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Abstract Parkinson Disease (PD) is one of the most

common neural disorders worldwide. Different treatments

such as medication and deep brain stimulation (DBS) have

been proposed to minimize and control Parkinson’s

symptoms. DBS has been recognized as an effective

approach to decrease most movement disorders of PD. In

this study, a new method is proposed for feature extraction

and separation of treated and untreated Parkinsonan rats.

For this purpose, unilateral intrastriatal 6-hydroxydop-

amine (6-OHDA, 12.5 lg/5 ll of saline-ascorbate)-

lesioned rats were treated with DBS. We performed a

behavioral experiment and video tracked traveled trajec-

tories of rats. Then, we investigated the effect of deep brain

stimulation of subthalamus nucleus on their behavioral

movements. Time, frequency and chaotic features of trav-

eled trajectories were extracted. These features provide the

ability to quantify the behavioral movements of Parkinso-

nian rats. The results showed that the traveled trajectories

of untreated were more convoluted with the different time/

frequency response. Compared to the traditional features

used before to quantify the animals’ behavior, the new

features improved classification accuracy up to 80 % for

untreated and treated rats.

Keywords Parkinson disease � 6-hydroxydopamine �
Deep brain stimulation � Feature extraction � Behavioral

movements � Classification

Introduction

Parkinson’s Disease (PD) is a progressive neural disorder

which is characterized by an involuntary tremor, rigidity,

bradykinesia (slowness of movement), unstable posture

and difficulty in walking. PD is a disease of the Central

Nervous System (CNS) which is caused by neurodegen-

eration of dopaminergic neurons in the basal ganglia.

Currently, there are pharmacological and non-pharmaco-

logical treatments that only offer symptomatic relief

for patients; however; they do not prevent neurodegener-

ation nor reverse the progression of this debilitating disease

[1–3].

Deep brain stimulation (DBS) has been considered as

significant progress in PD treatment since the discovery of

levodopa as a superior anti-Parkinson drug in 1967 [4].

This treatment involves a stereotactic surgery which leads

to implantation of stimulus electrodes. These electrodes

stimulate specific deep brain nucleus. Among these nuclei,

the subthalamic nucleus (STN) is a popular target for

electrical stimulation and results in an anti-Parkinsonian

effect. In 1993, the first DBS-STN was applied to treat

disease. After a while, this treatment was adopted in

treatment of other disorders like epilepsy, depression,

chronic pain, and obsessive compulsive disorder [5–7].

Several studies have reviewed different approaches such

as electrical [8–10] neuro-chemical [11, 12], and behav-

ioral analysis to clarify the mechanisms of DBS [13, 14];

nevertheless, the mechanism of the DBS continues to

remain obscure. Limitations in experimental techniques

and complex responses of neurons to extracellular stimu-

lations make it difficult to understand the precise effect of

the DBS [15–18].

Since PD does not normally appear in animals, several

methods have been proposed to produce neuropathological
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of the human condition in laboratory animal [2]. The

6-hydroxydopamine (6-OHDA or Oxidopamine) model is

the first animal model of PD that can reproduce the motor

dysfunction of PD [19].This model can be achieved by

injecting 6-OHDA directly into the dopaminergic system.

The most common injecting site is median forebrain and

striatum. The oxidative stress caused by the 6-OHDA

destroys the dopaminergic neurons and produces 6-OHDA-

induced PD in rats [3]. An injection of neurotoxin into the

striatum leads to the early stage model of Parkinson.

Depending on the stage of Parkinson, it may be required to

apply one up to four injections [6].

Animals’ behavioral movements are monitored in the

studies as the reflection to the new treatment and medica-

tion methods. Therefore, having an effective method to

study these movements is of a great importance.

Currently, a video tracking system is used for auto-

mation of behavioral experiments (Ethovision) [20]. In

this system the behavioral movements of animal are

captured through a video camera. These behavioral

movements were analyzed and some features such as the

average speed of locomotion or the distance between

several individually identified animals are calculated. In

addition, if certain regions are known as the region of

interest (e.g., the center and edges of an open field) the

proportion of time spent with the animals in those regions

can also be calculated [20]. A drawback of this feature is

that it has been not considered as a motor dysfunction

specification associated with 6-OHDA induced neuronal

damage [21].

