rather a property of

entacapone itself.

3. Consequently, a four-way replicate cross-over design would be most appropriate

for the bioequivalence evaluation between different entacapone formulations. It

allows the smallest sample size in the bioequivalence studies and would be most
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efficient in identifying any potential differences between formulations. In

addition, bioequivalence could be evaluated by using the new less often used

approaches of individual bioequivalence, which were in fact implemented and

evaluated in these studies. Individual bioequivalence methods together with the

average bioequivalence evaluation will give a broader knowledge of the

interchangeability between formulations.

4. The studies also showed that the COMT inhibitory effect of entacapone is

maintained during continuous treatment. Repeated dosing of entacapone inhibits

COMT activity in a dose-dependent manner. Thereby entacapone dose-

dependently reduces the peripheral loss of L-dopa to 3-OMD and increases the

AUC of L-dopa, prolonging the patients’ clinical response to L-dopa. The clinical

response is, however, not further improved after increasing the entacapone dose

from 200 mg to 400 mg.

5. Furthermore, the studies indicate that the 200-mg dose of entacapone following a

single dose of standard release L-dopa/carbidopa similarly and significantly

increases the AUC but not the Cmax of L-dopa. Entacapone similarly changes the

metabolic balance of L-dopa independent of the L-dopa/carbidopa dose, and is

therefore likely to have a similar L-dopa potentiating effect independent of the L-

dopa/carbidopa dose. The proportional decrease in 3-OMD concentrations is

comparable between different L-dopa/carbidopa doses. This indicates that the

COMT inhibition by a 200-mg dose of entacapone is sufficient independent of

the dose of L-dopa/carbidopa.

6. There are no major differences in the relative bioavailability of entacapone at any

of the doses of L-dopa and carbidopa used in the studies.

7. The 200-mg dose of entacapone had no significant impact on the relative

bioavailability of carbidopa.
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