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ABSTRACT

Parkinson's disease (PD) is a chronic and degenerative condition of the central ner-

vous system that causes progressive loss of dopamine-producing neurons. Freezing of

gait (FOG) is a particular proximal symptom of Parkinson's disease, characterized by

a brief motor block de�ned as an episodic inability to generate e�ective stepping. This

very distressing gait disorder leads to a high risk of falls, decreases independence, causes

embarrassment, and limits social interactions. Evaluation of the clinical e�ects of PD

treatment would bene�t from objective and standardized FOG measures, and an accu-

rate treatment and rehabilitation of FOG can reduce accidents and improve the quality of

life of people with PD who su�er from this sign. The purpose of this study was to develop

and validate a physical mobility task able to induce FOG in a controlled environment,

employing known triggers of FOG episodes. Then, to extend the approach to FOG assess-

ment, di�erent gait parameters were analyzed in order to develop a more useful system

to monitor freezers in PD. The signals of three inertial sensors with a 3D gyroscope and

accelerometer were used to compare the walk pattern between people with PD who have

the symptom of FOG (GFOG+ group), people with PD who do not have the symptom

of FOG (GFOG- group), and healthy age-matched individuals (GC group). The total

number of FOG occurrences during data collection was 174. The proposed tasks were

able to trigger 120 FOG episodes, while the TUG test caused 24 and the voluntary stop

caused 30. The accelerometer and gyroscope could not only detect FOG episodes but

also allow for the visualization of the three types of FOG: akinesia, festination, and trem-

bling in place. The comparison results showed that the variable that best represents the

di�erences between the groups is Activity followed by the Power Index. The 360-degree

turn event is the moment of the task in which the proposed method better discriminates

the data between the groups. There was a consistent pattern: the number of statistically

signi�cant pairwise comparisons was highest for the second 360-degree turn, followed by

the third and �rst 360-degree turns. The second 360-degree turn is also the task event

most able to trigger FOG episodes. Gait changes, represented by gait variability and the

amount of movement during gait execution, also appear while walking in a straight line,

proving that people with FOG walk di�erently than people who do not have FOG, even

in between the FOG episodes.

Keywords: Parkinson's disease; Freezing of gait; gait changes; Inertial sensors; Objective

assessment.
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Introduction

1.1 Problem formulation

This thesis focuses on the problem of assessment of Parkinson's disease (PD) motor

sign Freezing of Gait (FOG). The fact that there is still no cure for PD de�es science;

however, this is not the only issue. Another is the lack of appropriate treatment and

follow-up techniques on the course of the disease.

Over the years, numerous researchers have concentrated on the identi�cation of both

motor and non-motor PD symptoms (119, 15). Some behaviors are notable during the

movement execution in PD, such as decreased regular rhythm, moderate slowness or

interruption of the task, and decreased range of motion (34). The motor signs of PD

patients �uctuate from day to day or even from hour to hour, with fatigue and the

in�uence of medication schedules (45).

Freezing of gait (FOG) is one of the most disabling symptoms of Parkinson's disease,

which is a brief episodic absence or marked reduction in stride progression, despite the

intention to walk (83). This sudden inability to begin or continue movement can a�ect

performance in daily activities and subject the individual to frequent falls (71).

Patients with FOG walk di�erently than patients who do not have FOG (16). It

has been reported that FOG is associated with a heightened risk of recurrent falls (4).

Recurrent falls occur when an individual falls more than once in one year (4). Literature

shows that the risk factors for a single fall may di�er from the risk factors for recurrent

falls (62). Besides that, fear of falling and reduced mobility are increased in recurrent

fallers when compared to single fallers (4). Once recurrent falls are evident, the average

survival time is lowered to around 7 years (16).

A progressive disorder in�uences the decision-making process (45), patients with PD

state that gait problems, falls, reduced mobility, and a decrease in social activities are

the main factors that have a negative impact on their quality of life. To explore how

perceptions of fall risk in�uence the decisions of PD patients and their care partners, a

qualitative study (45) with several interviews elucidated the complex interaction between
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perceptions of fall risk and behavior. According to the interviews, the desire to lead a

"normal life", which means a life as similar as possible to that of healthy individuals,

in�uences how people with PD weigh up the risks and bene�ts of executing daily living

activities. Results found a tension between the fear of falling and the desire to have a

socially active life, suggesting that people with PD weigh up the bene�ts and costs of

risky behavior versus safe behavior, aiming for a target level of risk that is acceptable

to them. It is important to highlight that there is no "one size �ts all" approach to fall

prevention management in PD, but it is certain that the lives of patients with PD who

su�er from FOG are more severely a�ected by the fear of falling. The risk of fall increases

because the most frequent presentation of FOG is not the akinetic type in which there is

no movement at all. Video studies did, in fact, show that FOG is commonly associated

with an e�ort to overcome the block, the trembling in place or festination types of FOG.

Akinetic freezers who accept the block and wait for spontaneous resolution may be less

prone to fall (16).

In the clinical assessment, asking about "freezing" in relation to FOG is typically

insu�cient because not all patients will understand this topic correctly. It often proves

di�cult to clarify the precise FOG circumstances, yet this is critical for the implementa-

tion of FOG prevention strategies. Useful information may be obtained by consulting the

spouse, caregiver, or using a FOG diary (16). The current approaches for assessing FOG

include a few elements of the Movement Disorder Society - Uni�ed Parkinson's Disease

Rating Scale (MDS-UPDRS), a questionnaire to quantify FOG, the New FOG-Q, and the

manual analysis of videos with mobility tasks.

These methods are subjective, and their disadvantages are mostly observed when they

are replicated in real-life situations compared to controlled laboratory conditions. The

MDS-UPDRS has poor agreement between inexperienced raters (58). It has been reported

that people with PD who score high on the New FOG-Q in their daily routine are not

necessarily those most predisposed to experience FOG during clinical trial protocols (114).

And the reliability of video analyses is not robust when employed alone, also with low

agreement between raters (91).

In addition, there is a real di�culty in provoking FOG during a routine clinical exam-

ination (91). The challenge of causing FOG in a controlled environment without the use

of complex technologies and respecting the frailty and limitations of the PD patient arose

due to its convenience. Laboratory testing of gait motor skills on swaying platforms or

treadmills is impractical in most clinical settings due to their length and complexity, and

it is not wise to use them on frail patients (92). Therefore, an objective method capable

of detecting abnormal gait patterns and, consequently, FOG, in the clinical practice, is

desirable.

In order to solve these problems, a series of experiments were conducted to shed light

on the investigation of FOG. It was expected that by means of the use of inertial sensors
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and camera, along with the employment of di�erent provoking strategies to trigger FOG,

it is possible to quantify the FOG symptom and improve the understanding of how to

assess freezers in PD.

1.2 Relevance of the thesis

Parkinson's disease (PD) is a chronic and degenerative disease that compromises a

person's motor and non-motor functions (115). It a�ects individuals of di�erent ages,

and epidemiological studies highlight an incidence of 17 cases per 100,000 people per

year, with a higher incidence in men (42). Parkinson's disease is the second-most prevalent

neurological disorder and it is estimated that by 2040, more than 12 million people will

be diagnosed with PD. (26).

In Brazil, an approximation of the prevalence of Parkinson's disease estimated that

there were 220.000 people su�ering from PD in 2016, and that number will more than

quadruple by 2030. Nevertheless, if it were considered that the nation had 21 million or

more people over the age of 60 in 2009, Parkinson's patients made up 3.3% of the over-60

population in the state of Minas Gerais (17).

According to Bartels et al. (12), the prevalence of freezers, who are people diagnosed

with PD in whom the FOG symptom manifests, ranges from 7% in the early stages to 60%

in the severe stages. Rawson et al. (102) stated that between 20 and 60% of people living

with PD will eventually experience the FOG symptom, and Saad et al. (105) considered

that more than half of patients with PD could develop FOG in the course of the disease.

Morris et al. (72) reported that progressively more people who experience FOG restrict

walking and reduce their level of physical activity to avoid triggering the motor disorder.

The study by Moreira (71) considered FOG, along with excess saliva, the need for

assistance with personal hygiene, and high-intensity tremor at rest, as the factors that

most interfere with the quality of life of people with Parkinson's disease. These factors

cause a decrease in independence and di�culty in performing daily tasks, which causes

embarrassment and limits social interactions. These markers of worsening quality of life in

moderate stages of PD are related to stigma, cognitive impairment, and greater mobility

di�culties (71). In the domain of mobility, the di�culty in performing common actions,

the need to hide the symptoms of the disease, such as FOG, and insecurity in the presence

of new people, fear of falling, sadness, and irritability are factors that negatively a�ect

the quality of life (71).

A permanent and guaranteed cure of FOG is not yet available, but a su�ciently

precise and accurate FOG monitoring system can be useful for increasing information

about the patient during the clinical visit to help the physician's evaluation (115). A gold

standard for the detection and evaluation of the FOG phenomenon using quantitative

assessment is also not currently available (83, 102, 105, 46). The importance of this work
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arises because the assessment of freezers in PD with accurate detection and rating of the

severity and impact of FOG are crucial for appropriate treatment and follow-up (102,

105). Furthermore, determining methods to assess physical mobility in PD could prevent

falls, and reduce or overcome FOG episodes (102, 105).

The wide adoption of accelerometers and gyroscopes observed in the literature demon-

strates the maturity of this type of sensor and the viability of its application in real sys-

tems. In this context, the use of sensor-based systems provides accurate and objective

information to monitor symptom evolution and optimize FOG assessment (113).

1.3 The object of the research

The research object of this doctoral thesis is the physical mobility motor task developed

to trigger FOG in a controlled environment in people with Parkinson's disease with FOG

history. Also, the quantitative parameters obtained using an accelerometer and gyroscope

from people with PD with FOG, people with PD without FOG, and people without

PD. The obtained parameters were analyzed to quantify motor patterns and applied to

discriminate between the groups.

1.4 The aim of the thesis

The aim of the thesis is extend the approach of FOG assessment by observing di�erent

gait parameters to elucidate the optimal combination of sensor, sensor placement, task

and feature to be extracted to identify gait changes in Parkinson's disease. In addition, to

determine which FOG-provoking strategy most signi�cantly in�uences the gait of freezers

and results in more FOG episodes. The method is validated using Inertial Measurement

Unit (IMU) with accelerometer and gyroscope, and video recordings.

1.5 The objective of the thesis

In order to solve the stated problem and reach the aim of the thesis, the objective of

this work is to elucidate the optimal combination of sensor, sensor placement, task, and

feature to be extracted to identify gait changes in Parkinson's disease and to determine

which FOG-provoking strategy most signi�cantly in�uences the gait of freezers, using the

IMU information of data acquisition and applying two approaches: the Moore-Bachlin

algorithm and Hjorth's parameters. The Moore-Bachlin algorithm is the Freeze Index

and the Power Index, both features in the frequency domain. The Hjorth's parameters

are Activity, Mobility, and Complexity. They are features in the time domain related to

amplitude, frequency and entropy, respectively.

To complete the challenge, the following speci�c objectives were formulated:
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1. To induce FOG events with a simple physical mobility task in a controlled environ-

ment.

2. To investigate which task is best able to trigger FOG events: the voluntary stop,

the Timed Up and Go (TUG) test, the motor task, or the dual task.

3. To di�erentiate the FOG types by interpreting the signals of the inertial sensors.

4. To elucidate the percentage of FOG events in each FOG-provoking strategy included

in the mobility tasks.

5. To investigate if data acquired with the NetMD system, the technology chosen to be

used with three smartwatches and one smartphone that collect motion data, allows

discrimination between subjects with PD with a history of FOG, subjects with PD

with no history of FOG, and people without PD.

6. To propose features able discriminate between the groups, the classic Moore-Bachlin

algorithm or Hjorth's parameters and to elucidate which group of features or feature

combination is better suited to detect gait changes during the execution of the

proposed mobility tasks.

7. To investigate if there are gait improvements during the ON medication state com-

pared with the OFF medication state of the groups with PD (GFOG+ and GFOG-)

according to the features extracted from the data analysis.

8. To perform statistical tests and identify the number of positive tests for the di�er-

ences between the groups considering the smartwatches, the sensors, the axes, the

features, the tasks, and the task events.

9. To generate an open access database that researchers can access and contribute to

the development of new technologies to improve the quality of life of individuals

with Parkinson's disease.

1.6 Research methodology

The investigation in this thesis is divided into three parts. In the �rst part, a study

of the literature is conducted to comprehend Parkinson's disease and the freezing of gait

(FOG). Then, to acquire experience, the review was followed by a semester internship

in a center that welcomes and o�ers activities for individuals with PD in the city of

Uberlândia (Brazil), providing direct contact with individuals with Parkinson's disease.

This coexistence helps in a better understanding of the disease.