One of the most common behavioral tests in the

6-OHDA model is rotational test resulted from imbal-

anced dopamine (DA) neural activities and the adminis-

tration of apomorphine. The rate of rotation depends on

the extent of disease induced in the rat [6]. In this test, an

observer counts the ipsilateral and the contralateral rota-

tions of the animals. This is a time consuming method

specifically when the number of the rat increases. On the

other hand, we can add the human error factor which may

affect the reliability of the results. The aim of this paper is

to present a computerized and automatic method to

increase the speed of processing time as well as results

reliability.

Our hypothesis is that using a combination of time,

frequency, and chaotic features extracted from rat move-

ments would be an efficient method to classify treated and

untreated Parkinsonian rats. We investigated the effect of

deep brain stimulation on apomorphine-induced rotational

behavior of the rats. This method lends itself to develop an

automatic approach to quantify the behavioral movements

of treated and untreated Parkinsonian rats and follow up

their treatment procedure.

Materials and methods

Animals

Adult male Wistar rats (260–330 g; n = 14) were housed

in cages individually in temperature controlled colony

room under normal light–dark cycles with free access to

food and water. All rats were approximately in the same

age range (10–12 weeks) and they were randomly divided

into two groups. The first group, so-called lesion group,

received a lesion in their nigrostriatal pathway to produce

6-OHDA-induced PD. No treatment procedure was applied

to this group. The second group, so-called DBS group,

received the same lesion but they were treated with deep

brain stimulation. All experiments and animals’ care were

conducted in conformity with National Institutes of Health

(NIH) and had been approved by the ethics of Shahed

University Medical School (Tehran, Iran).

Surgical procedure

As mentioned before, in the present study, the 6-OHDA

model was selected as the animal model for the PD.

6-OHDA neurotoxin does not cross the blood–brain bar-

rier and classically injected directly into the target struc-

ture. Injecting 6-OHDA into the neostriatum can destroy

DA neurons in the dopaminergic system and reproducing

the pathological and behavioral changes of the PD in

rodents [21].

For injecting a neurotoxin, rats were anaesthetized by

100 mg/kg ketamine and 5 mg/kg xilazine. Left lower

quadrant of the abdomen was specified at the injection site

of the anaesthetic. After rats became completely uncon-

scious, they were placed on the stereotaxic apparatus

(Stoelting, USA). The coordinates of injection site were:

L -3 mm, AP ?9.2 mm, V ?4.5–5 mm from the center of

the interaural line, according to the atlas of Paxinos and

Watson [22]. After having the skull drilled carefully, single

injection of 0.9 % saline containing 2.5 lg/ll of 6-hy-

droxydopamine-HCl (6-OHDA, Sigma) and 0.2 % ascorbic

acid (w/v) at a rate of 1 ll/min was injected through a 5 ll

Hamilton syringe in anaesthetized rats. The act of injecting

performed in a slow rate (1 ll/min) to minimize the pos-

sibility of damaging brain tissue [3]. The rats were placed

equally in two groups mentioned before.

Electrode implantation and stimulation

A bipolar home-made stimulating electrode was inserted

stereotactically into the STN (L: 3 mm AP: -3.6 mm V:

8 mm relative to bregma) [22] in order to stimulate this

nucleus.
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Three days after operation (post-lesion), the DBS group

was stimulated about 1 h per day for four continuous days.

Too much stimulation duration may permanently damage

the brain tissue; on the other hand the brief session of

stimulation may be ineffective [23]. The parameters of

stimulation were 100–130 Hz frequency, 100 ls pulse

width and 100 lA current strength that were analogous to

pervious experimental studies [9, 15–17, 24]. The strength

of the current was determined to induce no involuntary

movements in the animal [25].

