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The control of Levodopa (L-dopa) in Parkinson’s patients receiving chronic deep brain electrical
stimulation (with an implant of an electrode into sub-cortical structures) will be studied here. Our main
objective is to apply the Detrended Fluctuation Analysis (DFA) method and Shannon Entropy (H) in
order to study the speed of tremor recorded in 16 patients with Parkinson’s disease. These Parkinson'’s
patients were divided into two groups (High Amplitude tremor and Low Amplitude tremor), and
basically with two conditions of deep brain stimulation (on-off) and two conditions of L-dopa (on-off).
These conditions (on-off) have a clear influence on the apr 4 exponent and the Shannon Entropy
respectively. In this sense, the auto-correlation exponent gives us information whether or not there

is persistence in the signal produced by the Parkinsonian rest tremor, mainly differentiating those

in Low and High Amplitude, or even identifying behavior change with a typical time scale. However,
the Shannon Entropy gives us information about the uncertainty in the position of Parkinsonian

rest tremor. In this way, a high value of H informs us that we have a high uncertainty in the signal

of this tremor. Therefore, by combining these two techniques we have a better view of the (signal/
noise) effects of deep brain stimulation and L-dopa (medication) in all patients with Parkinson’s
disease, and thus helping to make a better analysis of this health problem, and with the possibility of
supplementation in the Unified Parkinson’s Disease Rating Scale and Tremor Rating Scale, identifying
fluctuation patterns on different time scales, the nature of the tremor, and its evolution over time.
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Surgical procedures in specific regions of the brain, particularly those involving Deep Brain Stimulation (DBS),
are commonly used to treat neurological disorders!=. These procedures are performed to treat neurological
disorders, specifically movement disorders in patients with Parkinson’s disease in a progressive condition and
without a definitive cure®®. Each area of the brain with a specific function plays a crucial role in regulating
movements, tremors, rigidity and bradykinesia (slowness of movement), exemplified by the internal Globus
Pallidus area. In regions such as the ventro-intermediate nucleus of the thalamus, brain stimulation is applied to
treat patients with neurological disorders that cause involuntary tremors in the hands and, in some cases, other
parts of the body. Brain stimulation in the subthalamic nucleus area aims to improve the condition of patients
with advanced stage Parkinson’s disease'*~!>. For a Parkinson’s patient to be considered a surgical candidate,
some theoretical measures are regarded before implanting the sensor. Persistent motor symptoms in response to
medication, with motor fluctuations or significant side effects. It is important to highlight that these measures
may vary depending on the clinical case and specific medical reccommendations'®!”. Monitoring the response of
patients with implanting an electrode into subcortical structures for long-term stimulation at frequencies greater
than 100 Hz, located in the Ventro-intermediate nucleus of the thalamus (Vim), Globus Pallidus internus (GPi),
and Subthalamic nucleus (STN) regions involves several methodologies, see Fig. 1.

This includes clinical assessment of symptoms, progression of the neurological condition over time, scales to
measure specific symptoms such as tremors, rigidity and bradykinesia, symptom diaries to track their severity
and impact on quality of life, imaging tests such as magnetic resonance imaging or computed tomography to
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Fig. 1. Illustrative image with a plan view of the subcortical structures of the large synapses that received
the implants with the: (a) Globus Pallidus interna (GPi) (green cross), Ventro-intermediate nucleus of the
thalamus (Vim) (yellow cross), and the Subthalamic nucleus (STN) (orange cross).

evaluate structural changes in the brain before and after sensor implantation. Specific tests may also be conducted
to assess the patient’s motor, cognitive, or sensory function!®!°.

As a support tool to assess the extent of symptom severity in Parkinsons, the Unified Parkinson’s Disease
Rating Scale (UPDRS) and the Tremor Rating Scale (TRS) scales stand out?’. With different purposes, UPDRS
has a larger domain and covers more aspects of the disease, while TRS focuses only on assessing tremor. For the
medical field, both scales contribute to the progressive monitoring of symptoms over time and, above all, can
contribute to decision-making about the best treatment for each patient. It is important to highlight that both
the UPDRS and the TRS need to take into account the subjectivity of reading and the technical dependence of
the professional who evaluates them?!. The UPDRS, frequently used in clinical trials and research, is divided into
parts assessing mental state, behavior, mood, activity of daily living and motor examination, while the TRS is a
five-point scale where 0 means absence of tremor and varying in increasing levels of severity, with level 4 being
the highest!$%°,

Patients who have received brain implants in regions with a large accumulation of nerve neurons and who
are being treated with L-dopa are closely monitored by a specialized medical team. Monitoring includes regular
assessments of the clinical status and management of Parkinson’s disease symptoms, adjustments to L-dopa as
needed to optimize treatment and minimize side effects, and programming and adjustment of DBS devices to
provide optimal therapy. The clinical response and DBS parameters are monitored and adapted over time to
ensure the best therapeutic result??~24,

Given this context, the conditions of the carriers, the subjectivity in the scales and the control in the
adjustment of L-dopa, we propose in this research to evaluate a database available on PhysioNet data-bank®,
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containing recordings of resting tremor speed in 16 individuals with Parkinson’s who received high-frequency
DBS, unilaterally or bilaterally, in the GPi, Vim and STN regions**%".