In the second part of the investigation, two physical mobility motor tasks were devel-

oped to trigger FOG in a controlled environment: a simple motor task and a dual task.
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These tasks were included in an experimental protocol, and they were validated using

inertial sensors. The experiment was performed by 10 people with PD who have the FOG

sign (GFOG+), 10 people with PD with no history of FOG (GFOG-), and 10 healthy

individuals, the control group (GC). The subjects from each group were paired in terms

of age and sex, and subjects with PD were evaluated using the Uni�ed Parkinson's Dis-

ease Rating Scale (MDS-UPDRS). Inertial signals from the Net MD system, gyroscope,

and accelerometer were collected during the execution of four gait tasks. People with PD

executed the gait tasks during the OFF and ON medication states.

The third part of the investigation comprises data organization and annotation using

video recordings. A data analysis was performed (i) to elucidate which task is best able

to trigger FOG events, (ii) the percentage of FOG events in each FOG-provoking strategy

included in the mobility tasks, (iii) to di�erentiate the FOG types by interpreting the

signals of the inertial sensors, (iv) for the discrimination of motor patterns from the three

groups of subjects, and (v) to elucidate which group of features or single feature is better

suited to detect gait changes during the execution of the proposed mobility tasks.

Figure 1.1 represents the �ow diagram of the fundamental stages of the thesis. Step

1 illustrates the development and testing of the tasks and technology applied to the

experimental protocol. Step 2 illustrates data collection and data management, storage,

annotation, preprocessing, processing, and statistical analysis.

1.7 Scienti�c novelty of the thesis

The novelties of the proposed study are:

1. Design, development, employment, and validation of a system to assess FOG in PD

in a controlled environment in a simple, safe way and using little space.

2. Innovation in the way of evaluating the gait of freezers and other Parkinson's disease-

related changes in gait using wireless inertial sensors, in addition to performing FOG

detection using the inertial data along with the video annotation.

3. Delineate the optimal combination of sensor, sensor placement, task and feature

to be extracted to identify gait di�erences in Parkinson's disease. In addition, to

determine which FOG-provoking strategy most signi�cantly in�uences the gait of

freezers and results in more FOG episodes.

1.8 Practical value of the research �ndings

The intractable nature of FOG may be related, in part, to di�culty in assessing its

characteristics and incidence (70). A treatment in PD without objective feedback on the
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The measurement of the FOG condition by creating a FOG status may help specialists

determine the appropriate treatment. The FOG status includes the number of FOG

episodes, the duration of each FOG, the time each FOG occurred, and the results of

features extracted from wearable inertial sensors. The possibility of continuous evaluation

of the patient by physicians by means of feature extraction results in the best evaluation

focused on the patient, and an appropriate treatment can control FOG and eventually

prevent falls caused by the sudden phenomenon.

There is limited, yet growing, evidence relating to rehabilitation in the follow-up of

FOG. The protocol for rehabilitation suggests that movement strategies may allow people

with PD to use the intact frontal cortex in order to move faster, more easily, and safely

using cognitive control. Movement strategy training consists of using mindfulness, partial

practice, mental rehearsal, and visual or auditory cues to normalize initiation, execution,

termination, speed, and range of motion (72).

In this research, an o�ine FOG assessment system was developed to generate objective

information about the gait of three groups during di�erent task executions and evaluate

gait changes comparing people with PD with the symptom of FOG, people with PD with

no history of FOG, and age-matched controls. This method to assess freezing of gait

and gait changes could be used by health professionals to obtain more information about

the FOG condition and symptom characteristics of the freezers PD patients and also to

classify a patient according to his gait patterns. For example, it is possible to verify how

close or distant the gait patterns are from normal, i.e. healthy individuals results.

Figure 1.2 illustrates the conceptual idea of the proposed system. During the exam

the patient will execute the proposed physical mobility motor tasks using smartwatches

positioned in strategic places of the body in a controlled environment while the health

professional accompanies the trajectory and collect data via bluetooth with a cellphone.

This data is transferred for a computer and the health professional will be able to view

the results of the exam on the computer screen. The proposed system with the use of

smart sensors and a physical mobility motor task developed to trigger FOG can be used

to record changes in gait over time, as well as changes in the duration and number of

FOG events. A speci�c improvement by reducing the time in seconds of FOG and the

number of FOG episodes for freezers is of particular interest.

The conceptual idea presented in Figure 1.2 shows that the health professional is able

to classify the patient by interpreting the results of the boxplot in the safety region,

the region of attention or the risk region. The safety region is where the results of the

mathematical equations applied on data collected of one individual are similar to the

results obtained for the gait analysis of healthy individuals. The region of attention is

in between the safety and the risk regions, it means that the patient does not have the

results similar to healthy individuals, however the results are close in region with them,

in this case the health professional should recommend a clinical evaluation to have more
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Figure 1.2 � Conceptual idea of the proposed system. During the exam, the patient will
execute speci�c physical mobility motor tasks, while the health professional will be able to
view the results of the exam on the computer screen. The boxplots represent the results
of the power index (PI) obtained from two groups: in purple, the GC is for the control
group, the healthy individuals; in cyan, the GFOG+OFF is for the group of people with
Parkinson's disease with the FOG sign during the OFF medication state. The power index
measures the amount of movement in a windowed signal. The safety region is where the
results of the PI of one individual are similar to the results obtained for the gait analysis
of healthy individuals. The risk region is where the results applied to the data collected
by one individual are similar to the results obtained from the gait analysis of freezers
without medication. The region of attention is in between the safety and the risk regions.
The four boxplots (red, yellow, and green) under the �gure show examples of results with
four possible scenarios.

information about the patient. The risk region is where the results applied on data

collected of one individual are similar to the results obtained from the gait analysis of

freezers without medication, which means the worst case scenario. In the risk region, the

clinical evaluation is mandatory.

1.9 Approval of the research �ndings

The results of the research were published in nine scienti�c publications: three in

peer-reviewed scienti�c journals and six in conference proceedings.
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1.10 Structure of the thesis

The thesis consists of an introduction, �ve chapters and general conclusions. The

volume of the document is 134 pages, in which are given 51 �gures and 25 tables.
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2

A study of gait dysfunctions and the FOG
symptom in Parkinson's disease

In this chapter, the de�nition and prevalence of Parkinson's disease is presented, as

well as the motor clinical manifestations, phenotypes, clinical evaluation, and the most

used medication treatment. This chapter also addresses gait disorders in Parkinson's

disease and introduces the object of study, the freezing of gait (FOG). Regarding FOG,

the chapter presents its de�nition, prevalence, environments, and situations that can

cause the episode. Besides that, the non-exclusive hypotheses that try to explain the

behavior are explored, as well as the compensation strategies to mitigate the event, and

the evaluation methods available according to the literature.

2.1 Parkinson's disease

Parkinson's disease (PD) is a condition of the Central Nervous System (CNS), more

speci�cally in the substantia nigra of the midbrain, that causes progressive loss of dopamine-

producing neurons. The death of dopaminergic neurons and the atrophy and degeneration

of the basal ganglia compromise the dopaminergic pathway and complicate communica-

tion between the substantia nigra and the striatum, the synapse that results in the release

of dopamine. This decrease in dopamine reduces the activity of the motor areas of the

cerebral cortex, which causes symptomatic changes and in�uences motor function and

movement (30).

Parkinson's disease a�ects individuals of di�erent ages, and epidemiological studies

highlight an incidence of 17 cases per 100,000 people per year, with a higher incidence

in men (42). PD is potentially devastating and multifactorial; both genetic and environ-

mental factors are implicated in the development of the disease (89).

In 1817, James Parkinson, an English physician, published in London an essay en-

titled "An Essay on the Shaking Palsy" (49, 90), which is the world's �rst well-de�ned

description of Parkinson's disease (123). Parkinson's disease became known as a "disease

characterized by the presence of involuntary trembling movements, a decrease in muscle
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strength, a tendency to lean the trunk forward, and changes in gait" (88). The �rst

de�nition of Parkinson's disease by James Parkinson over 200 years ago was precise and

revolutionary.

Later, some aspects were contested by Jean-Martin Charcot, considered the �rst pro-

fessor of nervous system diseases in the world (123). For example, the presence of muscle

weakness was de�ned as muscle rigidity, and the original description regarding the preser-

vation of higher cortical functions was also updated (123), considering that Parkinson's

disease can a�ect an individual's cognitive functions (93). Furthermore, Charcot sug-

gested changing the name of "shaking paralysis" to "Parkinson's disease" and introduced

the concept of bradykinesia (123), which is slowness in performing tasks.

2.2 Clinical and motor manifestations of Parkinson's

disease

Clinically, Parkinson's disease is characterized by motor dysfunctions such as tremor,

rigidity, slowness of movement, and changes in posture, balance, and gait (116). These

de�ciencies cause the cardinal signs of PD: bradykinesia, muscle rigidity, resting tremor,

and postural instability (116, 118).

Bradykinesia is characterized by slowness in performing movements; the main signs

are increased reaction time, prolonged time to change a motor pattern, weakness, and

rapid fatigue when performing prolonged tasks (37). The parkinsonian tremor has a fre-

quency between 4 and 6 Hz and has a unilateral onset; it manifests itself in the distal

extremities and may a�ect the lips, chin, mandible, and lower limbs (48). Muscle sti�ness

is characterized by muscle hardening at rest, causing limb and joint in�exibility (41).

Muscle rigidity potentially contributes to bradykinesia when it is antagonistic to move-

ment. Finally, postural instability is the di�culty or inability to keep the body in balance

and is related to gait disorders in PD (63).

The diagnosis of PD requires the presence of bradykinesia in addition to at least one

of the other cardinal motor signs: tremor, muscle rigidity, or postural instability. The

diagnosis is basically made clinically, considering some evaluation criteria in addition to

a good response to drug therapy (96). They may also include imaging tests or laboratory

tests, which are uncommon in clinical practice (93).

The sum of the primary signs in PD causes secondary complications, such as hy-

pokinesia, micrographs, masking of the face, contractures, and fatigue. In addition, the

accuracy of reaching movements, �ne motor coordination, and spontaneous movements

and gestures may also be a�ected (48, 3, 27, 85). The main and secondary signs of

PD interfere with daily functional skills and generate physical dependence, which can

lead to depression and loneliness. Although PD is considered a movement disorder, non-

motor manifestations further burden parkinsonian disorders and a�ect daily activities
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(109). These dysfunctions are usually sleep disturbances, cognitive alterations, constipa-

tion, postural hypotension, sexual dysfunction, and urinary dysfunction, in addition to

depression, daytime sleepiness, fatigue, and hyposmia (115, 93). Mood swings, apathy,

sensory symptoms such as pain and paresthesia, and problems with weight loss may also

occur (123, 115, 93).

It is important to highlight that the set of symptoms present in Parkinson's disease

is called symptoms of Parkinsonism. Parkinsonism is the cell death of the basal ganglia,

and the symptoms are similar to PD but appear more aggressively (123).

Furthermore, drug treatment for PD is not e�ective in treating Parkinsonism (124).

Although most people with Parkinsonism have PD, not all Parkinsonism is due to the

disease. Parkinsonism can be caused by several factors, such as Secondary Parkinsonism,

which is caused by a previous disease, such as a stroke, and Medication Parkinsonism,

which is caused by medications used for a long time, such as some speci�c remedies

for nausea, labyrinthitis, high blood pressure, antipsychotic drugs, and mood regulation

(124).

The manifestations of Parkinson's disease are diverse and occur in a heterogeneous

way; commonly, the most known complications are motor dysfunctions, despite the re-

currence of non-motor dysfunctions. The motor symptoms happen unilaterally initially,

and one of the hemibodies remains more a�ected throughout the disease (93). Factors

that complicate PD are the variation in the size of the steps, postural instability, and

gait di�culties that negatively re�ect on the movements of sitting down and standing

up, forcing patients to walk with shorter steps and without the movement of standing.

pendulum in the arms and cause freezing of gait.

All these motor problems can result in a fall, which is very harmful for the patient [4,

8]. There are considerable risk factors known to be associated with falls in people with

PD, such as the FOG, leg muscle weakness, and postural instability (4).

Studies show that more than 60% of people with Parkinson's disease have fallen at

least once, of which 39% have recurrent episodes of falling (4). The fear of falling is more

evident for PD patients when compared with healthy age-matched individuals, and it

severely a�ects the quality of life (1).

2.3 Phenotypes of Parkinson's disease

According to the predominant motor symptoms, it is possible to classify the person

with PD according to their phenotype; that is, there are subgroups in Parkinson's disease.