Behavioral testing

A behavioral test was performed in both groups, 1 week

after surgery. 2.5 mg/kg apomorphine hydrochloride

(Sigma Chemical, St. Louis, MO, USA) was injected and

they were placed in a cylinder with a diameter of 33 cm

and height of 35 cm. The animals were allowed to habit-

uate for 5 min and video tracked for about 15 min. Pattern

of rotational behavior movements was recorded for later

analysis. These videos were processed and the movement

trajectory of rats was extracted.

Video processing for extracting trajectory

A passive marker was attached to the head of rats. It had a

black color that made a good contrast with the body of the

rats (see Fig. 1). Behavioral movements were video

tracked by a SONY DSC-H70 camera with the frame rate

of 29 fps and resolution 640 9 480 pixel for 15 min. The

recorded videos were grayscaled and region of interest was

determined. Only the inside of the cylinder was considered

as the region of interest and the rest omitted. Only the

marker was black in the region of interest. Since rats

usually did not move a significant distance in 1/29th of a

second, we reduced the sample rate to approximately three

samples per second and the blackest pixel in each frame

was found with a computer program and considered as the

marker. The coordinates of the marker were stored in a

matrix for later analysis. In some frames these coordinates

were determined incorrectly and made gaps in the trajec-

tory signals. These gaps were detected and retrieved

according to prior and post points by averaging.

Finally, we low-pass filtered the signal (9th order; FIR;

cutoff frequency: 0.35p 9 rad/sample; zero phase distor-

tion) to eliminate the high frequency noise that was added

to the trajectory signal during the reading the coordinates

of the marker. The magnitude response of this filter is

illustrated in Fig. 2.

After filtering high frequency noise all trajectories were

normalized as follows:

xNormal ¼
x� maxðx;yÞþminðx;yÞ

2

maxðx;yÞ�minðx;yÞ
2

ð1Þ

yNormal ¼
y� max x;yð Þþminðx;yÞ

2

max x;yð Þ�minðx;yÞ
2

ð2Þ

Inspired from neural networks application, the Eq. (2) is

a mapping to normalize data set in order to set central point

to zero, maximum value to 1, and minimum value to -1

without turning the average of data to zero.

Recorded videos of each rat were split into six parts with

duration of 2.5 min and shuffled. This duration benefited

enough information regarding the pathological behavior of

rats. These parts were considered as independent and sep-

arated observations in order to provide a sufficient number

of observations. Therefore, the total number of observa-

tions reached 84. The typical trajectory of each group is

depicted in Fig. 3.

Feature extraction

In this section, various features were extracted to clearly

differentiate between the two classes, i.e., lesion and DBS

groups. To achieve this purpose, trajectory signals were

analyzed in time, frequency and chaotic domains.
Fig. 1 The black marker attached to the head of rats to extract the

traveled trajectory of them

Fig. 2 Magnitude response of the low-pass filter to eliminate high

frequency noise added to the signal
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Time-domain features

Time-domain features contain valuable information such as

velocity and level of scattering. All rats had received

apomorphine and hyperactivity was consequently expec-

ted. We investigate this phenomenon in this section. In this

experiment the movement of rat was in a form of circular

trajectories thus, polar coordinates were chosen for sim-

plicity. Three key features of time-domain were analyzed:

(1) variances of spatial amplitude (represented by x and y),

(2) average and (3) variance of the phase (represented by h)

of the trajectory. These three features were calculated as

shown in (3), (4) and (5).

r2x
r2y

� �

¼

R

x2f xð Þdx� l2x
R

y2f yð Þdy� l2y

� �

ð3Þ

h ¼ tan
y

x

� �

ð4Þ

lh
r2h

� �

¼

R

hf hð Þdh
R

h2f hð Þdh� l2h

� �

ð5Þ

Frequency-domain features

Frequency-domain features were efficient in differentiating

between lesion and DBS groups. Initially, we estimated the

spectrum of trajectories by the Welch method [25].

Subsequently, we calculated the average power of the

signal by using a rectangular approximation of the integral

of the Power Spectrum Density as the first frequency-

domain feature vector.