In this sense, our objective here is to analyze the time-series generated from the sensor in response to the
stimulus of each individual through the auto-correlation of the Detrended Fluctuation Analysis (DFA) method
and the information theory proposed by Claude Shannon. Our results show that this strategy can be applied to
complement the understanding of the response to L-dopa, as well as a complementary metric in the analysis of
Parkinsonian tremor. To achieve this objective, we present below the development of this paper.

Data bank and methods
Data bank
The database, under Open Data Commons Attribution License (ODC-By) v1.0, was obtained from the rest
tremor velocity in the index finger of 16 patients with Parkinson’s disease who receive chronic high-frequency
electrical DBS either uni or bi-laterally within one of three targets: Vim (3), GPi (7), or STN (6) (see Fig. 2). Our
data were downloaded from PhysioNet databank®. In this test, DBS was implanted through a surgical procedure
in three subcortical structures of large synapses in the brain for long-term stimulation at frequencies greater
than 100Hz°.

Among the 16 patients with Parkinson’s disease, eleven men and five women were tested, subdivided into
two groups:

« group 1: Subjects 1-8 with High Amplitude tremor who are receiving DBS to relieve tremor (average age 58.5
years) with: Vim (3), GPi (2), and STN (3);

« group 2: Subjects 9-16 with Low Amplitude tremor who are receiving DBS to relieve other symptoms such as
rigidity or dyskinesias (average age 52.8 years) with: GPi (5), and STN (3).

All patients were in stable clinical condition at the moment of the tests. For example, minimal dopaminergic
therapy ranging from 300 to 1200 mg per day of L-dopa without the use of any other medication related to
parkinsonian pathology at least 12 hours before the start of the tests and were not allowed to have more than one
morning coffee on the two test days. Finally, the the tremor was recorded for approximately 60s under various
conditions (see Fig. 3 as an example), i.e.:

« Two conditions of DBS (on-off) and two conditions of L-dopa (on-off), with 55 recordings of approx 60s
each;
« Every 15min when DBS was stopped for 60min (L-dopa off), with 46 recordings of approx 60s each.

At the end of test, we have the following structure for file naming:

o 2 character patient identification: stimulation target, v (Vim), s (STN), g (GP1i) and patient number (1-16);
o 1 character tremor type: r (resting tremor);

SUBJECT
= GPi = Globus Pallidus interna
y = Vim = Ventro-intermediate nucleus of the thalamus
= STN = subthalamic nucleus
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0.200 0.100
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Fig. 2. Illustrative diagram for the Parkinsonian rest tremor velocity. The raw data is stored on a computer,
obtained using a low intensity velocity-transducing laser that was directed at a piece of reflective paper on the
patients index finger tip, with the output voltage (in the personal computer) proportional to the velocity of the
finger.
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Fig. 3. Parkinsonian rest tremor velocity applied in three different situations. Following the filename structure
in?® we have: g2r60of.rit: stimulation target GPi, patient 2, resting tremor, 60min since the stimulation was
stopped, L-dopa condition off, and right index finger tremor. s8r60of.let: stimulation target STN, patient 8,
resting tremor, 60m since the stimulation was stopped, L-dopa condition off, and left index finger tremor.
v5ron.let: stimulation target Vim, patient 5, resting tremor, L-dopa condition on, and left index finger tremor.

« 1 character DBS condition: e (effective) (> 100Hz), o (no stimulation) (optional). 2 character time since
stimulator arrest: if a 2 digit number follows the DBS condition, it indicates the number of minutes since the
stimulation was stopped;

o 1 character medication condition: n (L-dopa on), f (L-dopa off);

« 3 character extension indicates the side tested: let (left index finger tremor), rit (right index finger tremor).

Information about the 16 patients who received DBS by: the description by groups, the identification of the
patient, the target region (Vim, GPi, STN), age at the time of the test and gender, condition (universely or
bilaterally), specific frequencies and year of diagnosis. All results steps take into account DBS (on-off) and
Medication (L-dopa on-off), also taking into account the time of 15min when DBS was interrupted for 60min
(L-dopa off). For the “no medication” condition, the patient had not taken any L-dopa for at least 12 hours.
For the “medication on” condition, the patient took 150% of a daily dose of Modopar and began after the
neurophysiologist identified the effect of the L-dopa (~ 40min).

More details about the patient description with Parkinson’s disease can be see on the web page:

https://physionet.org/content/tremordb/1.0.0/

Now, we briefly present the methods for analyzing the signals captured from tremors in these 16 patients,
immediately below.