It is well established in the literature that di�erent subgroups of PD have di�erent

courses and clinical outcomes (132). The main clinical subgroups in PD are Tremor

Dominant (TD), Rigid Akinetic (RA), and Postural Instability and Gait Di�culty (PIGD)

(44). Some patients compose a mixed group (131).
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There is evidence that the neural pathology between these subtypes di�ers (36), but it

is still not fully understood why these manifestations di�er among patients with PD. To

classify the phenotype of a person with PD, it is necessary to perform one or more clinical

assessments, considering the predominant motor signs and the initial description of the

patient (131). The Tremor Dominant type (PD-TD) is characterized by tremor of one or

more limbs with a relative lack of severe bradykinesia and rigidity; it is the subgroup that

presents resting tremor, typically unilateral and with progressive worsening. People in

the PD-TD subgroup tend to have slower disease progression, fewer non-motor symptoms,

more chances of improvement with levodopa, and a higher survival rate when compared

to PD-PIGD (53).

The Rigid Akinetic type (DP-RA) is the type characterized by problems due to slow-

ness in the onset of movement, rigidity followed by abnormal sti�ening of the muscle,

slowness to perform everyday tasks, and increasing impairment of movement (131). Vi-

sual motor memory, de�ned as the ability to generate motor commands that create move-

ment and a graphic representation of memorized visual patterns, is also more a�ected in

PD-RA patients (131). It is responsible, for example, for the e�ciency of writing and

calligraphy because, to recreate the tracing of the letters, it is necessary to memorize

motor movements. Patients with PD-RA show a more rapid progression of motor symp-

toms and have a higher risk of developing dementia and moderate cognitive de�cits when

compared to patients with PD-TD (132, 36). Compared to DP-TD, DP-RA also has

more di�culties in the learning process and in the perception and speed of the visual and

peripheral processes. Therefore, regarding neurophysiological impairments, the PD-TD

type is favorable to the PD-RA type (131).

Individuals with postural instability and gait di�culty (PD-PIGD) have a faster pro-

gression of the disease than PD-TD and a higher risk of developing the freezing of gait

symptom (70). The classi�cation of the di�erent phenotypes of the disease represents a

di�erence in the prognosis of the patient; it is reported that PD-TD patients have a better

initial prognosis and less motor impairment, with possibilities of better maintenance of

the quality of life (68). The PD-PIGD classi�cation, with characteristics of dysfunctions

in instability and gait, has a worse prognosis and a close relationship with cognitive im-

pairments with the evolution of the disease (7). Therefore, detecting and evaluating the

subtype of Parkinson's disease is indispensable (131).

2.4 Clinical assessment in Parkinson's disease

Assessments in Parkinson's disease are made speci�cally and they aim to analyze

motor and non-motor signs. There are several collection instruments for a qualitative

assessment, that is, tools that corroborate the clinical assessment of the patient; the most

commonly used is the MDS-UPDRS (Movement Disorder Society-Uni�ed Parkinson's

15



2.5. Medication treatment of Parkinson's disease

Disease Rating Scale).

The need for a common and consistent method for the assessment of PD led to the

creation of the Development Committee of the Uni�ed Parkinson's Disease Rating Scale

(UPDRS) in 1984 (34). The UPDRS was published by Fahn and Elton in 1987 and intro-

duced as a general assessment method, including assessment of self-reported impairment

(activities of daily living, ADL) and clinical assessment by a physician (motor examina-

tion, MS) (125).

In 2008, the scale was revised and updated by the International Parkinson and Move-

ment Disorder Society (MSD) and has since been designated the MDS-UPDRS (34, 101).

The MDS-UPDRS is described as the gold standard (34) and has been the most widely

used clinical scale for monitoring and diagnosing PD (66). The scale has four parts. Part

I covers non-motor aspects of daily life experiences, such as drowsiness, anxiety, and ap-

athy, and is answered by the evaluator and the patient. Part II assesses everyday motor

aspects, such as dressing, eating, and walking, and is answered only by the patient. Part

III represents a motor assessment with instructions for the assessor to provide or demon-

strate for the patient to perform, and Part IV comprises motor complications such as

dyskinesia, dystonia, and motor �uctuation. Parts III and IV of the MDS-UPDRS are

completed only by the assessor. Each item receives a score from 0 (normal) to 4 (severe)

(34).

2.5 Medication treatment of Parkinson's disease

The common drug treatment for Parkinson's disease is comprised of dopamine pre-

cursor drugs, dopamine agonist drugs, and non-dopaminergic drug classes. Among these,

levodopa stands out, which is one of the most commonly used drugs, as it has forms

of release that depend on the composition and the patient's needs (93). Levodopa, a

metabolic precursor of dopamine, is commonly used to manage the motor symptoms of

PD by replenishing endogenous dopamine in the striatum and is the main medication used

in the treatment of Parkinson's disease (70). It is understood that if the patient takes

the medication regularly and at the correct dose, �uctuations in the disease's symptoms

are minimized; however, as the disease progresses, levodopa ceases to work with total

e�ectiveness and leads the patient to experience a greater medication OFF period.

The medication OFF period occurs before the scheduled time for the next dose of the

medication, in which the patient feels that the e�ect of the medication has ended. When

the patient is under the e�ect of medication and feeling better, the period is classi�ed as

ON. However, as a side e�ect, the patient may present with motor complications such as

dyskinesia during the ON period of the medication (93).
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2.6 Gait changes in Parkinson's disease

Gait deterioration in Parkinson's disease is a growing concern as it a�ects the patient's

quality of life (40, 120). Gait changes appear in the early stages of the disease (11). Gait

disturbances in PD can be continuous or episodic.

Continuous disorders appear in most patients; they acquire a �exed posture, have

di�culties in axial rotation of the upper body, have reduced arm swing, and have di�culty

getting up from a chair (48). Continuous gait disturbances are more pronounced in

patients of the akinetic-rigid type (DP-RA) and in patients with postural instability and

gait di�culties (DP-PIGD) and include asymmetric attenuation or absence of arm swing,

stooped posture and variation, a decrease in stride length, and di�culty turning in block.

In addition, gait becomes increasingly slower with the progression of PD.

Episodic disorders occur in a portion of the PD population, such as festination gait

and freezing of gait. Festinations are rapid steps that decrease in size and become shorter

and shorter (70). The propensity that the patient with PD has to lean forward during gait

forces him to step with the forefoot, and inevitably, he begins to take faster and shorter

steps, thus adopting, even if involuntarily, an accelerated pace (83). Freezing of gait is

characterized by di�culty in walking forward because, despite the desire to perform the

movement, the individual feels unable to lift the foot o� the ground (84). This episodic

disorder is a unique disorder that causes a block in walking, and the individual cannot

continue or initiate the movement of walking.

When the person with PD is in the OFF period of the medication, the continuous gait

disturbances are more accentuated, and the gait is characterized by slowness, reduction

or absence of arm swinging, reduced trunk rotation, reduced range of motion of the hip,

knee, and ankle, forward leaning, reduction in the amplitude of the steps, and decrease in

the height of the foot displacement during the swing phase. Another aspect noted is the

increase in the contact time of the foot with the ground, called the double support phase.

When walking during the ON period of the medication, the person with PD still has

reduced speed, but the slowness is attenuated. In a controlled study (72), peak gait speed

and stride length were sensitive to levodopa medication, whereas temporal variables such

as cadence and duration of swing and stance phases were drug-resistant. Gait disturbances

in PD are di�cult to treat with levodopa; however, many PD patients experience reduced

freezing of gait during the ON state of the medication (23).

2.7 Freezing of gait (FOG)

Freezing of gait, or FOG, is more common in advanced PD (72, 129, 13, 127). However,

it can also appear in the early stages of the disease, with milder and shorter episodes,

especially in patients without adequate treatment (83). The prevalence of FOG ranges
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from 7% in the early stages of the disease to 60% in the more advanced stages (12).

Rawson et al. (102) state that between 20 and 60% of people living with PD will develop

this symptom, and Saad et al. (105) consider that more than half of patients with PD

could develop FOG in the course of the disease. Morris et al. (72) report that progressively

more people who experience FOG restrict walking and reduce the level of physical activity

to avoid triggering the motor disorder.

The de�nition of FOG was established in 2010 as "a brief episodic absence or marked

reduction in stride progression, despite the intention to walk" (83). Ricciardi (103) de�ned

FOG as "an episode of inability to generate an e�ective stride with no known cause other

than parkinsonism or high levels of motor disorder". Bartels (12) de�ned FOG as a

hesitation at the onset of movement that lasts longer than a second, a signi�cant stop

in locomotion for no reason, or if it appears that the individual is trying to initiate or

continue movement without success. The episode is commonly accompanied by a tremor

in the legs as an e�ort to overcome the block associated with high-frequency components

(2�6 Hz) (70, 60, 108).

In 1995, Thompson and Marseden (16, 83, 94, 60) de�ned three types of FOG: (I)

Blocked gait, when the feet seem to be glued to the ground, without movement in the

trunk and limbs, like complete or partial akinesia; (II) Festination, when the normal gait

rhythm changes to a shu�ing gait, with faster and shorter steps until the stop; and (III)

Local tremor, when the lower limbs may show signs of tremor while �xed to the ground,

with quick and alternating knee movements.

FOG can be provoked or accentuated by environments and tasks. The study by

Okuma (84) points out some factors and moments of gait that can trigger FOG, citing the

movements of passing through narrow spaces, immediately before reaching a destination,

starting to walk, and turning during walking. Most PD patients have a preferred side

to turn, but there is a complex relationship between the direction of turning and the

dominant side of the disease.

The environments most known to trigger FOG are doorways, narrow hallways, and

small, messy spaces (72, 110, 13). Narrow passages created by outdoor furniture and

plants can also block gait. The patient may have enough con�dence, physical capacity,

and motor planning ability to walk without restraint in a clinical setting but still report

limitations in walking around the house for exercise.

Situations in which the individual walks and simultaneously performs cognitive pro-

cessing or motor activity are known as dual tasking. In practice, dual-tasking associates

secondary tasks with the gait route, such as carrying a tray (a motor task) or saying the

months of the year in descending order (a cognitive task) (110). The literature shows

that dual-tasking compromises the gait of people with PD (72) and it can be a trigger for

FOG (96, 68, 7, 13).

External or internal pressure to perform a task or a sudden demand increases the
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propensity for FOG. Anxiety and stress situations are also determinants of the presence

and intensity of the episode. Examples such as using public transport, crossing a busy

street before the tra�c light, using the elevator, answering the doorbell, or the telephone

ringing are situations that can trigger FOG (72, 84). Moreover, factors such as commuting,

attention, visuospatial processing, sensory integration, and emotions contribute to the

freezing of gait (96, 110, 108).

Although FOG is a common gait disorder (61), it does not a�ect all patients equally,

suggesting that comparing people with PD with a history of FOG and people with PD

who do not experience FOG may aid in the search for neurobehavioral markers of the

symptom.

FOG research has been driven by important approaches (61), one of which is the

attempt to reduce falling events among people with Parkinson's disease (55). People who

experience FOG report that they lose control over their gait for a few seconds (115), and

when the episode happens, the feet stop moving but the center of gravity continues to

move forward. This causes an imbalance that cannot be compensated for by protective

steps due to movement being blocked and increases the chances of the patient su�ering a

fall (84).

Falls in PD are a complex health problem; the direct consequences are fractures,

head trauma, contusions, and other injuries, increasing the chances of hospitalization

and institutionalization. Indirect consequences include fear of further falls, limitations in

activities of daily living, and death (55). FOG and falls pose serious risks to the health of

people with PD. In addition to the immediate clinical e�ects on those who are a�ected,

there are also the rising costs of healthcare for society (16).

The study by Lopes (55) tried to identify fall predictors in individuals with PD and

compare people with Parkinson's disease who su�er recurrent falls with people with

Parkinson's disease who do not fall, considering sociodemographic, anthropometric, clini-

cal characteristics and functional status, such as age, gender, body mass, PD progression,

levodopa dose, MDS-UPDRS part II and III scores, New Freezing of Gait Questionnaire

(FOG-Q) score, Human Activity Pro�le (HAP) score, fear of falling measured by the Fall

E�cacy Scale � International (FES-I) scale, gait speed, functional strength of the lower

limbs, balance using the Mini Balance Evaluation Systems Test (BEST) scale, mobility

through the TUG test and dual task , which is the dual-task TUG test. The group of

people with Parkinson's disease who su�er recurrent falls showed the worst performance in

the values of MDS-UPDRS, New FOG-Q, HAP, FES-I, Mini BEST test, TUG, and TUG

with dual task. Therefore, factors associated with a high risk of falling in PD are disease

progression, severity of the FOG symptom, levodopa dose, severe motor di�culties, motor

�uctuations, loss of upper limb sway, and dyskinesia.

