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Abstract Levodopa is considered the gold standard treatment of Parkinson’s
disease. Although very effective in alleviating symptoms at their onset, its
chronic use with the progressive neuronal denervation in the basal ganglia
leads to a decrease in levodopa’s effect duration and to the appearance of mo-
tor complications. This evolution challenges the establishment of optimal regi-
mens to manage the symptoms as the disease progresses. Based on up-to-date
pathophysiological and pharmacological knowledge, we developed an integra-
tive model for Parkinson’s disease to evaluate motor function in response to
levodopa treatment as the disease progresses. We combined a pharmacokinetic
model of levodopa to a model of dopamine’s kinetics and a neurocomputational
model of basal ganglia. The parameter values were either measured directly
or estimated from human and animal data. The concentrations and behav-
iors predicted by our model were compared to available information and data.
Using this model, we were able to predict levodopa plasma concentration, its
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2 Florence Véronneau-Veilleux et al.

related dopamine concentration in the brain and the response performance of
a motor task for different stages of disease.

Keywords Parkinson’s disease · Levodopa · Dopamine kinetics · Basal
ganglia · Denervation

1 Introduction

Parkinson’s disease is the second most common neurodegenerative disorder
after Alzheimer’s [68]. Its generated motor symptoms are associated with the
loss of dopaminergic neurons in the substantia nigra in the nigrostriatal path-
way [68], leading to dopamine depletion in the striatum (caudate putamen).
Symptoms of Parkinson’s disease include rigidity, tremor at rest, postural dis-
abilities, and bradykinesia, which is a disabling symptom defined by the slow-
ness of the movements. The complexity of the disease and its involved mecha-
nisms calls for the development of an integrative approach using mathematical
modeling.

Going beyond a descriptive role, the main objective of the current study
is to develop a holistic approach that integrates a mechanistic model of basal
ganglia, levodopa kinetics and dopamine kinetics in order to help understand-
ing the underlying mechanisms of Parkinson therapy as the disease progresses
and to design proper therapeutic interventions. With this objective in mind, we
put within the same framework a pharmacokinetic (PK) model of levodopa
that we interface with a neurocomputational model of basal ganglia, where
dopamine kinetics is mechanistically described. The temporal profiles of lev-
odopa concentration in plasma and brain, as well as dopamine concentration
in the brain are derived. The model presented here could be used in future
studies to optimize levodopa’s regimen in an individualized manner.

To assess the degree of severity of the disease, numerous tests are used and
expressed in different scales, the most common being the Unified Parkinson’s
Disease Rating Scale (UPDRS). The finger tapping task is generally used as
a clinical biomarker since it has been shown to correlate with bradykinesia
subscore in terms of UPDRS scale [43,72]. The tapping frequency was used
here as an output of the model to study the motor activity of patients and the
severity of bradykinesia.

Levodopa, considered as a gold standard treatment, is one of the most
effective drugs to relieve motor symptoms of Parkinson’s disease [55]. Update AWhile
levodopa appears to slow disease progression [42] and to have long duration
response [16], it does not completely stop the progression of denervation [64].
Denervation is therefore an important aspect of the present work. Levodopa
is converted to dopamine and acts in reducing the disease symptoms[19]. Un-
fortunately, while levodopa is very effective during the first years of therapy,
its effect is altered with the progression of the disease. The initial period of
long-lasting effect with almost complete suppression of symptoms is referred
to as the ”honeymoon period” [41]. After several years of treatment, the ef-
fect duration and the delay between plasma concentration and effect shorten
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[41], leading to more frequent administration of levodopa and higher doses.
This is thought to induce disabling side effects such as involuntary movements
called dyskinesias [70]. These complications call for a better understanding of
the modification of the mechanisms involved in disease progression and the
response to therapy.

The integrative model developed here presents three novelties. First, our
model takes into account levodopa’s, dopamine’s and basal ganglia’s kinetics
all together with physiologically interpretable parameters. Second, the effect
of nigrostriatal denervation throughout the model is represented. Finally, each
model component is separately verified through comparison with available
data, providing reliability of its predictions. Altogether, this leads to an inte-
grative and physiologically realistic model that helps understanding Parkin-
son’s disease’s progression and its medication.

Previous studies have looked separately at the effect of levodopa, the
dopamine kinetics and the neurotransmission in the basal ganglia.

The evolution of the therapeutic effect of levodopa during the progres-
sion of the disease was previously evaluated using empirical equations, namely
the Emax models [15,18,41,54,74]. Disease progression was correlated with
pharmacodynamic parameters and levodopa duration effect [74]. Studies were
conducted to assess the difference in the pharmacodynamic parameters be-
tween early and advanced parkinsonian patients. Modifications in parameters
such as endogenous effect of dopamine [15], endogenous release [41], maximal
change in response [15], maximal effect [41], concentration to 50% effect (EC50)
[18] and steepness of effect curve [74] were observed. Although these studies
highlight the importance of incorporating disease progression into pharmaco-
dynamic modeling of levodopa, they do not provide mechanistic explanation.
In the current work, the influence of disease progression on release, recapture
and elimination of dopamine in the brain is explicitly modeled to enable a
better understanding of the evolution of levodopa’s effects with the disease.