Methods

Detrended fluctuation analysis

In short, we describe the DFA method, proposed by Peng et al.?%, as a statistical method applied in auto-
correlation analysis. In this sense, consider a time-series {u; } (eletrical potencial), withi = 1, - - - | Nynao (time-
series Nimaz length). The next step to understanding the DFA method, consists of determining the deviations in
relation to the mean value (u), and thus obtaining the new integrated time-series, by:

y(k) = [ui — (u)] (1)

with K = 1, ..., Nimae. The integrated time-series, y(k), is divided in equal-sized boxes n. For each box of size
n, a polynomial of degree 1 is obtained by the least squares method. This fit provides the local trend, ¥ k, in each
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box. Now, the integrated time-series, y(k), is subtracted by y» k in each box of size n (time scale). Afterwards, the
mean square root fluctuation function, Fpra(n), is calculated by:

anam
Foean) = \| 57— D (k) = g ()1 @
k=1

The above calculation is repeated for a wide of time scales, thatis, 4 < n < % If, FpF a, follow a power-law
as a function of the time scale #, thus:

Fpra(n) ~noPra (3)

with apra defined as the auto-correlation exponent, or the long-range correlation indicator, see Table 1 and?*3°
for more details.
We can mention some more articles that applied the DFA method to analyze EEG signals, including!~%".
Shannon entropy and uncertainty
In the information theory, the Shannon Entropy is a fundamental concept based on the basic notions of
probability in a finite sample space. It is a measure of uncertainty in a system. The measurement takes into
account that the greater the entropy of the system, the greater its uncertainty*®-*". The concept of Shannon
Entropy was applied in the most diverse areas of knowledge (interdisciplinary method), such as: information
science®!*2, biology*>**, medicine*>*8, ecology®’, economics®, linguistics®!, among many other papers.
Specifically, based on the classical information theory, given a discrete random variable X, we can define the
Shannon Entropy as:

H(X) =~ Z pzlogy pz (4)

reX

where > denotes the sum over the possible values of x, and b is the base of the logarithm applied, with common
values, which are: b = 2 (bits), b = exp (nats), and b = 10 (bans)®% The Shannon Entropy depends only on the
distribution of X, and has the following characteristics:

o The maximum value is attained by a uniformly distributed random variable;

o When the occurrence of a given information becomes more likely than others, in the repertoire, the entropy
decreases;

o When there is certainty about the information, the entropy is zero.

The Shannon Entropy, H, is normalized here and range between 0 and 1. A high Shannon Entropy means a high
degree of uncertainty (less information) in this time-series, while low entropy means a lower uncertainty (more
information). To study the values of the signals obtained by tremors recording, in this paper we converted each
index finger resting tremor speed time-series into an adaptive series for transformation, ou seja, we replace the
“negative” and “dot” signs with a representative number (minus sign () for 45 and the dot poit (.) for 46. With
these substitutions in hand, we convert the series to a new binary sequence (0 and 1), generating a new time-
series. After, we applied the model described by Eq. (4).

After this theoretical explanation we introduce the results about DFA method and Shannon Entropy
(uncertainty of information) immediately below.

Results
With the aim of analyzing the effects of DBS and L-dopa (medication) on 16 patients with Parkinson’s disease
through recordings of the speed of resting tremor of the finger indicator (left/right) (see Fig. 2) on three brain
regions (see Fig. 1), here we applied the DFA method and the Shannon Entropy (information uncertainty).
Therefore, each time-series with = 60s was separated into two groups: patients classified as a Low Amplitude
and patients with High Amplitude tremor, as seen below (Figs. 4 and 5 and Tables).

We start the DFA results for that case in which the patients were tested with L-dopa off and DBS off for 15min
(Fig. 4a), with 8 (eight) curves for Low Amplitude and 3 (three) curves for High Amplitude tremor. We can see

DFA exponent | Type of signal

apra < 0.5 | Long-range anti-persistent

apra =~ 0.5 | Uncorrelated (white noise)

apra > 0.5 | Long-range persistent

appra ~1 1/f noise

apra > 1 Non-stationary

apra ~ 3/2 | Brownian noise

Table 1. DFA exponent and its type of signal.
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Fig. 4. Fpra as a funtion of the time scale n for L-dopa off and DBS off for: (a) 15min, (b) 30min, (c) 45min,
and (d) 60min. On the left, we have the results for patients with Low Amplitude, while on the right is shown
the results for patients with High Amplitude tremor.
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that the fluctuation function, Fpra, for Low Amplitude had a higher value if compared to those classified in
High Amplitudes. The reason for this fact comes from the difference between the intensities and amplitudes, that
is, the greater the oscillation amplitude, the smaller is the root mean square fluctuation. Furthermore, except for
g9r150f.rit and s16rl50f.let patients there is a power-law governing the test for Low Amplitude group, which is
not seen for the case of High Amplitude, where there is a clear behavior transition in the Fpr 4 function around
n ~ 20.