The DBS and lesion groups had different frequency

responses since the lesion group’s showed faster rotational

behaviors compared to normal movements. In frequency

domain, this represents greater energy in higher frequency

bands (see Fig. 4). To calculate the frequency responses of

the groups, the fast Fourier transform was applied. Two

frequency bands were defined for a better comparison:

from 0 to 0.1 Hz and from 0.1 to 0.2 Hz. We calculated

sum of energy in these intervals as the next frequency-

domain feature vector.

Chaotic feature investigation

In the first place, we investigated whether trajectories

signals were chaotic or not. The most useful dynamical

diagnosis parameter for chaotic system is Lyapunov

exponent which measures the divergence of nearby tra-

jectories [5, 26]. The largest Lyapunov exponent was

estimated by Jacobian approach [27].

If the average Lyapunov exponent of a system is posi-

tive, then the behavior of that system will be chaotic [5].

Determining the minimum embedding dimension

and maximum delay

The Cao’s method was used to specify the minimum

embedding dimension [28, 29]. In this method, the quantity

E1(d) was computed by (6)

E1 dð Þ ¼
Eðd þ 1Þ

EðdÞ
ð6Þ

where E(d) was driven by (7) and d is the embedding

dimension. For d larger than d0, E1(d) is constant and the

minimum embedding dimension would be equal to d0.

E dð Þ ¼
1

N � ds

X

N�dr

i¼l

a2ði; dÞ ð7Þ

a2 i; dð Þ ¼
j Yi d þ 1ð Þ � Ynði;dÞ d þ 1ð Þ
�

�

�

�j

jjYi dð Þ � Ynði;dÞðdÞjj
ð8Þ

where ||.|| in (8) is the Euclidean distance and determine by

(9):

Yk mð Þ � YlðmÞ ¼ max xkþjs � xlþjs

�

�

�

�

0� j�m� 1
ð9Þ

For an arbitrary time series x1, x2, x3,…,xn, the time delay

vector is defined as follows:

Fig. 3 Typical movement trajectory of rats. a Lesion, b DBS
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YiðdÞ ¼ xi; xiþs; . . .; xiþ d�1ð Þs

� �

i ¼ 1; 2; . . .;N � ðd � 1Þs
ð10Þ

Yi(d ? 1) is the ith reestablished vector with embedding

dimension d ? 1. Yn(i,d) is the nearest neighbor of Yi(d) in

the d-dimensional reconstructed phase space [29]. We

computed E1(d) and the average of d0 was derived about

three for the trajectories.

The other key parameter is the maximum delay which

was determined experimentally. Theoretically, there is no

limitation on selecting the time delay. We estimated the

maximum delay by using a first local minimum of mutual

information.

Chaotic features

For chaotic features analysis, we depicted phase space in a

three dimensional format using the minimum embedding

dimension and maximum delay computed in the previous

section.

The Poincare map is typically a tool to analyze dynamic

systems [30]. We applied it to extract chaotic distinction of

lesion and DBS groups. To do this, we determined a proper

surface as Poincare section. We chose a plane which was

perpendicular to the attractors and consequently had max-

imum intersections with the attractors. This plane with

normal vector 0.39 ax ? 0.47 ay - 0.8 az and point (0, 0,

0) was depicted in the phase space in Fig. 5. Intersection

attractors with the plane resulted in a cluster of hit points.

The statistical characteristics of Poincare hit points,

including averages and variances of points and their dis-

tances, were considered as the primary chaotic features.

The fractal dimension is a technique to measure the

convolutedness of a waveform [31]. There are several

methods to estimate fractal dimension. The Katz method

was applied to estimate the fractal dimension and added as

another chaotic feature that was derived directly from

movement signals in the time domain as follows [32]:

D ¼
log10ðLÞ

log10ðdÞ
ð11Þ

where L in (11) is the total curve length and d is the

maximum distance between the first point and the rest

points of the curve and it derives from (12)

Fig. 4 Typical Welch power

spectrum density. a Power

spectrum density of

x component, b power spectrum

density of y component

Fig. 5 Poincare section plane

of travel trajectories in 3D phase

space. The intersection of the

plane with the attractors resulted

in a cluster of hit points (d = 3

and s = 3)
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d ¼ max distance 1; ið Þð Þ ð12Þ

The fractal dimension is highly dependent to the unit of

measurement. For solving this problem, the distances

between points were normalized by dividing them by the

average distance between successive points [32].