Previous studies focused exclusively on the modeling of dopamine kinetics
with and without levodopa in Parkinson’s disease [9,25,26,60,61]. Although
more complex and detailed, these models did not include the effect of dopamine
on the basal ganglia. Since dopamine concentration does not invariably reflect
the effect of levodopa throughout the disease, it was important to include
the neuronal activity in the model. Other models were more concerned with
dopamine kinetics in normal and pathological states and did not address ther-
apy [9,25,26]. Compared to these models, the use of the present model can be
extended to understand the impact of different mechanisms (such as modifica-
tion of receptor’s density, of DATs recapture, of neurotransmission,...) on the
disease progression and its medication.

Other studies have focused their work on understanding Parkinson’s dis-
ease through neurocomputational models of basal ganglia, which is the ex-
trapyramidal center of control, selection and initiation of movement [5,7,6,14,
21,28,37,29,35,50,65,75,78]. Basal ganglia are composed of subregions and in-
clude the striatum, the globus pallidus, the substantia nigra and subthalamic
nucleus. The neurotransmission is carried out through the direct, the indirect
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and the hyperdirect striatal output, where the former promotes the movement,
the second decreases it, and the latter is responsible for suppression of erro-
neous movements. In the classical models [3,20,22], a proper action selection is
thought to be the result of a balance between these pathways. Dopamine (DA)
loss involved in Parkinson’s disease is reported to disrupt this natural balance
at the striatal level [3]. Although the above mentionned model of basal gan-
glia included the nuclei and the neurotransmission pathways, neither of them
included dopamine kinetics as ours.

The current study focuses on the modeling of levodopa and its effect on
both dopamine kinetics and basal ganglia function through a quantitative
systems pharmacology approach. It is aimed to provide a more thorough un-
derstanding of levodopa kinetics and action. The model here developed tries to
keep a good balance between simplicity and accuracy. The paper is organized
as follows. The description of the three submodels and the role of neuronal
death in the evolution of the different involved mechanisms are given in Sec-
tion 2. The validation of the whole model using available data is presented in
Section 3.1. Simulation of a virtual patient and the effect of the progression
of the disease on the motor task are presented in section 3.2 and 3.3 respec-
tively. Details on the model and the scaling of some equations are given in the
Supplementary material.

2 Methods

The whole model is divided into three parts, each of which is detailed in a
separate section below. It represents the different mechanisms relevant to un-
derstand the effect of levodopa and the progression of the disease on dopamine
kinetics and neurotransmission in the basal ganglia. This physiological inte-
grative model is a combination and an extension of three models previously
proposed [6,7,25]. The first part consists in a pharmacokinetic model of lev-
odopa, adapted from Baston et al. [6]. The dopamine kinetics model is detailed
in the second part. The processes of dopamine’s release, recapture by dopamine
transporters (DATs), elimination and occupancy of the dopaminergic receptors
are included, along with their interrelationship with nigrostriatal denervation.
In the third part, the neuronal activity of each region of the basal ganglia is re-
produced by simulating the direct, indirect and hyperdirect neurotransmission
pathways and their response to dopamine concentrations. The finger tapping
frequency as an output of the integral model is assessed. Figure 1 depicts the
three models and their connections.

Dose Plasmatic

concentration

Dopamine's 

and bound receptor's 

concentrations

Tapping

frequency

Pharmacokinetic

model

Dopamine

dynamics

Neurocomputational

model of basal

ganglia

Fig. 1 Representation of the three parts of the whole model
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Disease progression is represented here by the degree of nigrostriatal den-
ervation, described with the fraction of neurons alive in the substantia nigra,
noted f , which alters the mechanisms involved in the three different parts
of the model. When a linear regression between the neural density and the
UPDRS3 score was performed [33], it was shown that neuronal density in the
substantia nigra is inversely correlated with UPDRS3 score [33], so would be
the case for the fraction f .

2.1 Modeling the pharmacokinetics of levodopa

The dopamine precursor levodopa is one of the most effective treatments of
Parkinson’s disease. Unlike dopamine, it is able to cross the blood brain barrier
to reach the basal ganglia. Levodopa is then decarboxylated into dopamine
by the neurons of the substantia nigra, enhancing dopamine release by the
remaining dopaminergic neurons. Levodopa has been shown to successfully al-
leviate symptoms for many years following the initial diagnosis. With disease
progression, the effect duration and the delay in the effect are thought to be
shorter because of the loss of buffering capacity of the neurons [27,56,59]. In
early stages of the disease, the neurons, which are still in sufficient quantity,
store dopamine and release it into the synaptic cleft as required. This allows
the effect of levodopa to last longer than its plasma concentration. With the
progression of the disease and the loss of dopaminergic neurons, this storage
capacity is presumably lost and dopamine is released almost immediately. At
this stage, levodopa effect starts to mimic the plasma concentration. Phar-
macodynamics studies using an Emax model have shown an increase in EC50

and the Hill coefficient N with progression of the disease measured by Hoehn
and Yahr (H&Y) stages [1,18]. This increase in pharmacodynamic parameters
with disease progression is however still subject to debate [16].Update B It does not
however concern the model developed in this work because the Emax model is
substituted by a dopamine kinetics model combined to a neurocomputational
model of basal ganglia. The dopamine kinetics model is used to represent the
different processes regulating dopamine concentration in the striatum (release,
recapture and removal). This model is linked to a neurocomputational model
to represent the dopamine action on the neurotransmission pathways.

Pharmacokinetic (PK) studies [6,15,67] have shown that two-compartment
models are good fit of levodopa concentrations. The herein PK model was
adapted from [6], which was used with the neurocomputational model of basal
ganglia to represent the PK of a typical patient. Figure 2 is a schematic rep-
resentation of the PK model.