How there is a behavior transition in Fpr 4 (n) function, and based on’?, we calculate ap p 4 between these
time scales: 4 < n < 20 (small time scales), 20 < n < 800 (medium time scales), and n > 800 (large time
scales). The values found for the apr 4 exponent, as well as, the Shannon Entropy H are presented below in all
Tables.

Specifically, the results for pr 4 and H for DBS off for 15min and L-dopa off, are presented in the Table 2.

In the Table 2, group 1 (High Amplitude) we can see that for:

o Small time scales, 4 < n < 20, apra > 1.4;
o Medium time scales, 20 < n < 800, apra = 0 (anti-persistence);
o Large time scales, n > 800, apra varies from anti to persistent case, depending on the patient;

For the group 2 (Low Amplitude), in general there is a power-law with apra =~ 0.5, except for the patients
gorl5ofurit, glOrl5of.let, and s16rl5oflet, who present apra ~ 1.00 for small time scales. Also, we identified
that there is a maximum uncertainty for all patients in the group 1 (High Amplitude), regarding the value of
H = 1.00 (last column in the table). The same thing cannot be said about the group 2 (Low Amplitude), because
0.46 < H < 0.75 (medium to high uncertainty).

The next step was to analysis the patients tested with DBS off for 30min and L-dopa off (Fig. 4b), with eight
(8) curves for Low Amplitude and four (4) curves for High Amplitude tremor. We identify the same pattern as
the case seen previously for DBS off for 15min, except for s7r30of.rit which, although there is a transition in
n = 20, display F'pra of the order of those found in Low Amplitudes, see Table 3 for more details.

Continuing our analysis, for the case where DBS was off for 45min (Fig. 4c), as well as, for DBS off for
60min (Fig. 4d)with L-dopa off, the results found for the apr4 exponent and H are equivalent to those found
previously, see Tables 4 and 5.

Again, as in the case with L-dopa off and DBS off for 30min, the patient 7 group 1 (High Amplitude)
identified here by s7r60of.rit has values of F'pra comparable to those of group 2 (Low Amplitudes), also with a
clear transition of behavior at n ~ 20.

For that cases where there is no characteristic time for DBS (on-off), i.e., a time since stimulator arrest was
stopped, the results for Fpra x n can be found in the Fig. 5 with apra exponent and H values presented in
the Tables 7, 6, 8, and 9 respectively.

In this case we have four possibilities, in other words: DBS off and L-dopa off, DBS on and L-dopa off, DBS
off and L-dopa on, and DBS on and L-dopa on. For the this case, DBS off and L-dopa off, Fig. 5a, we have eight
(8) Low Amplitude and six (6) High Amplitude tremor curves, the results can be found in Table 6 for both apra
and H.

This results show that this situation is closer to the one where DBS was turned off for a period of 60min, see
Fig. 4d. Now for DBS on with L-dopa off, Fig. 5b, there are five (5) patients with High Amplitude and eight (8)
patients with Low Amplitude tremor curves. In this case, no major differences in results between Low and High
Amplitudes are identified, however we can intensify a behavior transition in n ~ 20 in some cases. The values
for, apr 4 and H, with DBS on and L-dopa off can be found in the Table 7.

In this table it can be seen that the mean value of auto-correlation exponent on small time scales, n < 20, is
(apra) ~ 1.20, that is, it is slightly smaller than those obtained previously (DBS on for 15, 30, 45, and 60min),

Subjects DFA exponent H

4<n<20|20<n <800 |n > 800
g2rl5ofrit | 1.44 +0.04 | 0.09 4+ 0.01 | 0.26 + 0.02 | 1.00
sérl5oflef | 1.44 +0.04 | 0.09 +0.01 |0.26 +0.01 | 1.00
s8ri5oflef |1.46 +0.03 | 0.05+0.01 |0.67 +0.01 | 1.00
gorl5ofrit | 1.15+0.05 | 0.18 +0.02 | 0.01 +0.01 | 0.65
glori5oflef | 0.97 +0.02 | 0.35 4+ 0.01 | 0.79 +0.01 | 0.59
gllrlSoflef | 0.52 + 0.01 | v v 0.75

High Amp.

gl2riSofrit | 0.53 +0.01 | v/ 0.5
Low Amp.
gl3riSofrit | 0.58 +0.01 | v/ v 065
sl4rlSofrit | 0.50 +0.01 | v v 0.46
s15r150frit | 0.52 + 0.01 | v 0.49
sléri5oflef | 0.97 £0.04 | 0.16 £0.01 | v 0.71