The most dangerous outcome of falls is probably hip fractures, which are linked to high

rates of morbidity and mortality in Parkinson's disease and frequently result in nursing
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home admission. About 25% of patients will have a hip fracture within ten years of their

diagnosis, and smaller wounds such as joint dislocations, bruising, or skin lacerations are

quite frequent and a substantial source of pain and discomfort for patients. A retrospective

cohort study reviewed the records of PD patients compared with age and sex-matched

healthy individuals, and the results show the risk of fracture is signi�cantly higher in

those with PD (31).

Personal and environmental factors can in�uence the functionality of an individual

with PD in a positive or negative way. De�ciencies in body functions can induce social

isolation, as the patient is embarrassed or afraid of falling. Thus, patients with gait

dysfunction have di�culty participating in social activities and prefer to limit or avoid

them. PD individuals with fear of falling have lower mobility, decreased capacity to

execute activities of daily living, and a lower quality of life (16).

Freezing of gait usually happens during the OFF period (83), and therefore several

studies that aim to evaluate the FOG perform the experiments in the OFF state of the

medication. However, an editorial note (23) showed that there are many unanswered

questions about ON state FOG; the text says that the true incidence and prevalence of

this condition are not well known and are likely to be underreported. In the study by

Schaafsma (108), nineteen volunteers with PD and a history of FOG were recorded while

performing a physical mobility task. The experiment was carried out in the ON and OFF

states of the medication so that the data could be later analyzed and the researchers could

evaluate the e�ect of levodopa on participants' gait. The results suggest that levodopa

raises the threshold for FOG to occur but does not cure the episode. In addition, other

studies performed experiments with patients in both medication states (12, 40, 77). There

is a consensus among authors that further studies are needed to characterize the FOG

phenomenon and the types of patients in whom it occurs (23).

2.8 Hypothesis of freezing of gait

The contribution of the environment, factors related to tasks, attention, mental state,

and prolonged use of medication can contribute to the occurrence of FOG (72). There

are some hypotheses presented in the literature about the freezing of gait related to

automaticity, rhythmic control, the generation of abnormal patterns, and anticipatory

postural adjustments.

Automaticity is impaired in advanced PD, and this increases stress on voluntary and

cognitive mechanisms (81). Walking is an automatic motor task that requires a low level

of cognitive function since it represents a spontaneously acquired practical movement

(83). However, evidence suggests a complex interaction between gait impairment and

cognition (103), hypothesizing that individuals with Parkinson's disease who experience

gait impairment are unable to properly recruit speci�c cortical and subcortical neural
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regions within the network of cognitive control during the simultaneous performance of

motor and cognitive functions (110). Therefore, PD patients who do not experience

episodes of freezing of gait can counteract the negative e�ects of automaticity de�cits

by increasing cognitive control, whereas people who have FOG do not have this control.

Impaired automation may explain why FOG often occurs during walking and challenges

dynamic cognitive-motor control due to the performance of a secondary activity (84, 110).

Another hypothesis is that FOG is associated with a central de�cit in rhythmic gait

control. Readiness potential refers to the preparation of cortical motor neurons in a

state of readiness to perform a sequence of movements. During the performance of a

sequence of previously learned movements, the basal ganglia de�ne and maintain a plan

of cortically selected movements; the parameter of the movement sequence (fast or slow;

walking or running) is selected with speci�c amplitude and speed and discards the need

for conscious attention (72). Therefore, when the basal ganglia are functioning normally,

an individual may divert attention to a secondary task while they automatically maintain

a set of rhythmic movements. The physiological malfunction in PD causes a mismatch

between the cortically selected step size and the step size reported by the basal ganglia

(22). The muscle receives con�icting information since the motor cortex, una�ected by

PD, sends an automatic gait with a certain step size that has been learned over time, while

the basal ganglia, a�ected by PD, send faulty information. This dysfunction between the

basal ganglia and motor cortical areas generates information incompatibility and results

in a set of motor disorders that cause hypokinesia, reduced movement size and gait speed,

a short step pattern with reduced amplitude, and a value of strength insu�cient to start

or continue the step.

The next hypothesis is that FOG is associated with the generation of abnormal gait

patterns. Nieuwboer et al. (77) concluded that freezing of gait is caused by a combina-

tion of increasing inability to generate a standard stride length. The hypothesis of the

generation of abnormal gait patterns considers the abnormalities in the space-time char-

acteristics of the gait just before the FOG episode (78). Studies analyzed the steps that

precede the FOG and showed that there is a cumulative loss of range of motion in addition

to changes in cadence and abnormal activation of the tibialis anterior and gastrocnemius

muscles (70, 127, 78, 77).

Anticipatory Postural Adjustments (APA) are related to the activation of postural

muscles before the disturbance occurs and are triggered in order to minimize the e�ects

of a predicted disturbance (107). Therefore, another FOG hypothesis is that the postural

adjustment system of patients with PD is impaired because, with the variability of the

steps, the muscles receive contradictory information before the stride. Jacobs et al. (47)

showed that multiple anticipatory postural adjustments (APAs) produce knee tremors

and cause di�culty in movement planning, and that FOG associated with a subsequent

loss of balance may be caused by the inability to couple normal anticipatory postural
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adjustments during walking.

FOG is more likely to occur when the person with PD performs more complex or

lengthy motor skills than simple, isolated movements, such as repeatedly lifting one leg

(72). Multiple hypotheses have been raised to explain the mechanism of the FOG symp-

tom in PD, but the authors have not found a consensus, and there is no model that

universally explains the occurrence of the episode (13).

2.9 Qualitative assessment of freezing of gait

Freezing of gait is still a poorly understood phenomenon (94), and its pathophysiology

is still not clear enough (12). For the clinical assessment of FOG, three methods are

frequently reported in the literature and used in clinical practice. The evaluation applies

the MDS-UPDRS Part III, the TUG test (Timed Up and Go), which is a speci�c test for

gait, and the questionnaire to assess freezing of gait, the New FOG-Q.

The clinical assessment of FOG is included in the MDS-UPDRS, the most widely used

clinical scale to assess PD (34). In item 2.13 of Part II of the MDS-UPDRS, from Motor

Experiences of Daily Life (M-EDL), the evaluator asks the patient if during the last week,

on a normal day, there has been a blockage or sudden stop during walking, such as if the

foot was glued to the �oor. The response is a score from 0 ("No") to 4 ("Due to the

FOG episodes, I need help walking"). In item 3.11 of Part III of the MDS-UPDRS, the

motor examination, the gait assessment is performed while the patient walks away from

and approaches the examiner, so that both sides of the body are observed simultaneously.

The patient should walk at least 10 meters, then turn and return to the evaluator. The

evaluator looks for hesitations at the beginning and hesitations in the movements, mainly

when turning around and reaching the end of the task. The rater scores the patient's gait

from 0 (no block) to 4 (patient freezes several times while walking in a straight line).

It is important to note that Part II of the MDS-UPDRS has 13 items and Part III has

18 items in total, so there are 2 speci�c items for the FOG assessment out of 31. The MDS-

UPDRS has the advantage of being available for the majority of physicians; However, it

requires experience and may not reveal FOG even for cases con�rmed by medical history

(94). The FOG assessment in the MDS-UPDRS is not an accurate representation, and

this is a consequence of the FOG being often di�cult to observe during a clinical visit

(64).

The TUG test (Timed Up and Go) is a clinical evaluation that was created in 1991

(92) and consists of recording the time required for the volunteer to stand up from a chair,

walk three meters, turn around with a U-turn, return the same way, and sit down (114).

The New Freezing of Gait Questionnaire (New FOG-Q) was developed by Nieuwboer

(77) in a study that updated the �rst Freezing of Gait Questionnaire (FOG-Q) by Giladi

(32, 33). In Brazil, the questionnaire was validated by Baggio (87) and is suggested
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in the Brazilian Version of the European Physical Therapy Guideline for Parkinson's

disease. The New FOG-Q is divided into three parts. The �rst part distinguishes between

individuals with and without gait freezing with just one question: "Have you had episodes

of gait freezing in the last month?". The second part has �ve items that assess the severity

of frozen gait with scores ranging from 0 to 4. The last part has three questions that

consider the impact of frozen gait on daily life, with scores ranging from 0 to 3.

The disadvantages of these methods are mostly observed when they are replicated in

real-life situations compared to controlled laboratory conditions. For example, people with

PD who score high on the New FOG-Q in their daily routine are not necessarily those

most predisposed to experience FOG during clinical trial protocols (114). Therefore,

researchers have made attempts to �nd a suitable method to evaluate and monitor FOG

objectively rather than using only the subjective testing methods of clinical evaluations

(2).

Close supervision is important to monitor the progression of PD, so people with PD

should visit the neurologist every few months. During the visit, the physician assesses the

patient by asking him to perform a set of speci�c MDS-UPDRS activities. The information

gathered by the specialist is subjective as it is limited to one session every few months; in

addition, the physician's assessment may be in�uenced by the patient's mood or atypical

behaviors that day. As with other symptoms, FOG should be monitored to assess disease

progression. Tools to measure FOG in PD during a clinical visit can generate objective

data to improve clinician assessments (106).

2.10 Quantitative assessment of freezing of gait

Objective evaluations provide more complete data as a means of supporting medical

decisions (21). Quantitative assessments can measure treatment strategies and charac-

terize a movement and should be used in parallel with clinical assessments. Mechanisms

of a disease that are a�ected by a given drug, such as FOG in PD that is a�ected by

levodopa, must be recognized by means of an appropriate biomarker in order to increase

the chances of successful treatment (52). Furthermore, there must be a way to measure

the e�ciency of the compensation strategies addressed in movement rehabilitation (82).

Advances and improvements in the computational power of small devices allow smart

sensors to be widely used to assess movement disorders. Wearable sensors are a tool

to assess motor symptoms such as FOG in PD (115). The advantage of using wearable

sensors to collect movement data is the possibility of application in real-life environments

(115). Although several studies have used wearable sensors to detect gait disorders, such

as FOG, there is no agreement on the most e�ective system design, i.e., sensor type,

number of sensors, sensor placement on the body, and algorithm used in signal processing

to detect FOG (115).
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In recent years, wearable devices have received a lot of attention because they are

based on detection activities and are able to di�erentiate individuals with Parkinson's

disease from individuals with other neurological disorders, as well as from healthy elderly

people. The popularity of wearable devices is due to their usability and low cost (115).

The literature proves the possibility of monitoring wearable devices outside the clinical

environment. The problem with people using wearable devices on their own is that use

by PD patients and FOG is unreliable, and PD patients can experience memory loss and

dementia (115). To use wearable sensors outside the controlled clinical environment, users

must place the sensors in the correct position. The �exibility of using this technology on

its own can cause variations in data capture and impact the quality of the gait assessment.

The main sources of variation in the collected data are the sensors, the mounting location,

the mounting side, and the speed of executing movements (115). There are many factors

that a�ect data capture by wearable sensors outside the controlled clinical environment;

Some studies use Kinect to analyze the gait and detect FOG of people with PD at home,

they show positive feedback for domestic usability, but with limitations in outdoor use

(29, 8).

In the �eld of FOG detection, the variable Freeze Index (FI) extracted from the vertical

linear acceleration of the leg stands out. Moore et al. (70) have proposed a technique to

identify FOG episodes using power spectrum analysis of the vertical linear acceleration of

the shank, the Freeze Index (FI). FI is de�ned as the ratio between the power in the freeze

band (3�8 Hz) and the power in the locomotor band (0.5�3 Hz). Thus, the Freeze Index

can be found by dividing the frequency range of the wave during FOG by the frequency

range of normal walking, in other words it is possible to �nd FI, which informs the severity

of the FOG episode, when performing a transform from the time domain to the frequency

domain and calculating the spectral density of the signal. The literature shows that the

frequency band during FOG is 3-8 Hz and the normal walk is 0.5-3Hz. Bachlin et al.

(11) updated Moore's FOG detection algorithm, proposing a lighter architecture in which

acceleration data from three sensors attached to the body were transmitted to a wearable

computer through wireless Bluetooth and introducing a new term called Power Index

(PI), which is the sum of the freeze band and locomotor band; PI indicates the amount

of movement during walk (74). FOG episodes in predictions systems are then determined

using two thresholds, the Freeze Index Threshold (FTH) and the Power Index Threshold

(PTH).

FI was compared with several other features as show the literature (91, 24, 20). This

includes cadence algorithms (24, 20), features in time domain as mean, standard deviation,

entropy, variance, harmonicity and predictability (74, 91, 106). Nevertheless, FI is a

reliable parameter to detect FOG and it could be associated to di�erent methods in order

to detect walk patterns modi�cation.

Coste (24) compared two algorithms to detect FOG, one is the Moore-Bachlin algo-
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rithm and the other is FOG criterium algorithm, based on cadence. The authors showed

that the FI is capable of detecting FOG monitoring changes in the signal power spectra.