Concentrations C1 and C2 in the central and peripheral compartments are
respectively given by:

V1
dC1

dt
= k0(t) +Q21C2 − (Q12 + CLetot)C1, (1)

V2
dC2

dt
= Q12C1 −Q21C2, (2)
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Dose

CLe3

Fig. 2 Representation of the two compartment pharmacokinetic model of levodopa with a
third compartment for levodopa in the brain

where Qij is the inter-compartment clearance between the ith and the jth
compartments. As mentioned in [6], Q12 and Q21 take slightly different values
to provide good fitting of individual plasma concentrations. Update CThis raises a prob-
lem of identifiability of parameters Q12 and Q21 that was not addressed in
the present work. The total clearance is given by the parameter CLetot with
CLetot = CLe1 + Q13. The infusion rate is k0(t). As the disease progresses,
the PK of levodopa remains the same, so the parameters of equations 1 and
2 are not affected by the fraction f of neurons alive [18]. Levodopa brain
concentrations in the third compartment C3 are given by:

V3
dC3

dt
= Q13C1 − CLe3C3. (3)

At early stages of the disease, dopamine is still functionally released in the
synaptic cleft, modulated by the need in dopamine. With disease progression,
this buffering effect of the neurons is increasingly lost, leading to a rapid and
pulsatile rather than continuous release of dopamine in the synaptic cleft [73].
This loss of buffering effect was previously modeled by assuming that the
value of CLe3 is increased with the loss in dopamine [18,38,54,53,74]. The
parameter CLe3 which represents the clearance from the effect compartment
(here the brain) was shown to be correlated with nigrostriatal denervation [24].
Parameter Q13 was also previously correlated with denervation [11,18,76]. In
the current model, we assumed that both CLe3 and Q13 are correlated with
the loss of neurons. Indeed, since dopamine is released more rapidly due to
the loss of buffering capacity in the synaptic cleft, Q13 is assumed to become
higher with denervation. It is as if levodopa fills a reservoir that slowly leaks
and becomes leakier with denervation, hence CLe3 and Q13 are higher with
denervation. With the progression of the disease, equation 3 is modified and
the concentration in the brain is given by:

V3
dC3

dt
=

1

f
·Q13C1 −

1

f
· CLe3C3. (4)

The denervation progresses with disease, resulting in a smaller fraction f of
neurons alive (higher values of 1/f .)
The value of parameter CLe1 is much larger than the value of Q13, hence
the value of CLetot is almost equal to CLe1. For the sake of simplicity, the
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total elimination parameter (CLetot = CLe1 +Q13) of the first compartment
has been maintained constant throughout the disease even if Q13 is modifed
by f . This choice is supported by the observation that denervation does not
impair the pharmacokinetics, hence the total elimination remains unchanged
[18]. Most parameter values were taken from patient 1 in [6], estimated from
plasma concentrations and effect (measured as finger tapping frequency) by
considering f = 0.30.Update D Only parameter Q13 was estimated to obtain a maxi-
mal levodopa brain concentration close to the one presented in [52]. Patient
1 was chosen since he exhibits quite a stable response to levodopa, with just
a moderate decrease in tapping frequency during the first hours after drug
administration. The behavior of more unstable patients presented in [6] can
be simulated via a reduction in f , as demonstrated below. No significant dif-
ference was seen in pharmacokinetics between patients with or without motor
fluctuations in previous studies [6,27,54]. The parameter values are presented
in Table 1.

Table 1 Parameter values of the PK model

Parameter Description Value Reference

Q12 Inter-compartmental clear-
ance from compartment 1
to 2

9.11 L/min* [6]

Q21 Inter-compartmental clear-
ance from compartment 2
to 1

10 L/min* [6]

Q13 Inter-compartmental clear-
ance from compartment 1
to 3

0.0021 L/min estimated

CLe3 Clearance from compart-
ment 3

0.006 L/min [6]

CLe1 Clearance from compart-
ment 1

0.7979 L/min [6]

V1 Volume of compartment 1 12 L [6]
V2 Volume of compartment 2 32 L [6]
V3 Volume of compartment 3 2 L [6]
k0(t) Infusion rate 3.33 mg/min for 0 ≤ t ≤ 30min

0 mg/min for t ≥ 30min [6]

Update D * The values of Q12 and Q21 are not identifiably different.

2.2 Modeling the Dopamine Kinetics

The extracellular dopamine concentration in the striatum is regulated by dif-
ferent processes. It is synthesized by dopaminergic neurons of the substantia
nigra and released in the striatum. It can then be recaptured by DATs on the
presynaptic neurons and eliminated or removed from the synaptic cleft. The
remaining dopamine molecules can bind to dopaminergic receptors (D1 and
D2 receptors are considered here) on the postsynaptic neurons. To maintain
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simplicity of the model, not all reactions in the neurons nor interactions with
enzymes are detailed, but only the main processes for which information and
data are accessible. Indeed, dopamine metabolism and DAT density were eval-
uated through both positron emission tomography (PET) and single-photon
emission computed tomography (SPECT) [34]. Distruption in the L-Tyrosine
to vesicular dopamine pathway was not modeled here as in [61]. Focus was
kept on release, reuptake and elimination of dopamine in the synaptic cleft
and their influence on dopamine concentration.

Figure 3 illustrates the processes of dopamine kinetics included in the
model.