Table 2. DFA auto-correlation exponents calculated for DBS off for 15min and L-dopa off, as reported here
in the Fig. 4a. The last column show the value of the Shannon Entropy, that shows the values between 0 and 1,
where 0 means absence and 1 maximum uncertainty. The checkmark (v') means that the value of apr 4 is the
same as the previous time scale.
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Subjects DFA exponent H
4<n<20|20<n <800 |n> 800
g2r30ofrit | 1.24 +0.01 | 0.02+0.01 | 0.37 +0.01 | 0.89
: s6r30oflef |1.22 +0.07 [0.12+£0.01 |0.36 + 0.01 | 0.95
High Amp. -
s7r30ofrit | 1.37 4 0.03 | 0.02 % 0.01 v 0.99
s8r30oflef | 1.35+0.03 | 0.0440.04 |0.74 4 0.01 | 1.00
gor30ofrit | 0.35+0.01 | v v 0.53
gl0r30oflef | 0.95 4+ 0.01 | 0.56 +0.01 | 0.75 £ 0.01 | 0.58
gl1r30oflef | 0.49 +0.09 | v v 0.77
gl2r30ofrit | 0.49 +0.01 | v 0.57
Low Amp.
g13r300fxit | 0.81 + 0.01 | v 0.66
s14r30ofrit | 0.52 + 0.01 | v v 0.47
s15r30ofrit | 0.53 + 0.01 | v 0.46
s16r30oflef |1.00 + 0.02 | 0.24 +0.01 | 0.35 & 0.01 | 0.60

Table 3. DFA auto-correlation exponents calculated for DBS off for 30min and L-dopa off, as reported here in
the Fig. 4b. The last column show the value of the Shannon Entropy. The checkmark (v') means that the value
of apra is the same as the previous time scale.

Subjects DFA exponent H
4<n<20|20<n <800 |n > 800
) g2rdSofrit | 1.27 £0.06 | 0.02+0.01 | 0.28 £ 0.01 | 1.00
High Amp.
sérd5oflet | 1.39 4 0.04 [ 0.09 +£0.01 | 0.24 £+ 0.01 | 0.98
s8rd5oflet | 1.46 + 0.03 | 0.06 & 0.01 0.69 + 0.01 | 1.00
gord5ofrit | 1.00 +0.04 | 0.15 +0.01 | 0.40 & 0.01 | 0.64
glor45oflet | 0.99 + 0.01 | 0.53 £ 0.01 | 0.93 & 0.01 | 0.60
gllrdSoflet | 0.73 4 0.01 | 0.44 + 0.01 0.26 + 0.03 | 0.77
gl2r45ofrit | 0.59 + 0.01 | v 0.56
Low Amp.
gl3rd5ofrit | 0.55 + 0.01 | v v 0.63
sl4rd5ofrit | 0.50 + 0.01 | v v 0.46
sl5r450frit | 0.59 4+ 0.01 | v v 0.45
slérdSoflet | 0.88 +0.01 | 0.32 4 0.01 0.45 £ 0.01 | 0.59

Table 4. DFA auto-correlation exponents calculated for DBS off for 45min and L-dopa off, as reported here in
the Fig. 4c. The last column show the value of the Shannon Entropy. The checkmark (v') means that the value
of apra4 is the same as the previous time scale.

showing a similar behavior from its auto-correlation with these previously mentioned. However, the value of
H tends to be lower than 1.00 (lower position uncertainty), even for High Amplitudes cases, with (H) ~ 0.71.

Following our findings, in the Fig. 5c with DBS off and L-dopa on, we have the results for Fpra X n,
totalizing eight (8) patients with Low Amplitude and seven (7) patients with High Amplitude tremor curves.
Here, the results can be found in Table 8 for apra and H.

It is observed that, with DBS off and the L-dopa on, this situation tends to lead the F'pr 4 function to appear
similar values for that with Low Amplitude tremor. But, for some patients this is not true, that is, mainly in those
where the sensor is located in the Ventro-intermediate nucleus of the thalamus, patients v4ron.rit and v5ron.let.
From the point of view of Shannon Entropy; it is observed that the average value of H for High Amplitude is 0.65,
while for Low Amplitudes 0.60 (less uncertainty in the position).

Closing all possibilities, we can see the results for DBS on and L-dopa on, Fig. 5d, with eight (8) patients in
Low Amplitude and five (5) patients in High Amplitude tremor (the most complete Parkinson’s treatment), with
apra and H values showing in the Table 9.

Something interesting happens and is quite visible for the case with DBS on and L-dopa on. In general, we
can not see the behavior transition to Fpra in time scale n ~ 20, and the single power-law becomes more
evident (see the values of apra in the Table 9), with prevalence of persistence in most cases. Therefore, for the
Shannon Entropy we observe that, in this most complete Parkinson’s treatment, the mean value for H in High
and Low Amplitude are closer (or equal), around a value of 0.61.