D ¼
log10 L=a

	 


log10
d=a

� � ð13Þ

In fact, fractal dimension compares the numbers of seg-

ments of a curve with the minimum number that is really

needed for constructing that curve.

Finally, introduced feature vectors were calculated we

statically analyse them using the Wilcoxon single rank test

to compare two groups. This test is a non-parametric

analysis, which can be used as an alternative to the paired

student’s t test.

Classification

To classify rats in lesion and DBS groups by means of

mathematical tools we applied extracted features to three

classifiers including K-nearest neighborhood (KNN), Bases

Quadratic, and Neural Network classifiers. The classifica-

tion errors were calculated and the best one was chosen as

the final classifier.

We split database into two parts. The first part consisting

of 60 % of whole data was applied in the training phase

and the rest of it was used in the test phase.

KNN classifier

As the first classifier, KNN was used to separate the two

groups of rats. In this classifier the value of K is required to

determine. A higher value of K increases robustness of the

classifier to noise, however, it produces a fuzzy separation

boundary. A lower value of K decreases the classifier

robustness and produces a crisp separation boundary. We

set K to three to obtain a good tradeoff between noise

resistance and boundary fuzziness. The process of classi-

fying has performed for twenty times and the average

accuracy was reported as the final result.

Bayes quadratic classifier

This classifier separates measurements of two or more

classes of objects/events by a quadratic surface [33].

Similar to KNN classifier, in this case the classification was

performed twenty times and the average accuracy was

recorded, as well.

Neural network classifier

The neural network (NN) was the last classifier applied to

the experimental data. We used a single layer feed-forward

fully connected network (see Fig. 6) trained by backprop-

agation [34]. The hidden layer includes 15 neurons, the

number of neurons in the input layer was equal to feature

vectors and two neurons in the output layer representing

two (i.e., lesion and DBS) groups. The neuron with higher

value determined the winner group.

Results

Feature vectors

As mentioned before we investigated whether the intro-

duced features were able to present a meaningful difference

between the path shape of travel of lesion and DBS groups

and to classify the rats to treated and untreated.

We performed the Wilcoxon single-rank test to verify

that the differences occurred in the features were mean-

ingful. Moreover, the classification was accomplished

using these features to show that they were beneficial to

detect treated rats from untreated ones. The results of all 14

rats are shown in Table 1.

Some of these features were significantly different in

two groups (Wilcoxon, P\ 0.05) including the x compo-

nent of the sum of the energy in band 1, both components

(x, y) of the sum of the energy in band 2, both components

(x, y) of the average of Poincare hit points, the y component

of the variance of Poincare hit points, and the x component

of the average of the distance between successive points.

The x component of the average of variance of spatial

amplitude in the lesion group (mean± SEM: 0.0065± 3.39

10-5, n = 42) was 51 % greater than that of the DBS group

(mean± SEM: 0.0043± 1.59 10-5, n = 42). In addition, the

average of the variance of the polar phase hð Þ was 30 %

greater in lesion group (mean± SEM: 0.0536± 69 10-4,n=

42) than that of the DBS group (mean± SEM: 0.0429± 89

10-5, n = 42).

The variances of the x and y components of the sum of the

energy in band 1 in the lesion group (mean ± SEM of x

component, mean ± SEM of y component: 22.44 ± 100.15,

25.82 ± 169.5, n = 42) were 40 % and 15.3 % smaller than

those of the DBS group (mean ± SEM of x component,

mean ± SEM of y component: 29.25 ± 168.25, 27.58 ±

199.93, n = 42) respectively.

The averages of x and y components of the sum of the

energy in band 2 in lesion group (mean ± SEM of x com-

ponent, mean ± SEM of y component: 3.4351 ± 14.32,
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2.9031 ± 11.06, n = 42) were 50 and 13 % greater than

those of DBS group (1.3637 ± 2.076, 1.3633 ± 3.54,

n = 42), respectively.