Removal

DAT

Recapture

{Synaptic 

cleft

Levodopa

C3(t)

Presynaptic neuron

(SNc)

Postsynaptic neuron

(Striatum)

D1

D2

Dopamine 

release

Bound 

receptorD1

Bound 

receptorD2

Fig. 3 Schematic representation of release, recapture by DATs, binding to receptors and
elimination of the dopamine in the synaptic space.

We here explicitly add the influence of removal that can be affected in
different ways by the loss of dopaminergic neurons. The processes of release,
recapture and elimination were described in the current model using the fol-
lowing relation to express dopamine concentration Cdop(t) in µMole/L in the
synaptic space:

VSC
dCdop(t)

dt︸ ︷︷ ︸
Dopamine concentration

= ĨDA(t)︸ ︷︷ ︸
Dopamine Release

− ṼmaxCdop(t)

(km + Cdop(t))︸ ︷︷ ︸
Recapture by DATs

−CLremCdop(t)︸ ︷︷ ︸
Removal

(5)

where VSC is the volume of the synaptic cleft. It is possible to rewrite equation
5 as the following:

dCdop

dt
=
ĨDA(t)

VSC
− ṼmaxCdop(t)

VSC(km + Cdop(t))
− CLrem

VSC
Cdop(t) (6)

= IDA(t)− VmaxCdop(t)

km + Cdop(t)
− kremCdop(t) (7)
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where the values of parameters Vmax, km and krem are given in Table 2. The
binding of dopamine to receptors was neglected in equation 5 as in [44] because
dopamine kinetics are dominated by transporters uptake rather than by bind-
ing to receptors. Indeed, the removal of dopamine from synaptic cleft by recep-
tors binding is much slower than from reuptake by transporters DATs [44]. The
variable IDA(t) could account for dopamine release from serotoninergic termi-
nals in future studies. In the current study, IDA(t) only expresses release by
dopaminergic neurons. The details of the determination of the variable IDA(t)
are presented in Section S.2 of the Supplementary Material. This release vari-
able is the sum of the endogenous dopamine produced by L-Dopa decarboxy-
lation and the exogenous dopamine produced by levodopa decarboxylation. In
the present model, levodopa brain concentration needs to be converted into
its equivalent increase in dopamine release. Exogenous dopamine release by
levodopa is assumed to be proportionnal to concentration C3:

IDA(t) = IDAendogenous + IDAlevodopa(t) (8)

= IDAendogenous + k3dopC3(t). (9)

The value of IDAendogenous is given in Table 2. IDAendogenous is considered
to be the constant tonic release of dopamine and IDAlevodopa is changing in
time as concentration of levodopa in the brain C3 is changing. IDAendogenous

and IDAlevodopa are proportional to the terminal density, the vesicular release
probability, the number of molecules released per vesicule fusion and the aver-
age firing rate of dopaminergic neurons. They are inversely proportional to the
extracellular volume fraction and the Avogadro’s constant [25]. The parame-
ter k3dop also contains the conversion factor of C3 from µg/mL to µmol/L.
More details are given in section S.2 of Supplementary material. The scal-
ing of levodopa brain concentration into its related release of dopamine is
presented in section S.1 of Supplementary material. Recapture by DATs is a
saturable process given by a Michaelis-Menten equation. All other processes
leading to the removal of dopamine such as diffusion far from the release site,
or metabolism by the Catechol-O-methyltransferase (COMT) in glial cells or
neurons, are considered linear [13,25]. Equation 7 was proposed in several pa-
pers dedicated to dopamine kinetics [9,25,60]. The merit of this equation lies in
the physiological interpretation of its involved parameters, readily measurable
from experimental data.

As the disease progresses, neurons will die in the substantia nigra, leading
to changes in the dopamine kinetics. Considering f as the fraction of neurons
alive, equation 5 becomes:

dCdop(t)

dt
= f · IDA(t)− f · VmaxCdop(t)

(km + Cdop(t))
− 1

f
· kremCdop(t). (10)

It is assumed that the release variable IDA(t) decreases linearly with the loss of
neurons. While the exact relation is not known, the recapture by DATs is also
assumed to decrease linearly with the loss of neurons in the present model since
the transporters are located on the dying neurons [25,60]. The linear removal
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from the synaptic cleft is usually lower compared to reuptake because the
neurons of the substantia nigra are densely packed, so the dopamine molecules
are recaptured by DATs from neighboring terminals before they have had
time to be removed by other mechanisms. As the disease progresses and the
terminals become sparser, it gets easier for the dopamine molecules to be
removed, justifying the assumption of inverse proportionality to the fraction
of neurons alive for linear removal [60]. As shown in Figure 4, the main route
of dopamine elimination from the synaptic cleft is through recapture by DATs
until too many neurons have died. The contribution of enzymatic elimination
or of the other removal processes increases with denervation and it becomes
the dominant one when f < 0.05.