Discussion
In this paper we applied the DFA method and Shannon Entropy in order to study the speed of tremor recorded
in patients with Parkinson’s disease. These patients were divided into two groups: group 1 (with patients
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Subjects DFA exponent H
4<n<20|20<n <800 |n> 800
g2r60ofrit | 1.28 +0.06 | 0.02+0.01 | 0.93
_ s6r60oflet | 1.38 +£0.05 |0.084+0.01 | 1.00
High Amp. -
s7r60ofrit | 1.34 +0.02 | 0.024+0.01 |« 0.94
s8r60oflet | 1.48 +0.02 | 0.03+£0.01  |0.41 4+ 0.01 | 1.00
gor60ofrit | 0.92 +0.04 | 0.29 £0.01 | 0.60 £ 0.01 | 0.59
glor60oflet | 0.85 4+ 0.01 | 0.45 £ 0.01 | 0.57 £ 0.03 | 0.55
gllr60oflet | 0.50 + 0.01 | v v 0.74
gl2r60ofrit | 0.50 + 0.01 | v v 0.62
Low Amp.
g131600fxit | 0.74 +0.01 | v v 0.65
s14r60ofrit | 0.50 +0.01 | v v 0.49
s15r60ofrit | 0.55 + 0.01 | v 0.45
si6r60oflet [0.92 +0.04 [ 0.44 £0.02 | 0.99 4+ 0.01 | 0.61

Table 5. DFA auto-correlation exponents calculated for DBS off for 60min and L-dopa off, as reported here in
the Fig. 4d. The last column show the value of the Shannon Entropy. The checkmark (v') means that the value
of apra is the same as the previous time scale.

Subjects DFA exponent H
4<n<20|20<n <800 |n>800
g2rofrit | 1.09 £ 0.09 | 0.04 4+ 0.01 v 0.99
séroflet | 1.35 + 0.05 | 0.25 £ 0.02 | 0.56 + 0.01 | 1.00
High Amp. s7rofirit | 1.30 + 0.04 | 0.03+0.01 | 0.94
s8roflet |1.02 4 0.03 [0.10 £0.01 | 0.89
vérofrit | 1.30 + 0.06 | 0.05 £ 0.01 v 0.93
v5roflef | 1.44 4 0.04 | 0.02 4 0.01 v 0.83
gorofrit | 1.03 4 0.04 [ 0.18 +£0.01 | 0.20 & 0.01 | 0.60
gloroflet | 0.86 & 0.03 | 0.37 £ 0.01 | 0.58 £ 0.01 | 0.59
gliroflet | 0.98 £ 0.03 | 0.31 £0.01 | 0.88
Low Amp. gl2rofrit | 0.48 4+ 0.01 | v v 0.60
gl3rofirit | 1.16 4 0.02 | 0.47 £0.01 | 0.29 £ 0.01 | 0.61
sl4rofrit | 0.54 +0.01 | v 0.51
sl5rofrit | 0.55 4= 0.01 | v v 0.45
sléroflet | 0.99 + 0.05 | 0.18 +0.01 | 0.74 + 0.03 | 0.64

Table 6. DFA auto-correlation exponents calculated for DBS off and L-dopa off, as reported here in the Fig. 5
(b). The last column show the value of the Shannon Entropy. The checkmark (v') means that the value of
apr4 is the same as the previous time scale.

enumerated from 1 to 8) with High Amplitude tremor who are receiving DBS to alleviate tremor and group 2
(with patients enumerated from 9 to 16) with Low Amplitude tremor who are receiving DBS to alleviate other
symptoms such as rigidity or dyskinesias. Basically, there are two conditions of DBS (on-off) and two conditions
of medication (L-dopa on-off), totaling four distinct cases (see description):

o Case 1: DBS off and L-dopa off: That there is a clear behavior transition at n ~ 20 (small time scale), ob-
served by apra exponent, mainly for the group 1 (High Amplitude tremor). Also, in this case, in general
Fpra(Hight Amplitude) < Fpra(Low Amplitude). The mean value for the Shannon Entropy (H) for
High Amplitude is approximately 0.93, while for Low Amplitudes is 0.61 (less uncertainty in the laser posi-
tion).

« Case 2: DBS on and L-dopa off: In this case, Fpra(Hight Amplitude) ~ Fpra(Low Amplitude), but,
it is still possible to verify the transition of behavior around n ~ 20 for the group 1 (High Amplitude trem-
or). The mean value for the Shannon Entropy (H) for High Amplitude is approximately 0.71, while for Low
Amplitudes is 0.65.

o Case 3: DBS off and L-dopa on: Is still possible to verify the transition around n ~ 20),
Fpra(Hight Amplitude) ~ Fpra(Low Amplitude) (except for v4ron.rit and v5rlet patients). The
mean value for the Shannon Entropy (H) for High Amplitude is approximately 0.65, while for Low Ampli-
tudes is 0.60.
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Subjects DFA exponent H