A similar work was conducted by Capecci (20), in which the authors aimed to compare

the cadence obtained from the second harmonic of power spectrum density with FI and

PI. The results showed that these features are capable of detecting FOG with more sen-

sibility and speci�city than the cadence algorithm. Cadence is important to analyze for

gait changes detection, for example to characterize FOG and festination gait.

Pham (91) compared the Freeze Index (FI) with an alternative FI analysis, the Freeze

Index using Koopman operator for spectral analysis (FIK) and with a set of 244 features,

including mean, standard deviation, entropy, energy and others. Results showed that the

common FI is one of the best features in saliency, clusterability and robustness. Further

conclusion is that multiple channels increase the reliability in FOG detection and the

vertical acceleration of the hip sensor was the best choice for better detection performance

in the study.

San-Segundo (106) extracted four feature sets and used classi�cation algorithm to

elucidate the best combination for a better FOG detection performance. The �rst set

included mean, standard deviation, variance, entropy, power in the freeze and locomotor

band, Power Index and Freeze Index. The second feature set gathered 90 features on

time and frequency domain. The third set was the Mel Frequency Cepstral Coe�cients.

The fourth set was harmonicity and predictability on time and frequency domains and

spectral �ux. They got the best results using random forest classi�cation algorithm for

the �rst data set.

In this context, quantitative evaluation studies that propose the use of di�erent types of

sensors, generate objective parameters with data acquisition, and combine the parameters

in order to obtain a more accurate data when analysing the gait corroborate with the

creation of biomarkers to assess gait and FOG in PD (99).

2.11 Solutions for freezing of gait

There is limited but growing evidence on movement rehabilitation in the management

of freezing of gait (72). Nonnekes et al. (82) presented an overview and classi�cation

of the many available compensation strategies to contribute to the understanding of the

underlying mechanisms for treating freezing of gait and to aid in the development of

focused rehabilitation techniques. In all, seven main categories were highlighted: inside

track, outside track, changing mental state, changing balance condition, adapting a new

locomotion pattern, using alternative ways to walk, and using legs in other ways to move

forward.

Internal cues suggest that people with PD use cognitive control to walk, using strate-

gies such as mindfulness and mental rehearsal (72). External cues such as auditory and
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visual cues temporarily reduce FOG (72). Through the study by Sijobert (114), the feasi-

bility of using a method such as electrical stimulation as a somatosensory cue to improve

gait was proven. The aim of the study was to investigate the ability of this feedback model

to prevent or reduce FOG events and improve gait performance. Another solution pre-

sented to try to reduce the occurrence and duration of freezing of gait in people with PD

is the use of a Rhythmic Auditory Stimulation (RAS) (115). A RAS device can generate a

continuous rhythmic sound, which interferes with the force to perform the movement and

improves motor perception and stride timing, or a punctual stimulus, which produces a

rhythmic sound as an auditory cue to help the patient maintain or resume normal driving

when FOG is detected.

For safety reasons, patients with FOG episodes are not advised to use a standard

walker (25), but there are walkers that project a laser line on the �oor that works as a

visual cue to help with walking. There are simpler visual cues, as a white tape glued to the

�oor to represent lines and help the patient to walk (72). Auditory cues are more e�ective

than visual cues. However, there is no gold standard for assessing the e�ect of di�erent

FOG interventions, which considerably limits comparative studies (72). In addition, most

patients do not adhere to these more elaborate technologies that can attract attention.

Altering the state of mind is about increasing motivation and trying to recognize and

manage anxiety and fear of falling. A strategy to alter the balance condition is to make

wider turns when turning while walking (82). And to adapt a new pattern of locomotion,

PD patients can use a variety of strategies to compensate for gait de�cits, such as walking

while bouncing a ball or crossing legs while walking (82).

Another category of compensation strategies is adapting an alternative way to get

around, such as raising the knee a little higher than usual, shu�ing like roller blading,

or jogging (82). Some patients report that they cannot walk forward, but they can walk

backward or sideways. Other ways of using the legs to move forward include riding a

bicycle or scooter, for example (82).

Learning compensation strategies can help patients �nd an alternative that best matches

their individual needs, preferences, and health care and include these in their therapeutic

arsenal. Compensation strategies do not have the same e�ect in each patient and can

sometimes worsen gait performance. This suggests that each supraspinal structure in-

volved in the locomotor network is not a�ected to the same extent in all individuals and

that neural reduction reserved for patients with gait problems creates a �ne line between

the induced compensation and its bene�ts (82).

A FOG diary is an interesting alternative to clarify the precise FOG circumstances of

an individual. Similar to a fall diary, in which the patients write down every time they

fall, a FOG diary should be encouraged by the therapists. The fall diary is the preferred

method of fall monitoring (4); therefore, a FOG diary should be advantageous as well.

Translated into clinical practice, this implies that all PD patients should be educated
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and informed about available compensation strategies and that, in conjunction with an ex-

perienced therapist, the optimal compensation strategy for that speci�c individual should

be identi�ed. These evaluations should not be limited to one occasion and should be

repeated if the strategy loses e�ect over time (82).

2.12 Conclusion

This chapter presents an overview of Parkinson's disease and its manifestations and

focuses on the gait disfunctions in PD, such as the Freezing of Gait.

The aim of the thesis is to extend the approach of FOG assessment by observing dif-

ferent gait parameters and determining which FOG-provoking strategy most signi�cantly

in�uences the gait of freezers and results in more FOG episodes. Therefore, previous

concepts about the FOG hypothesis, FOG triggers, FOG qualitative and quantitative

assessment, and solutions were needed.

The next chapter will present the experimental protocol and data acquisition process

to complete the challenge to assess freezers in a controlled environment and elucidate the

optimal combination of sensor, sensor placement, task, and feature to be extracted to

identify gait changes in Parkinson's disease.
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Experimental protocol and data acquisition

This chapter aims to elucidate the data acquisition process of this research by pre-

senting the subjects, the clinical assessment, the four tasks, and the technology applied

for data collection. The detailed experimental protocol is also presented in this chapter.

The purpose of data collection is to generate objective measures that are generaliz-

able to a larger population. There was a time when data collection took place through

questionnaires with predetermined response categories, medical records, or medical doc-

uments (56). Nowadays, several technological advancements have occurred to aid in

obtaining more precise information from individuals, including the addition of quantita-

tive measures for biological systems using various types of signal processing methods and

sensors. There are signi�cant opportunities for using data to improve medical practice,

characterize the individual's features using a model centered on the patient, produce more

e�cient information and services, generate new knowledge, and drive innovation.

In this sense, data collection tools help to get a clearer picture of a patient's health,

manage information quickly, and share it with other researchers.

3.1 Introduction

The study was conducted according to the guidelines of the Declaration of Helsinki,

and all protocols were approved by the Ethics Committee (CAAE: 38885720.3.0000.5152)

of the Federal University of Uberlândia, Brazil. Informed consent was obtained from all

subjects involved in the study. The experiment was performed in a place destined for the

clinical care of Parkinson's disease patients.

This work presents a method based on wearable sensors and the analysis of inertial

sensors, three triaxial accelerometers, and three triaxial gyroscopes, to characterize the

gait of individuals with PD who have the FOG symptom, individuals with PD who do

not have the FOG symptom, and healthy individuals without PD.

Four mobility tasks were performed by the participants, and the data were annotated

by an expert in gait disorders in Parkinson's disease using video recordings synchronized

28



3.2. Subjects

with the signals from the inertial sensors.

Data collection was carried out at Associação Parkinson Triângulo (APT), an institu-

tion that o�ers free activities for individuals with PD in the city of Uberlândia. The APT

environment is welcoming for volunteers who already participate in weekly activities there

and has ideal environments to carry out the clinical evaluation and the data collection.

Participants with PD were selected using convenience sampling. The invitation to

the research was made personally during a momentary activity break during the hours of

physiotherapy at the APT facilities. After the individual agreed to participate, the re-

searchers scheduled a speci�c day and time for data collection according to the availability

of the volunteer and the research group.

Participants with PD were informed in advance that, to participate in the experiment,

they should not take the �rst levodopa medication of the day and arrive at the APT during

the OFF-medication state, which means more than 12 hours without taking levodopa.

One day before data collection, researchers reminded the volunteers about their need to

be in an OFF-medication state.

3.2 Subjects

Thirty subjects were enrolled if they met the eligibility criteria and signed informed

consent prior to the study. They were divided into ten PD patients with a history of FOG

Parkinson's disease patients with history of Freezing of Gait (GFOG+), ten PD patients

age-matched with no history of FOG Parkinson's disease patients with no history of

Freezing of Gait (GFOG-), and ten age-matched controls Control Group (GC). There are

six female and four male participants in each group. The PD participants had idiopathic

PD and were able to walk unassisted during the OFF-medication state.

The number of participants, ten volunteers in each group, was de�ned according to

previous studies related to the FOG analysis (70, 74, 91, 10). The criteria for inclusion

in the GFOG+ group are: (1) participants who were diagnosed with PD clinically; (2)

Hoehn and Yahr Stages 2 or 3; (3) PD patients who showed gait disturbances of FOG;

and (4) Age between 50 and 76 years old. The inclusion criterion for the GFOG- group

is the same as for the GFOG+ group, except for the existence of the gait disturbance of

FOG. The inclusion criterion for the GC group was age because the healthy participants

needed to be age-matched with the PD groups. The criteria for exclusion for the three

groups are as follows: (1) presence of severe visual and auditory impairments; (2) presence

of other associated musculoskeletal or neurodegenerative diseases; (3) use of medication

that can cause vertigo or imbalance; (4) Mini Mental State Examination (MMSE) showing

evidence of cognitive impairments (102, 12).

The evidence of cognitive impairment is a Mini Mental Status Examination (MMSE)

score less than nine (12, 102). A total score of 30 on Mini Mental indicates no cognitive
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impairment, and scores between 26 and 30 are considered normal. People who score

between 25 and 20 have mild cognitive impairment; those scoring between 20 and 10

have moderate cognitive impairment; and scores between 9 and 0 denote severe cognitive

impairment, indicating problems with all basic activities.

3.3 Research Group

The execution team for data acquisition had �ve researchers, one physiotherapist to

perform the clinical assessment on the participants; one researcher was responsible for

explaining and obtaining the informed consent form from the participant, organizing the

environments in which data collection was carried out; charging the devices necessary to

perform data collection; controlling the sensors and light during data collection; trans-

ferring the data to the computer; and con�rming that the inertial signals are coherent.

Another physiotherapist accompanied the participants during the physical mobility tasks

to prevent falls and increase safety. This professional did not interfere in the performance

of the tasks but provided support to the patient if necessary. The fourth researcher was

placed close to the existing wide-opening in tasks 3 and 4 to increase safety and avoid an

adverse event in case the volunteer lost balance and bumped into the wide-opening. This

person was also responsible for playing the audio track and annotating the drawn number

for task 4. The �fth researcher was responsible for �lming the tasks performances.

3.4 Clinical Assessment

An experienced physiotherapist con�rmed the OFF-medication state of the partic-

ipant with PD before the clinical examination. Then, the subjects completed several

questionnaires to measure their clinical characteristics. The mini mental state examina-

tion MMSE assessed cognitive functioning; the Uni�ed Parkinson's Disease Rating Scale

(MDS-UPDRS) measured daily living activities (Part II) and the severity of motor symp-

toms in PD (Part III) [51], and the New Freezing of Gait Questionnaire (New FOG-Q)

was used as a subjective measure of freezing of gait severity [81, 95]. Those are methods

frequently reported in the literature and used in clinical practice.

The New FOG-Q was applied only to the GFOG+ group because the participants in

the GFOG+ group had a FOG history with di�erent severity and frequency [96]. The

New FOG-Q score informs the subjective perception of the severity and impact of FOG

on gait performance (55). Therefore, the FOG history of the GFOG+ participants was

investigated and its severity was rated using the New Freezing of Gait Questionnaire (new

FOG-Q) (102, 64, 14, 77, 130).

The GC group, people without PD, completed only the MMSE before data collection.
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Figure 3.1 � Representation of the TUG test. The individual stands up from the chair,
walks three meters, executes a 180 degree turn in the center of a squared tape on the
�oor, returns to the chair and sits

3.5 Mobility tasks for data acquisition

Patients were asked to perform four di�erent physical mobility tasks: task 1 is the

voluntary stop, task 2 is the TUG test, task 3 is a physical mobility motor task, and task

4 is a physical mobility dual task. Figure 3.5 presents the study design.

3.5.1 Voluntary Stop

In the voluntary stop, task 1, the subject [1] stands up from a chair, [2] walks three

meters, [3] stays standing for 10 seconds, [4] executes a 180-degree turn, [5] returns to the

chair, [6] completes another 180-degree turn, and [7] sits down; The voluntary stop is a

modi�ed version of the Timed Up and Go test in which a 10 second standing position is

added to compare the voluntary stop with the involuntary stop (FOG event) (72).