00.20.40.60.81
0

0.005

0.01

0.015

0.02

0.025

00.20.40.60.81
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

00.050.10.150.2
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2
(a) (b) (c)

Fraction of neurons alive (f)

E
li
m

in
a
ti
o
n
 r

a
te

 a
t 

h
o
m

e
o
s
ta

s
is

 (

�

m
o
l/

L
/m

in
)

Fig. 4 (a) Rate of dopamine linear removal at homeostasis, (b) Rate of dopamine’s recap-
ture by DATs transporters at homeostasis and as function of fraction of neurons alive (f)
(c) Both recapture and removal routes for f below 0.2

Once in the synaptic cleft, dopamine can bind to dopaminergic receptors
D1 and D2. The concentration of bound receptors to dopamine of type i with
i ∈ {D1, D2} is given by the following equation:

Bound receptori =
Bi

maxCdop

kiD + Cdop
. (11)

The maximal concentration of receptors of type i is given by Bi
max. The dis-

sociation constant kiD of the receptors changes according to receptors’ affinity.
kiD is approximatively 1 µM for low affinity state and 0.01 µM for high affinity
state [51,62]. In the striatum, we considered that most of the D1 receptors are
in low affinity state and D2 receptors are in high affinity state [62]. The param-
eter values of equations 7 and 11 are given in Table 2 with the references from
which they were drawn. The bound receptor concentration will be considered
representative of the postsynaptic effect of dopamine [39]. In the neurocom-
putational model of basal ganglia, Bound receptorD1 and Bound receptorD2



Integrative model for Parkinson’s Disease and levodopa 11

Table 2 Parameter values for the dopamine kinetics model

Parameter Descrition Value Reference

IDAendogenous Endogenous release rate 0.9963 µmol/L/s [25]
Vmax Maximal reuptake rate by DATs 4 µmol/L/s [25]
km DATs dissociation constant 0.16 µmol/L [25,60]
krem Removal rate 0.04 1/s [13,25]
kD1
D D1 receptor dissociation constant 1 µmol/L [48]
kD2
D D2 receptor dissociation constant 0.01 µmol/L [48]
BD1

max D1 receptor maximal density 0.007 µmol/L [17]
BD2

max D2 receptor maximal density 0.015 µmol/L [45]

act on the activity of neurons in the striatum. Bound receptorD1 acts on the
Go pathway and Bound receptorD2 on the NoGo and cholinergic pathways.

2.3 Modeling the Basal Ganglia

The basal ganglia are the control center for movement’s selection and initia-
tion [49]. They are composed of subcortical nuclei such as the striatum, the
globus pallidus, the substantia nigra and the subthalamic nucleus. They are
divided in three main neurotransmission pathways: the direct pathway which
promotes the movement, the indirect pathway which decreases the movement
and the hyperdirect pathway which suppresses erroneous movement. The di-
rect pathway connects the striatum, the globus pallidus internal (GPi) and the
thalamus. The indirect pathway connects the striatum, the globus pallidus ex-
ternal (GPe), the GPi and the thalamus. The dopaminergic receptors present
on the neurons of the striatum are mainly D1 (Go or G) and D2 (NoGo or N).
Neurons presenting D1 and D2 receptors will be considered separately in the
model since direct-pathway striatal neurons contain more D1 receptors, while
indirect-pathway striatal neurons contain more D2 receptors [30]. Finally, the
hyperdirect pathway connects the cortex to the subthalamic nucleus. In the
classical model [3,20,22], correct motor responses are the result of balance
between these three neurotransmission pathways. This classical model states
that, in Parkinson’s disease, this balance is lost. Dopamine acts on the neuro-
transmission pathways. It is mainly excitatory for D1 and inhibitory for D2.
In the current model, dopamine also acts on the striatal cholinergic interneu-
rons. In this model, dopamine inhibits cholinergic interneurons, which in turn
provides inhibition to the Go neurons and excitation to the NoGo neurons,
with an opposing role compared with dopamine. The thalamus and cortex are
also included in the current model to complete the neurotransmission loop. A
schematic representation of the basal ganglia nuclei and the three neurotrans-
mission pathways of the model is given in Figure 5.

The neurocomputational model of basal ganglia was previously developed
to investigate the motor function in the finger tapping task [6,7]. Each subcor-
tical nuclei of the basal ganglia is divided in two ”neurons” to represent the
two binary actions of the task: rising the finger and lowering the finger. Firing
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Fig. 5 Schematic representation of the basal ganglia and the three neurotransmission path-
ways [6]

rate type equations were used to represent the neural activity in each region.
The equations and details of this model are presented in Section S.3 of the
Supplementary material. In the neurocomputational model of basal ganglia,
Bound receptorD1 and Bound receptorD2 act on the activity of neurons in the
striatum. In particular, Bound receptorD1 excites activity of the Go pathway
and Bound receptorD2 excites activity of the NoGo one. Moreover, Bound
receptorD2 acts on the cholinergic system which, in turn, amplifies the effect
of the dopaminergic term. As a consequence, a dopamine increase activates the
Go pathway, favoring action selection, while a decrease in dopamine activates
the NoGo pathway, preventing action selection. The finger tapping task was
simulated as a choice between two actions (finger down, finger up) which are
alternatively given as input to the model. At the end of each action, before
starting the new one, a time lag of 115 ms is inserted [6], to simulate the time
necessary to perform the action. Hence, the tapping frequency depends on the
balance between the Go, NoGo and cholinergic pathways, which, in turn, are
a function of bound receptors.

2.4 Connecting the three submodels

The plasma concentration of levodopa is given by the pharmacokinetic model.
Once it crosses the blood brain barrier, levodopa is decarboxylated into dopamine
by the neurons of the substantia nigra. The release of exogenous dopamine will
be added to the endogenous one. Indeed, the release term IDA(t) is the sum of
the endogenous and exogenous dopamine, which is related to the concentra-
tion in the third compartment C3(t). Dopamine will then bind to receptors D1

and D2. Its post-synaptic effect will be given by the concentration of bound
receptors through the parameters Bound ReceptorD1 and Bound ReceptorD2,
respectively. These parameters will affect the neurotransmission in the basal
ganglia nuclei and thus will modify the final motor response. Update EDopamine and
levodopa concentrations, both in plasma and brain, are given in µmol/L and
µg/mL, respectively. Their equivalent concentrations in different units could
be obtained by considering dopamine’s molar mass at 153, 18 g/mol and lev-
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odopa’s molar mass at 197, 1879 g/mol. Figure 6 is a schematic representation
of the whole model with the connections between the three submodels.