The average of the distance between successive Poincare

hit points of the x component in the lesion group (mean ±

SEM: 0.8544 ± 0.1308, n = 42) was 19 % greater than that

of theDBS group (mean ± SEM: 0.6901 ± 0.2466, n = 42).

In addition to above outcomes, we observed that, during

the stimulation, rats were highly sensitive to the sur-

rounding sounds. Unlike the lesion group the DBS group

did not show any significant rotational behavior.

Classification

We extracted time, frequency, and chaotic features of

behavioral movements and applied them to the classifiers.

These classifiers including KNN, Quadratic, and Neural

Network (NN) classifiers classified the rats into treated and

untreated groups (lesion-DBS). The accuracy results of

classifying are depicted in Fig. 7.

As it is obvious, the NN classifier shows the highest test-

accuracy (80 %) compared to the others, thus, it was

chosen as the final classifier.

Discussion

It is important to remember that the main aim of this

research is to present a new method and features to

quantify and analyze the behavioral movements of the

Parkinsonian rats. The results show a good capability of

suggested time, frequency, and chaotic features to classify

treated and untreated Parkinsonian rats.

A problem in the traditional manual method to study the

rat movement is that in the mild stage of the disease the rat

movement misbehavior is not simply detectable. The

method proposed in this paper can be used to facilitate the

detection of mild disease stage.

We used a mild (one lesion) striatal lesion rat PD model

in this study which was established by Kirik [35]. We

applied small and fixed stimulation strength while in other

studies the stimulation strength was selected to maximize

the behavioral improvements (75–200 lA). Choosing such

a low strength would minimize the possibility of current

spreading to the adjacent structures. Applying high strength

would obscure the pure effect of STN-DBS by electrical

stimulating of surrounding structures [6]. We observed the

behavioral improvements occurred in most rats in the DBS

group by STN-DBS with the current strength of 100 lA.

There is a possibility that the insertion of electrodes into

STN causes a mechanical injury or an electrical injury

caused by the high frequency stimulations of STN

improves the motor behaviors. To investigate the impact of

insertion of electrodes we inserted an electrode stereotac-

tically into the STN of a rat. This specific rat did not

receive any stimulation. The behavioral testing showed that

no therapeutic effect was obtained by inserting the

Fig. 6 Neural network

classifier. The input of the

network is the feature vectors

and the output is the classes

(i.e., lesion and DBS)
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Table 1 Results in detailed obtained from time/frequency and chaotic analysis

Feature Group

Lesion

Mean ± SEM

DBS

Mean ± SEM

Wilcoxon-test

P value

Feature domain

Variance of spatial amplitude x-component 0.0065 ± 3.3 9 10-5 0.0043 ± 1.5 9 10-5 0.074 Time domain feature

Variance of spatial amplitude y-component 0.0054 ± 2.17 9 10-5 0.0058 ± 3.88 9 10-5 0.645

Average of polar phase hð Þ 0.7518 ± 0.0136 0.7951 ± 0.027 0.1615

Variance of polar phase hð Þ 0.0536 ± 6 9 10-4 0.0429 ± 8 9 10-5 0.125

Average of power spectrum density x-component 0.2966 ± 0.0082 0.3512 ± 0.017 0.07577 Frequency domain feature

Average of power spectrum density y-component 0.3285 ± 0.0171 0.3359 ± 0.0167 0.6643

Sum of energy (band.1) x-component 22.44 ± 100.15 29.25 ± 168.25 0.028

Sum of energy (band.1) y-component 25.82 ± 169.5 27.58 ± 199.93 0.5224

Sum of energy (band.2) x-component 3.4351 ± 14.32 1.3637 ± 2.076 0.0073

Sum of energy (band.2) y-component 2.9031 ± 11.06 1.3633 ± 3.54 0.0091

Average Poincare hit points x-component (xx, yx) (0.068 ± 0.1171, -0.011 ± 0.0016) (0.089 ± 0.17, -0.0089 ± 0.0021) 0.0084 Chaotic feature