3.5.2 TUG test

Task 2 is the Timed Up and Go test (TUG), the golden standard physical mobility

task for gait analysis in PD. This test has been applied in several studies that address the

FOG symptom (5, 80, 133, 114).

To complete the TUG test, the subject [1] stands up from a chair, [2] walks three

meters, [3] executes a 180-degree turn, [4] returns to the chair, [5] completes another
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Figure 3.3 � Representation of the simple physical motor task that induces FOG in a
controlled environment

of 1 to 9 was drawn without replacement.

At the end of the experiment, the researcher asks the participant how many times he

heard the drawn digit. The entire data collection is recorded for later veri�cation of the

results, to check the volunteers' responses and compare them with the actual number of

times the digit appeared in the audio.

To prevent gait synchronization with the audio track, the interval between auditory

stimuli ranged from 100 to 1000 milliseconds (13). The duration of the audio was sixty

seconds, which is the average time required to complete the proposed physical mobility

motor task. Participants were instructed to continue counting the digit even if they

completed the motor task prior to the conclusion of the audio.

The DTM cognitive task was presented once to the volunteer before data collection;

the objective was to teach the volunteer how to successfully complete the cognitive task.

Figures A.2, A.3, and A.4 show the environment in which tasks 3 and 4 took place.

Tasks 3 and 4, the physical mobility motor task and dual task, can induce FOG in

freezers using known triggers of FOG episodes in a controlled environment (81). The

development of these tasks is further explained in Chapter 5.
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12.5 ± 5.75 years; their MDS-UPDRS Part II score is 17.1 ± 10.78, with a mean of 1.5

for item 13, "Freezing of gait". The MDS-UPDRS Part III score in the OFF-medication

state is 57.5 ± 27.66, and the MDS-UPDRS Part III score in the ON-medication state is

41.7 ± 24.47. The new FOG Questionnaire (NFOGQ) is 19.2 ± 4.7, and the MMSE score

is 25.5 ± 3.92. The GFOG- participants (65.1 ± 4.38 years old) have been diagnosed with

PD for 6.9 ± 4.58 years; the MDS-UPDRS Part II score is 9.9 ± 3.75; the MDS-UPDRS

Part III score in the OFF-medication state is 41.2 ± 15.51; and the MDS-UPDRS Part

III score in the ON-medication state is 29.7 ± 14.27. The MMSE score is 26.6 ± 2.27.

Table 3.1 � Clinical characteristics of the GFOG+ volunteers, ten PD patients with a
history of FOG. Information about the sex and age of the volunteers. TD is the time of
diagnosis in years, FOGQ is the score of the new FOG questionnaire, MMSE is the Mini
Metal score and Time OFF is the time in hours that the volunteer is without levodopa
medication for the �rst part of data collection.

V Sex Age TD FOGQ MMSE Time
OFF

1 M 50 15 14 27 12h
2 F 51 7 23 28 13h
3 M 57 15 19 15 13h
4 F 59 12 21 27 13h
5 F 63 10 23 26 13h
6 F 65 14 16 28 10h
7 F 66 25 15 24 13h
8 M 68 6 23 28 13h
9 M 73 6 26 27 12h30
10 F 56 15 12 25 13h30

Table 3.2 � Uni�ed Parkinson's Disease Rating Scale (MDS-UPDRS) results of the
GFOG+ volunteers, ten PD patients with a history of FOG. Part II of the MDS-UPDRS
is the daily life activities questionnaire and Part III is the motor examination. Item 2.13
refers to the FOG sign.

V Part II Item 2.13 Part III
OFF

Part III
ON

Total
OFF

Total ON

1 18 2 62 50 80 68
2 16 2 49 39 65 55
3 21 1 51 26 72 47
4 10 1 20 7 30 17
5 12 1 53 32 65 44
6 6 1 35 37 41 43
7 22 2 94 57 116 79
8 9 1 49 37 58 46
9 44 3 115 100 159 144
10 13 1 47 32 60 45
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The GC participants (64.7 ± 6.76 years old) completed only the MMSE (26.7 ± 2.21)

test before the experiment.

Using the Shapiro-Wilk normality test, the distributions of the participants ages are

not signi�cantly di�erent from the normal distribution; from the output (p-value > 0.05)

of GFOG+ (p-value = 0.8674), GFOG- (p-value = 0.3105), and GC (p-value = 0.3998),

we can assume their normality.

Table 3.3 � Clinical characteristics and MDS-UPDRS results of the GFOG- volunteers,
ten PD patients with no history of FOG. Information about sex and age of the volunteers.
TD is the time of diagnosis in years. MMSE is the Mini Mental score and Time OFF
is the time in hours that the subject is without take the levodopa medication. Part II
and Part III of the Uni�ed Parkinson's Disease Rating Scale (MDS-UPDRS) represent
the daily life activity questionnaire and the motor examination, respectively.

V Sex Age TD MMSE Time
OFF

Part
II

Part
III
OFF

Part
III
ON

Total
OFF

Total
ON

1 M 59 8 26 13h 13 55 36 68 49
2 F 60 3 29 16h 9 21 7 30 16
3 F 62 3 27 18h 11 38 20 49 31
4 F 62 6 26 14h 4 24 24 28 28
5 M 63 15 23 11h30 14 66 56 80 70
6 M 67 14 23 14h 16 53 44 69 60
7 F 68 2 29 18h 5 31 25 36 30
8 F 69 8 26 12h30 9 54 35 63 44
9 M 70 7 29 12h 9 44 34 53 43
10 F 71 3 28 12h 9 26 16 35 25

Table 3.4 � Clinical characteristics of the GC volunteers, the Control Group. Information
about the sex and age of the subjects. The Mini Mental score is the cognitive test used
as eligibility criteria.

V Sex Age MMSE

1 F 56 25
2 M 59 27
3 F 59 30
4 M 59 24
5 F 63 30
6 F 65 25
7 F 68 27
8 M 68 27
9 M 74 24
10 F 76 28
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3.9 Conclusion

This chapter presents the experimental protocol for data acquisition to generate an

open access database that could contribute to the development of new methods to assess

individuals with Parkinson's disease with FOG history.

Information about the subjects, the research group, the clinical assessment, the mobil-

ity tasks, and the technology used for data acquisition is presented. As well as the results

of the clinical assessment. These data are referenced in the studies that will be presented

in chapters 5 and 6. The chosen method involves video annotation, and the amount of

data arising from data collection is large and requires detailed and careful organization.

Video annotation and the organization of the data will be presented in Chapter 4.
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Data organization and data annotation

Data is a valuable resource that may be re-used ans combined inde�nitely for a variety

of purposes in healthcare. Collecting data and e�ectively managing information can be

keys to patient engagement and care. Advances in data science mean that there are more

ways to collect, manage, link, and analyze health and biological data in order to generate

information for research.

The aim of this chapter is to elucidate the steps to complete the task event annotation

process using the software ATLAS. The task events were manually annotated, and the

inertial signal for each task event was labeled with the initial and �nal time.

The presentation, visualization, statistical tests, and data analysis were conducted

using RStudio, a software that generates good visualization graphs and allows for the

understanding of the signals. RStudio provides free and open-source tools for R and

professional software ready for development work at scale (122).

The experiments presented in this study were recorded with a cell phone camera, and

the ground truth was generated when the FOG episodes and task events were annotated

by a researcher specialist in FOG using the videos and interpreting the inertial sensor

signals (70, 60, 106). The responsible researcher watched and studied the videos and

marked the beginning and end of each event that occurred during the experiment (20).

Figure 4.1 presents the possibilities that can happen in each task event during the

mobility tasks, while the participant is performing a task event, the results can show the

gait as (1) a normal gait, when the subject walks without interruptions; (2) a gait with

continuous disorders, when the subject presents slow steps or gait variability; or (3) a gait

with FOG events, when the subject freezes during the execution of the task event.

4.1 Data organization

Figure 4.2 shows the study design for the three groups and how the data acquired

was stored in folders for later analysis. The groups GFOG+ and GFOG- carried out the

experimental protocol during the OFF and ON medication states, while the group GC
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Figure 4.3 � Time series of the z axis gyroscope of the shank. An example from each group
(GFOG+, GFOG-, and GC) of the four tasks that compose the experimental protocol,
OFF and ON medication states are also presented.

responsible for generating the signals. Without this, it will not be possible to properly

interpret the results and understand possible inconsistencies that may arise during the

data analysis process (76). Biological systems are responsible for producing biomedical

signals that re�ect the state of the system; therefore, using inertial sensors while carrying

out gait tasks as proposed by this study can show the state of gait performance in PD

individuals with a history of FOG, PD individuals with no history of FOG, and individuals

without PD, as shown in Figure 4.3.

Data annotation is the process of labeling data using human activity to tag the content

in various formats such as video, images, audio, or text (35). The present study focuses on

video annotation. Video annotation uses techniques such as bounding boxes to recognize

motion frame-by-frame or using a video annotation tool, which is the method chosen for

this work (35). The video annotation tool used is the Software ATLAS (67). ATLAS is

a graphical tool for annotating multimodal data �ows.

In a human-machine interaction scenario, in addition to multichannel audio and video

inputs, various biophysiological data can be recorded. This allows viewing on the same

screen one or more videos together with the collected signal (biomedical signal) in a

synchronized way, showing a marker that slides through the signal simultaneously with

the video display, as shown in Figure 4.4. So that the synchronization of the video with the

collected signal can happen (67). Figure 4.4 shows the ATLAS software interface with one

video of the voluntary stop, the signals of S1AX (accelerometer of smartwatch 1 on x axis),
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and the inertial signal in synchronized form using the software ATLAS.

Figure 4.5 shows an example of a labeled signal for task 1, the voluntary stop. It is

possible to see that the task has eight task events, according to Table 4.1 stand up, gait

initiation, �rst open gait, ten seconds standing, 180-degree turn, second open gait, second

Table 4.2 � Task events of task 2, the TUG test.

Task events Description

Stand up The subject stands up from a chair.
Gait initiation The subject completes the �rst step, which

is the �rst two contacts of the foot with the
�oor after standing up.

First open gait The subject walks three meters between
the chair and square of tape on the �oor.

180-degree turn The subject completes a 180-degree turn
in place.

Second open gait The subject walks three meters between
the tape square on the �oor and the chair.

Second 180-degree turn The subject turns in place to be at the
position able to sit in the chair.

Sit The subject sits on the chair

Table 4.3 � Task events of tasks 3 and 4, the physical mobility motor task and dual task.

Task events Description

Stand up The subject stands up from a chair.
Gait initiation The subject completes the �rst step, which

is the �rst two contacts of the foot with the
�oor after standing up.

First open gait The subject walks three meters between
the chair and the wide opening.

First pass through a narrow door The subject walks through the door, which
is approximately 40 cm before and 40 cm
after the wide opening.

First turn The subject contours the �rst obstacle
with a 360-degree turn.

Second turn The subject contours the second obstacle
with a 360-degree turn.

Third turn The subject contours the �rst obstacle
again with a 360-degree turn.

Second pass through a narrow door The subject walks through the wide open-
ing for the second time.

Second open gait The subject walks three meters between
the wide opening and the chair.

Fourth turn The subject turns in place to be at the
position able to sit in the chair.

Sit The subject sits on the chair
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5

A novel physical mobility task to assess freezers
in Parkinson's disease

The purpose of this chapter is to describe the development and validation of a physical

mobility task that induces freezing of gait in a controlled environment, employing known

triggers of FOG episodes according to the literature. To validate the physical mobility

tasks, we recruited 10 freezers PD volunteers (60,6±7,29 years-old) with New FOG-Q

ranging from 12 to 26. The validation of the proposed method was carried out using

inertial sensors and video recordings. All subjects were assessed during the OFF and

ON medication states. The total number of FOG occurrence during data collection is

elucidated. The Inertial Measurement Unit (IMU) with accelerometer and gyroscope

could not only detect FOG episodes but also allowed to visualize the three types of FOG:

akinesia, festination and trembling in place.

5.1 Introduction

The need to assess physical mobility in clinical practice was raised by Podsiadlo and

Richardson (92) in 1991, when the Timed-Up and Go (TUG) test using a time score in

seconds was proposed to assess risk of fall in elderly populations. Similarly, our hypothesis

is that it is possible to assess FOG episodes in freezers with a simple and short test,

using limited space. Laboratory testing of gait motor abilities on sway platforms or

treadmills are impractical in most clinical settings, due to their length and the complexity,

furthermore, it is not pro�table to use them in frail patients (92). The challenge to cause

FOG in a controlled environment without the use of complex technologies and respecting

the fragility and limitation of the PD patient came about because of its convenience. The

objective of the current study is to develop a simple physical mobility task that induces

FOG in a controlled environment using known triggers of FOG episodes as described

in the literature in order to evaluate freezers in PD. Using Inertial Measurement Unit

(IMU) with accelerometer and gyroscope and video recordings, the proposed method was

validated.
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that could trigger FOG in a controlled environment are presented in 18 papers, from

which all the motor triggers mentioned were included in the present study.