Dose
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Pharmacokinetic model
Dopamine kinetics model

Basal ganglia 
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Fig. 6 Schematic representation of the three submodels connected

All simulations were performed with Matlab R2018a using standard li-
braries.

3 Results

The processes involved in the progression of Parkinson’s disease and the ef-
fect of levodopa are not still fully understood. The current model is based
on the up-to-date pathophysiological and pharmacological knowledge. Several
physiological parameters were measured either in animals or humans. The pa-
rameters of the neurocomputational model of basal ganglia were previously
fitted [6] to tapping frequency data recorded 12 times over 200 minutes for a
group of six patients.

3.1 Representation of physiological data

In the following, the output of each submodel was either compared with avail-
able physiological data or to well-documented behaviour.

3.1.1 PK model

Pharmacokinetic parameters previously fitted to data taken from patient 1
in this study [6] were used here. This patient received 100 mg of levodopa.
The PK parameters were estimated to fit the data of nine samples over a 200-
minutes period.

Levodopa concentration in the basal ganglia is given by the concentration
in the third compartment of the PK model (C3). This concentration has been
measured in humans by microdialysis [52]. Using our model, we simulated the
maximal levodopa concentration in the brain as ∼ 1 µmol/L, which is close to
the one measured in humans (∼ 0.8 µmol/L) [52].
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Fig. 7 Endogenous dopamine concentration in the brain as a function of the fraction of
neurons alive (f)

3.1.2 Dopamine kinetics model

Parkinson’s disease symptoms do not appear until only about 10% to 40% of
neurons (represented by the parameter f in the present model) of the substan-
tia nigra remain alive [2,79]. Dopamine concentration does not decrease sig-
nificantly until approximatively 15% of the neurons are alive [8,10,23]. Before
reaching this threshold of denervation, adjustment of the different processes
involved in dopamine kinetics allows the dopamine concentration to remain
constant. This compensation phenomenon is represented in the model. Indeed,
while the fraction of neurons alive f decreases, dopamine concentration does
not change until approximatively only 30% subsists. The endogenous concen-
tration of dopamine as a function of the fraction f of neurons alive is simulated
using equation 10 and shown in Figure 7. Only endogenous dopamine is con-
sidered here so the parameter IDAlevodopa(t) of equation 8 was set to zero.

The decarboxylation of levodopa in the brain will contribute to the increase
in dopamine release. The resulting dopaminergic concentration in the synaptic
cleft (CDop) is given by the dopamine kinetics model. It was reported that
dopamine concentration increases to 0.17 µmol/L with levodopa medication
close to therapeutic dose compared to 0.07 µmol/L without the medication
[25]. In [71], dopamine concentrations without medication were on the order
of 0.01−0.03 µmol/L. Similar dopamine concentrations were obtained with the
current model, increasing from ∼ 0.05 µmol/L in the absence of medication to
∼ 0.1 µmol/L with levodopa, in the case where only a 30% fraction of neurons
are still alive.

At an early stage of the disease, the buffering capacity of the neurons al-
lows dopamine concentration in the brain to be maintained at a constant level
even when levodopa plasma concentration is fluctuating [59]. This buffering
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Fig. 8 Levodopa plasma concentration and related dopamine brain concentration in time.
Left: Concentrations for early stage of disease with a fraction of neurons alive of 50%; Right:
Concentrations for advanced stage of disease with a fraction of neurons alive of 10%.

capacity of the neurons is progressively lost with denervation. Fluctuations
in dopamine concentration are then appearing and tend to mimic levodopa
plasma concentration. This phenomenon is simulated using the combination
of the PK model with the dopamine kinetics model. Figure 8 depicts the
plasma concentration of levodopa and the related dopamine concentration in
the brain for different fractions of neurons alive. This observed pattern [59] is
reproduced here with our model. As seen in Figure 8, basal dopamine concen-
tration is smaller than ∼ 0.05 µmol/L. This is due to autoreceptors feedback
that decreases dopamine release when levodopa is taken [25]. Autoreceptors
are not explicitly modeled in this work, but their influence on dopamine re-
lease is represented. Details are found in Supplementary material section S.2.
Basal dopamine concentration is also decreased due to denervation, especially
in the case of f = 0.1.

3.2 Simulation of a patient

Using the whole model, simulations were performed with the set of parameter
values given above. The effect of dopamine in the basal ganglia, assigned in [6]
to fit the finger tapping data, is simulated here assuming a fraction of neurons
alive of 30%, f = 0.3. The model allows the plasma concentration, the concen-
tration of levodopa in the brain, the corresponding dopamine concentration in
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the brain and the fraction of occupied receptors D1 and D2 to be expressed
as a function of time. The fractions of occupied receptors are calculated as
follows: Bound receptori/B

i
max with i ={D1, D2}. The resulting simulations

are shown in Figure 9. Update EThe patient was simulated using the whole model with
f = 0.3. With these simulations, the maximal tapping frequency, the levodopa
plasma concentration at 50% (EC50) and the baseline tapping were estimated
to 175 taps/min, 0.78 µg/mL and 118 taps/min, respectively. These values
can be visually deduced from Figure 9 (a) and (e) put together.
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Fig. 9 (a) Levodopa plasma concentration, (b) levodopa brain concentration, (c) dopamine
concentration, (d) fraction of occupied dopaminergic receptors D1 and D2 and (e) tapping
frequency in time.