Average Poincare hit points y-component (xy, yy) (0.0878 ± 0.1519, -0.0120 ± 0.002) (0.0298 ± 0.1748, -0.0029 ± 0.0022) 0.0025

Variance Poincare hit points x-component (0:84� 0:1080; 0:0080� 1:33� 10�5) (0:8654� 0:2423; 0:01� 1:92� 10�5) 0.0934

Variance Poincare hit points y-component (0.087 ± 0.159, 0.0298 ± 0.1784) (-0.0120 ± 0.0020, -0.0029 ± 0.022) 0.0475

Average distance between successive Poincare hit points

x-component

0.8544 ± 0.1308 0.6901 ± 0.2466 0.0217

Variance distance between successive Poincare hit points

x-component

0.5109 ± 0.1253 0.4592 ± 0.2073 0.2359

Average distance between successive Poincare hit points

y-component

0.8321 ± 0.1286 0.6031 ± 0.1224 0.7781

Variance distance between successive Poincare hit points

y-component

0.5388 ± 0.2033 0.4196 ± 0.1979 0.2358

Katz Fractal dimension x-component 1.84 ± 0.1219 1.74 ± 0.1124 0.1063

Katz Fractal dimension y-component 1.8060 ± 0.0991 1.7469 ± 0.1595 0.2810
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electrodes without stimulation. The other studies also

assumed that mechanical injuries did not alter the results

[6].

Hranck et al. result shows that high frequency stimula-

tion more than 4 h can cause damage to neurons. Because

the duration of stimulation in this study was less that 1 h

per day, there is no electrical stimulation injury [36].

Few researchers have studied the path shape of travel in

rats. Yaski et al. investigated the effect of global geometry

of the environment on the path shape of travel in rats. Their

result shows that environment has a great impact on

exploration and navigation of rats. [37] Barun et al.

reported that both route-based and spatial navigation are

affected by depletion of DA in dorsal striatal [38].

Several behavioral tests have been proposed to investi-

gate the effect of STN-DBS. The present study offered an

automate process to study the therapeutic effect of STN-

DBS and an unsupervised record of the rats’ traveled tra-

jectories. The introduced features extracted and compared

by our computer program was appropriate to be used to

reveal the effect of STN-DBS. Furthermore, Our method

may even be used for other treatments in the future too.

We found that the DBS affected the path shape travel of

Parkinsonian rats and it was more discernible in a hori-

zontal direction (x-component). The suggested time and

frequency features (i.e., the average variance of spatial

amplitude, the variance of the polar phase, and average

energy) offered that lesion group had higher activity than

the DBS group caused by the pathological rotational

behavior. In the other words, the DBS reduced the PD’s

symptoms in rats, and it was detectable by our introduced

features.

In addition, the chaotic features (i.e., average of the Katz

fractal dimension) showed that the lesion group had more

complex path shape of travel than the DBS group. This

complexity is result of pathological rotational behavior of

the rats in lesion group.

Since the rats in the DBS group did not show apomor-

phine-induced rotational behavior; it can be concluded that

the imbalance of dopamine in nigrostriatal has been regu-

lated due to the stimulation and it improved the motor

impairments that are in conformity with the previous

studies [6, 17, 18, 24, 25]. An improvement of cognitive

behavior also reported by Temel and Desbonnet. Their

results showed that the bilateral electrical stimulation fre-

quency of 130 Hz, 60 ls in duration, 3 and 30 lA in

strength improved cognitive behavior. [16, 18].

In conclusion, we find that the Parkinsonian rats had

different time/frequency-domain and chaotic features. Our

results showed that using the presented feature vectors

benefits the classification of rats to the treated and

untreated groups with the acceptable accuracy.

To summarize, in this study we performed an experi-

ment and video tracked behavioral movements of STN-

DBS treated and untreated Parkinson rats. We defined and

analysed the time/frequency-domain and chaotic features

of the traveled movements and classify them into the lesion

and DBS groups by a NN classifier with the accuracy of

80 %. This study offered an automatic method to classify

rats and a mathematical tool to analysis their behaviors that

it would be useful for further experimental behavioral

studies of Parkinsonian rats under different treatment

methods.
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