4<n<20|20<n <800 |n > 800
glrefonlet |1.29 4 0.03 | 0.06 £ 0.01 v 0.76
g2refon.rit | 0.95 4 0.03 | 0.36 & 0.01 0.45 4 0.02 | 0.69
High Amp. | sérefonlet |1.35+ 0.01 | 0.51 4 0.02 0.12 £ 0.01 | 0.89
s7refon.rit | 1.30 £ 0.05 | 0.07 4 0.01 v 0.49
s8refonlet |1.04 +0.05|0.07+0.01 |« 0.70
gorefon.rit | 1.19 4 0.04 | 0.25 4 0.01 0.35 £+ 0.01 | 0.75
glOrefon.let | 0.88 4 0.01 | 0.46 £ 0.01 0.64 £ 0.01 | 0.57
gllrefonlet | 0.50 + 0.01 | v v 0.74

gl2refon.rit | 0.56 & 0.01 | v v 0.60
Low Amp.

gl3refonurit | 0.56 4 0.01 | v v 0.66

sldrefon.rit | 1.31 + 0.02 | 0.28 + 0.01 v 0.64

sl5refon.rit | 0.61 + 0.01 | v 045

slérefon.let | 1.21 + 0.01 | 0.21 + 0.01 v 0.77

Table 7. DFA auto-correlation exponents calculated for DBS on and L-dopa off, as reported here in the Fig. 5
(a). The last column show the value of the Shannon Entropy. The checkmark (v) means that the value of
apra is the same as the previous time scale.

Subjects DFA exponent H

4<n<20|20<n <800 |n > 800
glronlet |0.79 +0.01 | 0.45+0.01 |« 049
g2ronrit | 1.20 4 0.05 | 0.82+0.01 | 0.08 + 0.01 | 0.71
séronlet | 1.27 4+ 0.01 | 0.79 +0.03 | 0.31 4+ 0.02 | 0.71

High Amp. | s7ronrit | 0.59 4+ 0.02 | v v 0.53
s8ronlet |0.5240.02 | v v 0.59
vdron.rit | 1.23 4 0.05 | 0.04 £0.01 | 0.95
v5ronlet | 1.39 4+0.01 | 0.26 £ 0.01 | 0.15 4 0.02 | 0.58
goron.rit | 0.80 £ 0.01 | v/ v 0-55
gloOronlet | 1.27 4-0.01 | 0.62 £ 0.01 0.09 £ 0.01 | 0.62
gllronlet | 0.89 +0.01 | 0.41 £ 0.01 | 0.79
Low Amp. gl2ronurit | 0.53 4 0.01 | v 0.59
gl3ronrit | 0.86 £ 0.01 | v 0.66
sl4ron.rit | 0.57 +0.01 | v v 0.45
slsron.rit | 0.52 4 0.01 | v 0.49
sléronlet | 0.53 +0.01 | v v 0.62

Table 8. DFA auto-correlation exponents calculated for DBS off and L-dopa on, as reported here in the Fig. 5
(c). The last column show the value of the Shannon Entropy. The checkmark (v') means that the value of
apra is the same as the previous time scale.

+ Case 4: DBS on and L-dopa on: This is the case of the most complete Parkinson’s treatment. From the point
of view of auto-correlation, both Low and Hight Amplitudes cases had a single power-law, Fppa o< n®PF4,
with < apra >= 0.61 (Hight Amplitude) and < apra >= 0.59 (Low Amplitude). Here, the mean value
of H in High and Low Amplitude is close to 0.61.

For a better exemplification of the results and to summarize this analysis, in Fig. 6 is showing one diagram for
H and ap r 4 with six patients who performed these four distinct cases: (g2, s6, s8) (High Amplitude) and (g10,
g13, 516) (Low Amplitude).

It is clear that for Case 1, DBS off and L-dopa off, Fpr 4 (Hight Amplitude) < Fpra(Low Amplitude)
, that is, the greater is the amplitude of oscillation, the smaller is thee root mean square fluctuation. This effect
is also reflected in the value of Shannon Entropy, the mean value of H for High Amplitude tends to H = 1.0
(maximum uncertainty), while for Low Amplitudes H tends to values much smaller than 1.0 (less uncertainty in
the position). However, if DBS or L-dopa is on, there is a clear influence on the results. For example, for the Case
2 and the Case 3, the value of the fluctuation function has the same order of magnitude for both cases, in Hight
and Low Amplitude, and the mean value of H for High Amplitude tends to H for Low Amplitude, in other words:

« Fpra(Hight Amplitude) =~ Fpra(Low Amplitude);
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Subjects | DFA exponent | H
glrenlet | (0.57 + 0.01 0.54

g2renrit | 0.70 £ 0.01 | 0.69
High Amp. | sérenlet | 0.67 +0.01 | 0.66

s7ren.rit | 0.49 £0.01 | 0.50
s8renlet | 0.61 4+ 0.01 |0.64
gorenrit | 0.74 + 0.02 | 0.62
glOrenlet | 0.70 4 0.02 | 0.67
gllrenlet | 0.58 4+ 0.01 | 0.72
gl2renrit | 0.49 + 0.01 | 0.63
gl3ren.rit | 0.65 £ 0.01 | 0.76
sl4ren.rit | 0.49 4+ 0.01 | 0.44