3.3 Progression of the disease

At early stages of the disease, levodopa’s effect duration extends beyond the
duration of the drug in the plasma concentration. As the disease progresses,
the onset of levodopa’s effect is quicker and the effect duration is shorter. This
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phenomenon is well reproduced by the model. Simulations were performed for
different fractions of neurons alive (f) in order to represent the progression of
the disease. The values of all parameters were kept constant but the fraction
f . The results obtained for the tapping frequency over time with the whole
model (PK model, dopamine kinetics model and neurocomputational model
of basal ganglia) are shown in Figure 10. The fraction of neurons alive was
varied between 80% and 5% as observed in experimental studies on animals
[47]. A denervation of 5% would represent a score of approximately 73 on
the UPDRS3 scale [33]. In Figure 10, baseline frequencies, which are those
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Fig. 10 Tapping frequency in time for different fractions of neurons alive, frequencies before
10 minutes are the basal frequencies before taking the dose

at 10 minutes before taking the dose, decrease with denervation. This is in
line with what is reported in the literature [43,57,72]. Our model does not
include long duration response of levodopa which could lead to an increase in
this baseline tapping frequency [16]. Long duration response could be added
in future studies to better capture the effect of levodopa chronic use.

3.4 Receptor’s sensitivity analysis

Dopaminergic receptor’s density has been shown to change with aging [45]
and with nigrostriatal denervation and may be involved in the development of
levodopa induced dyskinesia [36,46,63,66]. The maximal density of receptors
D1 and D2 is represented in the current model by the parameter BD1

max and
BD2

max respectively. In an attempt to investigate the impact of a change in each
receptor’s density, a variation of more or less 40% was applied to each of the
parameters BD1

max and BD2
max individually. The resulting tapping frequency as a

function of f is given in Figures 11(a) and 12(a). As reported in the literature
[32,63], a change in receptor D2 density has a bigger impact on the motor
action than that of receptor D1.
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Contrary to the maximal receptor density, the affinity of the receptors is not
modified with denervation [63]. However, dopamine agonists and antagonists
could [12,40,58] modify the affinity of receptors D1 and D2, represented here
by parameters kD1

D and kD2

D , respectively. Dopamine receptor agonists are used
to delay the starting of levodopa therapy and in advanced stages of Parkinson’s
disease, they are also used in combination with levodopa [32].

In order to study the impact of each receptor, their affinities were changed
independently. A variation of more or less 40% was added to the affinity of
receptor D1 and then of D2. The tapping frequency as a function of the fraction
of neurons alive was computed and the results are shown in Figures 11(b) and
12(b). The tapping frequency is more affected by a modification in receptor
D2 affinity. The model predicts a better effectiveness of D2 agonists over D1
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Fig. 11 Tapping frequency at equilibrium without levodopa as a function of the fraction
of neurons alive for receptor D1 (a) BD1
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agonists, which confirms the current clinical use.
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4 Discussion

The main objective of this study was to develop a mechanistic model that
integrates neurodynamics of basal ganglia, dopamine kinetics and levodopa
kinetics in order to understand the different mechanisms involved in the mod-
ification of levodopa’s effect as Parkinson’s disease progresses. The relationship
between denervation and the more rapid onset and the shorter effect duration
of levodopa was investigated.

Three models were combined to represent the important underlying pro-
cesses. First, a two compartment pharmacokinetic model of levodopa, con-
nected to a third compartment of levodopa’s brain concentration was adapted.
Then, dopamine kinetics in the striatum was modeled by the inclusion of the
main components, namely, release, recapture by DATs and removal. Finally,
a neurocomputational model of basal ganglia was used to represent the three
neurotransmission pathways and the impact of dopamine on these pathways
and on cholinergic interneurons. These models were then connected through
scaling or units modification. The involved parameters were derived from ani-
mal or human data or fitted to data in previously published studies. Validation
was performed with the output of each model to ensure consistency with clin-
ical observations.

We used the full model to produce levodopa’s plasma and brain concentra-
tions, dopamine concentrations, fraction of bound receptors and motor activity
(finger tapping frequency) in function of time, Figure 9. Disease progression
was also investigated by simulating the tapping frequency in time for a same
dose of levodopa with different fractions of neurons alive, as shown in Figure
10. We also used the model to illustrate the pulsatile patterns of dopamine,
induced by the therapy throughout the disease progression, Figure 8. Disease
severity is here given by the fraction f of neurons alive in the substantia nigra.
It was shown to be related in a linear way to UPDRS3 score [33]. Few studies
analyzed the relation between Hoehn and Yahr scale (H&Y) in Parkinson’s
disease with UPDRS. In a previous study [69], it was concluded that UPDRS
scores for all 4 parts increase significantly with every H&Y stage and also with
5-years increaments of disease duration in the first 15 years of the disease. The
fraction f is then somehow also related to H&Y scale. Distribution and elimi-
nation from the brain compartment as well as dopamine release, recapture by
DATs and removal are the processes affected by the progression of the disease.