FOG is usually triggered by postural transitions (14); the triggers considered as pos-

sible ways to cause FOG according to the literature review are to sit and stand up from a

chair, walk through a doorway, reach a destination, turn 180 degree and 360 degree, and

carry out a dual task. The triggers considered in each study included in the literature

review are shown in Table 5.1, column chair represents to sit and stand from a chair,

column narrow doorway stands for walk through a doorway or a wide opening, RN is an

acronym for reach a destination.

Table 5.1 shows 17 studies; it does not include the study of Saad et al. (105) because

freezer volunteers were not recruited. For the experiment, healthy researchers simulated

FOG during a walk. The following paragraphs describe the studies included in the liter-

ature review.

Velik et al. (126) and Alvarez et al. (6) aimed to continuously monitor the patient

in daily life instead of triggering FOG in a controlled environment, and Muralidharan et

al. (75), Shine et al. (111), Killane et al. (51), and Waechter et al. (128) used Virtual

Reality (VR) to induce FOG episodes. The VR experiments that explain the e�ect of

sensory and cognitive processes on FOG are usually setups in which the patient navigates

through a series of doorways while simultaneously responding to a cognitive task (51, 75,

121, 128). The virtual reality results are generally shown in motor arrests, de�ned as an

instance where the step latency is twice as long as the normal latency. This measure has

a good correlation with the number of FOG episodes during the classic TUG test (75,

105). Although there is a real need to compare the behavior obtained by VR models

with actual walking tasks, VR proved to be a reliable method to elicit FOG episodes in

a controlled clinical test environment (51, 75, 112, 128). On the other hand, VR is an

expensive technology, with previous training needed, and they compare results based on

the behavior presented during the VR tasks, which simulate the e�ect of locomotion (75).

The literature review showed some studies (126, 6) that were carried out in a more

spacious and wider environment with the aim of capturing and recording daily life motion

and detecting FOG. In Velik et al. (126), researchers carried out an experiment where

the subject executed a motor dual task by going to di�erent rooms in a house carrying

objects, such as hanging clothes in the laundry. The objective of the experiment was to

quantify how sensory cues a�ect the duration of FOG episodes. To allow cueing, subjects

wore a backpack with a small and lightweight laptop, which was remote controlled from

another computer via Wi-Fi (126). FOG detection in Velik et al. (126) was made by an

assistant experienced in the recognition of FOG episodes. This person would observe the

volunteer performing the course and trigger a cue (auditory, visual, or vibratory) always

two seconds after a FOG episode occurred. To detect FOG episodes, Alvarez et al. (6)

used a Recurrent Neural Network (RNN). They extracted information from the trajec-
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tories of a 360-degree panoramic camera (Zenith), an Red Green Blue-Depth (RGB-D)

camera (Kinect), Wireless Sensor Network (WSN) sensors, inertial sensors (accelerome-

ter, gyroscope, and magnetometer), and binary sensors placed on doors and drawers to

detect when they are opened or closed (6).

To assess dual tasks abilities in patients with early stage PD, Zirek et al. (133) applied

Table 5.1 � Studies included in the literature review with triggers able to cause FOG
episodes.

Paper Chair Narrow
doorway

RD 180 degree
turn

360 degree
turn

Dual task

Schaafsma
(2003)

X X X X X

Bartels
(2003)

X X X

Jovanov
(2009)

X X

Spildoren
(2010)

X X X

Popovic
(2010)

X X X

Velik
(2012)

X X X X X X

Shine
(2013)

X

Beck
(2015)

X X

Handojoseno
(2015)

X X

Killane
(2015)

X X

Waetcher
(2015)

X X

Cando
(2016)

X X X X

Tard
(2016)

X

Bertoli
(2017)

X X

Muralidharan
(2017)

X X

Alvarez
(2018)

X X X X X

Wang
(2020)

X

Present
study

X X X X X X

60



5.2. Methods

the TUG test under single and dual task conditions. The �ndings show that tasks that

increase the demand for complex attention are more sensitive to showing impaired dual

task ability. However, the referred study did not focus on freezers, in fact, one of the

inclusion criteria was having a score of 3 or less in the New FOG-Q. Therefore, no FOG

analysis was considered.

Beck et al. (13) aimed to explore how the interaction between cognitive and sensorial

perception in�uences FOG. The results advise that although increasing demand on atten-

tion does substantially deteriorate gait in freezers, an increase in cognitive demand is not

exclusively responsible for FOG once visual cues are able to overcome any interference

evoked by the dual task (13).

Spildooren et al. (117) elucidated in their study that 360-degree turns in combination

with a cognitive dual task are the most important triggers to cause FOG. Seven from

fourteen participants froze during his protocol, but the number of FOG episodes is not

presented in the results section.

In the work of Schaafsma (108), to assess the e�ect of dopaminergic medication on

distinct FOG subtypes in the OFF state, nineteen participants were videotaped while

walking 130m during the OFF and ON medication states. Three di�erent observers

characterized the type, duration, and clinical manifestations of FOG and quanti�ed FOG

by analyzing the videotapes. During the OFF state, FOG was elicited by turning (63

percent), starting (23 percent), walking through a narrow doorway (12 percent), and

reaching a destination (9 percent) (108).

Schaafsma et al. (108) analyzed FOG not only considering the type of FOG (leg

movement observed) but also the FOG subtypes related to the trigger to respond if

levodopa improves FOG. The gait task was videotaped, and the video analysis was made

by three observers. The number of FOG episodes in Schaafsma et al. (108) is undisclosed;

results only show the percentage of FOG occurrence according to the triggers used.

In the study of Bartels et al. (12), patients were asked to stand up from a chair, walk

20 meters, make a 360-degree turn to the right and a 540-degree turn to the left, and walk

the same route back, ending with a turn to sit back in the chair. At the 10 meter mark,

the participants walk between two chairs, which create a narrow path 50 cm apart. For

the second task, patients walk an additional 50 meters, passing through two doorways

(12). Some patients could not walk two laps during the OFF state and were excluded

from the study (12); the �nal number of volunteers was not presented in the paper.

A simple method was presented by Popovic et al. (94) for triggering and detecting

FOG episodes using a series of stride force pro�les recorded with force sensitive resistors.

Data from nine participants was collected, and 24 FOG episodes were considered. Patients

were asked to stand up from the chair, walk toward the room, walk through a doorway,

reach the 13-meter marker, make a 180-degree turn to the left, and walk the route back.

Findings showed that FOG most often occurs during turns and gait initiations.
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In the study of Popovic et al. (94), the periods of FOG episodes were studied from

three sources: videotapes, ground reaction forces, and acceleration. Similar to the present

work, video recordings were used for method validation. The method proposed by Popovic

(94) was indeed simple but not as e�ective as the method proposed in the present study

in relation to the number of FOG episodes triggered.

Handojoseno et al. (38) demonstrated the potential of Eletroencephalography (EEG)

feature extraction and could give insights into the pathophysiology of FOG in PD. It

was found that both power spectral density and wavelet energy could potentially act

as biomarkers during FOG episodes. The dimension of data collection is 5 hours and

30 minutes of TUG tests, and 404 FOG episodes, ranging from 1 to 220 seconds, were

labeled by two clinicians specializing in movement disorders (38). Popovic et al. (94)

and Handojoseno et al. (38) highlight the importance of further exploration regarding a

reliable method to provide quantitative measures in the assessment of FOG in PD.

A study from Wang et al. (130) applied an in-place movement experiment for PD

patients to provoke FOG and acquire a multimodal physiological signal, using IMU, EEG,

Electrooculogram (EOG), and Eletrocardiology (ECG) sensors. Over 700 FOG episodes

were provoked from 15 subjects, and most of them were provoked by the rapid turn

condition. The subjects were examined in OFF medication state. There were �ve sessions

of three conditions: (i) Stepping in-place (SIP); (ii) half turning at a self-selected speed for

2 minutes; and (iii) half turning at a rapid speed for 2 minutes. Each session lasted about

six minutes, for a total of 30 minutes of data collection (130). Common sense leads us to

conclude that performing half turns at a rapid speed in place for several minutes, even

at a self-selected speed, can cause dizziness, vertigo, malaise, discomfort, and a high risk

of falling. The experiment setup proposed by Wang et al. (130) is e�cient in triggering

FOG episodes, but it is not practical for clinical care and could not be applied to frail

patients.

5.2.3 Creating the physical mobility task to trigger FOG

The motor task consists of routine actions such as sitting and standing from a chair,

walking in a straight line, passing through a doorway, and turning right and left. The

selection of the opening width (67,5 cm) was based on a study conducted by Almeida

et al. (5), who suggested a modi�ed TUG test in which the volunteer walks through a

door while performing the TUG test. The experiment was conducted with three di�erent

opening sizes: spacious (1.8 m), normal (0.9 m), and narrow (0.675 m), and the results

demonstrated that the narrowest passageway had the greatest impact on the gait of the

freezers. Table 5.1 shows the main provoking strategies to trigger FOG according to the

literature, they are: pass through a narrow wide opening, reach a destination, 180-degree

turn, and 360-degree turn. These were included in the physical mobility motor task,

besides the open gait, which is to walk 3 meters in straight line. Table 5.1 also shows that

62



5.2. Methods

the dual task is used in 8 of the 17 studies, so we created two physical mobility tasks,

one with a simple motor task and the other with a dual task, in which the participant

performed the same simple motor task while also performing a cognitive task. These tasks

are detailed presented in Chapter 3.

5.2.4 Testing the physical mobility motor task

The study was conducted according to the guidelines of the Declaration of Helsinki,

and all protocols were approved by the Ethics Committee. Informed consent was obtained

from all subjects involved in the study. The experiment was performed in a place destined

for the clinical care of Parkinson's disease patients. Before carrying out the proposed

physical mobility tasks, the motor task, and the cognitive-motor dual task, participants

performed the TUG test, a physical mobility task for gait analysis in Parkinson's disease,

and a voluntary stop, which is a modi�ed version of the TUG test in which the participants

stay standing for ten seconds before turning in 'u'.

5.2.5 Subjects

We included 10 volunteers with PD (94, 102) between the ages of 50 and 73 years old

(mean: 60.6 years old; standard deviation: 7.29 years old) who su�er from FOG symptom.

Tables 4.1 and 4.2 display the clinical characteristics and MDS-UPDRS information of

the volunteers, six of whom are female and four of whom are male. For this chapter we

used the data from the GFOG+ group.

The volunteers were able to walk independently for 10 meters and reported experi-

encing FOG in the prior month. FOG severity was rated using the New Freezing of Gait

Questionnaire (new FOG-Q) (14, 64, 77, 79, 102, 130). All the participants included in

this study had a FOG history with di�erent severity and frequency (38). All subjects

were assessed �rst in the morning in the OFF-medication state, which is at least 12 hours

since the last intake of dopaminergic medication, then after data collection, they took

their �rst dose of dopaminergic medication of the day and the experiment was repeated

after 30-50 minutes (70, 60), at the ON-medication stage (12, 79, 117, 130).

Clinical data to rate severity of PD, as the MDS-UPDRS and the Hoehn Yahr Scale,

were collected during the OFF and ON states (12, 64, 79). The subjects wore their regular

footwear and no walking aid (cane or walker) (92, 126). A physiotherapist followed the

subject during data collection to monitor possible loss of balance and prevent falls, but

no physical assistance was given (79, 126).

5.2.6 Data analysis

To detect FOG and characterize its occurrence, we considered the de�nition of Bartels

(12): FOG can appear as a hesitation in the beginning of the movement that lasts more

63







5.3. Results

medication states while performing the proposed physical mobility tasks, the motor task,

and the cognitive-motor dual task. Table 5.6 also shows the time in seconds that the

volunteer spent frozen (TF).

Table 5.6 displays the total duration time of FOG episodes, TF, as employed in several

studies (13, 75, 130, 19, 50), which represents the sum, in seconds, of the time di�erence

between the beginning and end of each FOG episode. The results depict the number

of FOG occurrences and total duration of FOG episodes for each participant during the

OFF and ON medication states.

Table 5.7 compares the results of the present study with the results of the studies

included in the literature review that could trigger and detect FOG episodes during data

collection. Table 5.7 shows the author and year of the paper (see also Table 5.1), the

sample size N, which is the number of participants who took part in the study, the

Table 5.3 � Number of FOG episodes per volunteer and the total number of FOG episodes
during the OFF and ON medication states for the TUG test (TUG).