Low Amp.

sl5renrit | 0.58 +0.01 | 0.46

slérenlet | 0.47 +0.01 | 0.62

Table 9. DFA exponent calculated for DBS on and L-dopa on, as reported here in the Fig. 5d. In this case
apra exponent is valid for all time scale. The last column show the value of the Shannon Entropy.

case 1 case 2 case 3 case 4
DBS L-dopa |DBS 1L-dopa |DBS L-dopa |DBS L-dopa
off off on off off on on on

H @pryy Qprax| H Qpras prex| H  prr Qprax | H  pra: Apra;

o= (82]099 109 0.04 10.69 095 0.3610.71 1.20 0.82]0.69 0.70 0.70
2 %’ s611.00 1.35 0251089 135 0511071 127 0.7910.66 0.67 0.67
oh s810.89 1.02 0.10)0.70 1.04 0.07]1059 052 052064 061 0.61

Fprang <Fppai | Fporam “Fprar | Foranm *Fprai | Fpra g *Fpra1
o[ Jeto[0s9 086 037057 088 odsoe2 127_oe2 |07 070 070
2| 2less|ost 116 047 [066 056 056 (066 0586 086|076 0.65 _0.65
oh sl6|0.64 099 0.18 10.77 1.21 021 ]062 053 053|062 047 047

Fig. 6. Diagram of case with: DBS (on-off) and L-dopa (on-off). Six patients, three in High Amplitude (group
1) and three in Low Amplitude (group 2). In each cell it is possible to check the H and the aup r 4 values for all
four cases.

« H(Hight Amplitude) — H(Low Amplitude) =,
For the Case 4, DBS on and L-dopa on, the most complete Parkinson’s treatment, we found that:

o Fpra oxn®PFA for both conditions, in High and Low Amplitudes (power-law), with < apra >= 0.66
(Hight Amplitude) and < apra >= 0.61 (Low Amplitude);
« H(Hight Amplitude) — H(Low Amplitude) = 0.69.

Conclusion

The benefits of chronic DBS in the GPi, Vim and STN nucelli in patients with Parkinson’s disease are well-
documented. The surgical procedure, in addition to improving the motor symptoms of the disease, reduces
the prevalence of pain (musculoskeletal) and improves the discrimination of mechanical sensitivity. To better
understand the behavior of these patients who received deep stimulation, and given the subjectivities of the
performance of the UPDRS and TRS scales. In this paper, we propose to study the auto-correlation of the speed
of resting tremor obtained through a sensor inserted into the index finger of 16 patients, by DFA method and
the Shannon Entropy, split into two groups, one with High Amplitude and the other with Low Amplitude
Parkinsonian tremor.

Therefore, after all results, we observe that the DFA auto-correlation analysis and the Shannon Entropy, can
capture the influence of the treatment of patients with Parkinson’s disease, with DBS on-off and L-dopa on-off.
From this statement, in the case where DBS (off) and L-dopa (off) (patients without any treatment), there is a
clear transition in Fipr 4 behavior for n = 20, better explained to patients in the group 1 (High Amplitudes of
tremor), with H ~ 1.0 (maximum uncertainty in the position of the laser reading). However, with either one,
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DBS or L-dopa on, there is a tendency for Fpr 4 transition in n = 20 disappear, and at the same time for Hight
Amplitude tremor, with H value decreasing from its maximum value. This entire statement is confirmed when
DBS (on) and L-dopa (on), because there is a clear influence on the fluctuation function, Fpr a, identifying
by long-range power-law auto-correlations, and with apra = 0.6. Also, in this case, looking at the Shannon
Entropy, we can notice that its values, H ~ 0.6, is less than its maximum, or its maximum uncertainty (H = 1.0

Finally, the auto-correlation exponent apr 4 provides insights into the persistence of signals produced by the
Parkinson finger tremor, mainly differentiating those in Low and High Amplitude tremor, or even identifying
transition of behavior with a typical time scale. Shannon Entropy gives us information about the uncertainty
in the position of the tremor, a high value of H informs us that we have a high uncertainty in the signal of this
tremor. Therefore, by combining these two techniques we have a better view of the (signal/noise) effects of DBS
and L-dopa in all patients with Parkinson’s disease, and thus helping to make a better analysis of this health
problem.

Data availability

The datasets generated and/or analyzed during the current study are available in the repository www.physio-
net.org, page https://physionet.org/content/eegmmidb/1.0.0/. And all analyses performed during the study are
available from the corresponding author upon request. Therefore, there is no impediment to their transfer and
use.
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