The neurocomputational model used in the current study was previously
built to simulate the finger tapping task with levodopa administration [6]. We
here expanded this model through the addition of dopamine kinetics descrip-
tion. To investigate the impact of the disease progression, expressed here in
terms of neurons loss, on the different mechanisms, it was important to detail
the dopamine kinetics since nonlinear relationships are involved with denerva-
tion.
Additional action channels could be used to represent more complex motor
tasks, which can still be addressed with the modeling structure developed here.
The neurocomputational model of basal ganglia was previously used with four
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action channels [7]. The present model can be applied to study bradykinesia
using toe tapping or pronation/supination movements for both hands as a
measure of slowness of movements [31]. It could also be used in future studies
to investigate different action selection patterns representing dyskinesias and
motor fluctuations as in [75].

Previous studies have focused their efforts on understanding Parkinson’s
disease by developing neurocomputational models of basal ganglia [5,7,6,14,
21,28,37,29,35,50,65,75,78]. Several neurocomputational models of basal gan-
glia explicitly include the basal ganglia subregions where one to three of the
neurotransmission pathways are represented [7,6,14,21,28,37,29,35,50,65,78].
Additional to finger tapping, bradykinesia was evaluated through arm move-
ment [21]. Other symptoms such as handwriting [29], tremor [37] or the impact
of learning [5,7,28], reward, punishment [35] and synaptic plasticity [65,75,78]
were also considered in several neurocomputational models. As opposed to our
model, dopamine kinetics was not explicitly considered in these studies.

The disease progression was also investigated through modeling of dopamine
kinetics as an isolated phenomenon per se with [25,60,61] and without [9,26]
considering the impact of neuronal death and levodopa intake. The importance
of the compensation mechanisms in signaling through dopamine receptors D1
and D2 [26,25], the release and recapture of dopamine [9,60] and the serotonin-
ergic system [61] in dopamine kinetics were previously highlighted. However,
the implication of the different processes of dopamine kinetics in the basal
ganglia intrinsic function was not part of these studies. It is important to in-
vestigate the relation of dopamine and neuronal activity in the basal ganglia
for a better understanding of the disease and its medication.

The model developed here is intended to represent a more holistic approach
of Parkinson’s disease and its therapy, with an attempt to reach a good balance
between simplicity and accuracy. We were also concerned by the physiological
interpretation of the involved parameters and an appropriate comparison with
existing data. The model can be used in the context of two different time scales,
one on a scale of hours in order to monitor the effect of the drug following
its administration; the other is on a much longer scale with the objective of
investigating the progression of the disease. The novelty of this work lies in
its mechanistic approach of the drug to clinical effect during the progression
of Parkinson’s disease.

The model would benefit from the addition of the effect of tonic versus pha-
sic dopamine [26], as well as dopamine release by serotoninergic neurons [61].
A better estimation of the individual weights parameters of the neurocom-
putational model would help individualize therapeutic predictions by using a
customized model to assess the patient’s motor activity. Update CA limitation of the
model is the non-identifiability of parameters Q12 and Q21 in the pharma-
cokinetic model. Since we did not have pharmacokinetic data, we used the
parameters values reported in [6]. However, as formulated and with the ac-
cessible data, the model of [6] presents a fundamental issue of identifiability
(parameters Q12 and Q21 are not uniquely defined). Scaling was used to con-
nect the dopamine kinetics model to the neurocomputational model of basal
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ganglia in order to maintain the value of synaptic weights originally fitted to
patients data. Refitting data with this new model would prevent the need for
scaling. We are confident this scaling does not significantly change the output
of the model. The ultimate purpose of this modeling exercise is to optimize
levodopa’s regimen. As dyskinesia is reported as the main side effect of the
chronic use of levodopa [75], extension of our model to integrate this motor
complication would inform on the evolution towards the thin line that sepa-
rates levodopa benefits from harm effects throughout the disease.

Indeed, dyskinesias could possibly be delayed by reducing the dose while
maintaining the beneficial effect. Different routes of administration of levodopa
are tested due to the occurrence of side effects and due to the progression of
the disease [4]. In future studies, other pharmacokinetic models (duodenal
infusion, oral,..) could be added to the present model to determine not only
optimized regimens but also optimized route of administration of levodopa for
each patient.

The present model assumes a homogeneous death of neurons in the sub-
stantia nigra. However, recent studies [25] showed heterogenous loss of neurons,
with the existence of completely void regions. The link between reduction in
dopamine and the lost of spatial coherence in innervation is however beyond
the scope of our present work. In the present study, the conditions for well-
mixed levodopa pharmacokinetics and dopamine kinetics models hold, and this
assumption is commonly used in the literature on levodopa pharmacokinetics.
Synaptic space with tonic firing has also been shown to be well-mixed [77].

Finally, a sensitivity analysis could be carried out for the herein proposed
model with dopamine kinetics in order to determine the most important mech-
anisms in the onset of symptoms and loss of effect of levodopa. For this, we
can draw on a recent work by Ursino et al. [75] which performed a sensitivity
analysis of the Go/NoGo pathways, the STN and the cholinergic interneurons.

To conclude, the integrative model developed here was able to reproduce
the behaviour of levodopa’s effect by representing its most important mech-
anisms, especially the fact that the therapeutic effect of levodopa start to
mimic plasma concentration with the progression of the disease. This quan-
titative systems approach is a promising step towards the understanding of
important mechanisms involved in Parkinson’s disease and designing optimal
drug regimens.
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