V TUG1
OFF

TUG2
OFF

TUG3
OFF

TOTAL
OFF

TUG1
ON

TUG2
ON

TUG3
ON

TOTAL
ON

1 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0
5 2 1 0 3 0 0 1 1
6 0 0 0 0 0 0 0 0
7 1 0 0 1 0 0 0 0
8 0 3 4 7 0 0 0 0
9 2 3 2 7 1 2 2 5
10 0 0 0 0 0 0 0 0

Table 5.4 � Number of FOG episodes per volunteer and the total number of FOG episodes
during the OFF and ON medication states for the physical mobility motor task (MT).

V MT1
OFF

MT2
OFF

MT3
OFF

TOTAL
OFF

MT1
ON

MT2
ON

MT3
ON

TOTAL
ON

1 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0
3 7 9 7 23 0 0 0 0
4 2 3 3 8 0 0 0 0
5 2 3 1 6 1 0 0 1
6 1 0 0 1 0 0 0 0
7 1 2 0 3 0 0 0 0
8 2 1 1 4 0 0 0 0
9 1 5 1 7 2 2 2 6
10 0 0 1 1 0 0 0 0
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number of freezers, which represents the number of participants who froze during the

experiment, the number of FOG events, the recording time, and the number of trials.

Not all papers disclosed the duration of the trials, so recording time was not indicated

in lines 1, 2, 3, and 5 of Table 5.7. The authors conclude that, analogous to what happened

in our work, not all trials have a speci�c time to be completed, so we chose to analyze the

number of trials that are informed in the methods of the studies, except in Handojoseno

et al. (38), to compare with the number of FOG events that occurred during the proposed

physical mobility tasks, the motor task, and the dual task, during the OFF medication

state.

The three types of FOG according to the literature (70, 84, 94, 108) are presented in

Figures 5.4, 5.5, and 5.6. The �gures show data from the accelerometer and gyroscope

Table 5.5 � Number of FOG episodes per volunteer and the total number of FOG episodes
during the OFF and ON medication states for the physical mobility dual task (DT).

V DT1
OFF

DT2
OFF

DT3
OFF

TOTAL
OFF

DT1
ON

DT2
ON

DT3
ON

TOTAL
ON

1 0 0 0 0 0 0 0 0
2 2 0 1 3 0 0 0 0
3 3 6 7 16 0 0 0 0
4 5 5 3 13 0 0 0 0
5 2 1 0 3 0 0 2 2
6 1 0 0 1 0 0 0 0
7 0 2 0 2 0 0 0 0
8 4 4 2 10 0 0 0 0
9 1 2 3 6 1 2 1 4
10 0 0 0 0 0 0 0 0

Table 5.6 � Information about the score of New FOG-Q and the total number of FOG
episodes for the physical mobility tasks considering the sum of events in the motor task
and the dual task.

V New FOG-
Q

Number of
FOG OFF

TF(s) OFF Number of
FOG ON

TF(s) ON

1 14 0 0 0 0
2 23 3 4.498 0 0
3 19 39 179.735 0 0
4 21 21 691.521 0 0
5 23 9 27.448 3 4.922
6 16 2 6.273 0 0
7 15 5 12.918 0 0
8 23 14 571.886 0 0
9 26 13 88.480 10 64.821
10 12 1 1.769 0 0
Total 107 1,584.528 13 69.743

67



5.3. Results

Figure 5.4 � Typical waveforms of inertial signals during akinesia.

on the x, y, and z axes placed on the right iliac spine. The waveforms shown in Figures

5.4, 5.5, and 5.6 are typical signals occurring during akinesia, shu�ing, and trembling in

place.

Figure 5.4 shows one type of freezing, the akinesia of two volunteers, lines 1 and 2,

respectively. This FOG type can manifest as complete akinesia, in which the entire body

is frozen, or partial akinesia, in which only the lower body is frozen. Figure 5.5 shows

the second type of freezing, festination, or shu�ing of two volunteers, lines 1 and 2,

respectively. This FOG type is characterized by a change in normal gait rhythm. Finally,

Figure 5.6 shows the third type of freezing and trembling in place of two volunteers, lines

1 and 2, respectively. This FOG type happens when the lower extremities show signs of

shaking while glued to the ground.

Table 5.8, based on the work of Podsiadlo and Richardson (92), illustrates how the

proposed physical mobility motor task can be used to record changes in the duration and

Table 5.7 � Number of FOG episodes triggered by each experiment included in the liter-
ature review.

Author N Number of
freezers

Number of
FOG events

Recording
time

Number of
trials

Bartels 2003 19 � 237 � 57
Popovic
2010

9 � 24 � 18

Beck 2015 20 4 23 � 240
Handojoseno
2015

16 � 404 5h30min �

Cando 2016 5 4 11 � 10
Alvarez
2018

18 � 200 8h20min 700

Wang 2020 15 15 700 22h30min 225
Present
study

10 9 107 � 60
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Figure 5.5 � Typical waveforms of inertial signals during festination.

Figure 5.6 � Typical waveforms of inertial signals during trembling in place.

number of FOG events over time. A speci�c improvement by reducing the time in seconds

of FOG and the number of FOG episodes for freezers is of particular interest.

5.4 Discussion

The results of this study support our hypothesis that it is possible to cause FOG in a

controlled environment with a short and simple physical mobility motor task, using limited

space, without the use of complex technologies such as force platforms and treadmills, and

respecting the fragility and limitations of a Parkinson's disease patient. Besides that, the

�ndings show that it was possible to detect FOG and distinct FOG types, i.e., freezing,

shu�ing, and trembling in place, by means of inertial sensors placed on the hips and

shank. In our population of Parkinson's disease patients, the proposed physical mobility

tasks to assess FOG, both motor and dual tasks, were practical and reliable.

The time in seconds to complete TUG provides a score that is an objective mean of

following the functional changes of an individual over time (92). In the same sense, the

proposed physical mobility motor task to assess FOG can be used either as a screening

test or a descriptive tool, as shown in Tables 5.7 and 5.8.
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The New FOG-Q is reliable (79) and it has been used in several experiments (14, 64,

102). Therefore, it is considered an important measurement to elucidate FOG severity

during the assessment of freezers in Parkinson's disease. Table 5.6 shows that the highest

score of the New FOG-Q belongs to volunteer 9, a subject that experienced several FOG

episodes during OFF and ON medication states. Volunteer 8 has the second highest

score for the New FOG-Q, with 14 FOG events and nine minutes and three seconds

spent in FOG condition during data collection (See Table 5.6). Volunteer 5 has the third

highest score of the New FOG-Q and freezes during OFF and ON medication states. Only

volunteers 5 and 9 froze under both medication conditions. Volunteer 2 had a signi�cantly

high New FOG-Q score; however, the subject froze only three times.

Volunteers 3 and 4 have the highest number of FOG events and time spent frozen;

both have a New FOG-Q score greater than 19. For the volunteers with a New FOG-Q

score lower than 14 (volunteers 1 and 10), the number of FOG events was 1 or 0, and the

time spent frozen was less than 2 seconds. Only one volunteer did not freeze during the

experiment.

Motor performance among PD patients generally shows large variability. This was

also the case among the group of patients who participated in this study. For example,

during nonfreezing episodes, some patients maintained a regular gait that could hardly be

distinguished from that of healthy elderly people, while others had a slow and unstable

gait (11).

Bachlin (11) stated that a limitation in FOG studies is that the controlled environment

and the presence of the physiotherapist may reduce the likelihood of FOG in the patients

Table 5.8 � An example of how the proposed physical mobility motor task can be used to
record changes in the duration and number of FOG events over time.

Patient Age Date Walking
aid

New
FOG-Q

Sate TFOG Number
of FOG
events

March 1 � 12 OFF 6s 2
ON 0s 0

1 57 May 1 � 12 OFF 30s 6
ON 0s 0

July 1 � 13 OFF 8s 3
13 ON 0s 0

April 10 cane 19 OFF 27s 4
ON 2s 1

2 63 July 10 cane 20 OFF 32s 6
ON 0s 0

October
10

cane 20 OFF 30s 8

ON 0s 0
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that do not experience any FOG events during data collection, and the authors could

not explain why two volunteers did not have any FOG during their study. The physical

mobility motor test presented here addresses the problem of triggering FOG in a controlled

environment. It was imposed that the presence of a physiotherapist is required to prevent

falls during data collection and to ensure the patients' safety, even though it could a�ect

the likelihood of FOG episodes happening. During the present study, one volunteer did

not have any FOG during data collection. The video recordings of our data collection

show that volunteer 1 used strategies for overcoming FOG episodes, such as adapting a

rhythm faster than usual and lifting the leg higher than usual to walk (102).

Table 5.6 shows that the time spent frozen is not directly correlated with the number

of FOG events. For example, volunteer 3 had 39 FOG events during the OFF medication

state while performing the motor task and the dual task, but the time he spent frozen

was less than 3 minutes, while volunteer 8 had 14 FOG events while performing the

same tasks, but he spent more than 9 minutes in a FOG condition while performing the

proposed tasks. The same happens with volunteer 4, who had 21 FOG events and spent

more than 11 minutes in a FOG condition. Volunteer 9 is the oldest volunteer (73 years

old) and he has the highest NFOG-Q (score 26), this is worth to be mentioned because

his results of the number of FOG episodes do not change signi�cantly during OFF and

ON medication states.

Velik et al. (126) and Alvarez et al. (6) recorded daily life motion to detect speci�c

motor patterns of the limbs since it is often di�cult to observe them during clinical

visits (64). However, to achieve this feat, expensive technology, large available space, and

previous training of sta� to operate the cameras and sensors were needed. Not to mention

the storage capacity needed so that all recordings are saved and can be later watched by

experienced evaluators for the detection of FOG. Meanwhile, the present work raises the

possibility that FOG assessment can be carried out, supported by health professionals, in

a limited space by performing a physical mobility task designed to trigger FOG events.

Furthermore, the detection of FOG events for posterior analysis can be executed with the

use of inertial sensors and video recordings from a cell phone camera.

The proposed method to assess FOG allows for triggering and detecting FOG episodes

in a controlled environment using a physical mobility task combined with three smart-

watches with inertial sensors and a mobile phone. We were able to create an accurate

representation of daily life situations that cause FOG by developing a task that includes

all the movements highlighted in the literature as potential triggers to FOG episodes, for

instance, to initiate gait, walk through a narrow doorway, make left and right 360-degree

turns, and reach a destination.

It was possible to detect FOG using inertial sensors placed on the hips and shank of

the subjects while they performed the proposed physical mobility tasks, the Motor task

(MT) and the Dual task (DT). Table 5.6 shows the number of FOG episodes and the
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total time in seconds of FOG duration. Tables 5.4 and 5.5 show the total number of FOG

episodes for each trial of the motor task and the dual task per volunteer. This number

is considered high when compared to the work of Popovic et al. (94), Beck et al. (13)

and Cando et al. (19) presented in Table 5.7, and when compared to the number of FOG

events caused by the TUG test, displayed in Table 5.3.

Dopaminergic medication has a signi�cant e�ect on the occurrence of FOG (12, 108).

Clinical experience suggests that most patients who experience FOG improve with dopamin-

ergic medication; however, FOG persists in a milder form (12). The results of Schaafsma

(108) suggest the medication increases the threshold of FOG occurrence but does not

cure the symptom. Tables 5.2, 5.3, 5.4, and 5.5 show the di�erence in the number of

FOGs comparing OFF and ON medication states while performing the proposed motor

tasks. They show that 125 FOG episodes occurred in the OFF state and 19 FOG episodes

occurred in the ON state. Therefore, the proposed method is able to detect the reduction

in FOG events when patients are using dopamine.

In Tables 5.4 and 5.5, the important information is the number of FOG events triggered

by the motor task (MT) and the dual task (DT). The simple motor task caused 53 FOG

episodes, while the dual task caused 54 during the OFF-medication state. The TUG

test, which is widely used in the clinical evaluation of PD patients, triggered 18 FOG

episodes during OFF-medication state. During the ON-medication state, there were 7

FOG episodes for MT, 6 for DT, and 6 for the TUG test. The close results between the

proposed tasks may indicate that the dual task is not crucial to trigger FOG, once both

simple motor tasks and the dual task caused 60 FOG episodes each. Furthermore, the

results also show the e�ectiveness in triggering FOG of the novel physical mobility task

to assess freezers in Parkinson's disease because it was able to cause three times more

FOG episodes during the OFF-medication state than the TUG test.

Studies that investigated dual task (13, 51, 117, 133) have evidence that cognitive load

has a negative e�ect on the gait in patients with PD; however, when it comes to FOG-

provoking strategies, the dual task is non-essential according to our �ndings. Considering

the equipment and resources needed to complete the dual task, e.g., the device to play the

audio track with the numbers for the Digit Monitoring Task, the speaker, and the number

draw, and the complexity of the dual task, not only for the person who is performing

the dual task but also for the researcher group, one can conclude that, when the physical

mobility motor task is specially designed to cause FOG episodes with triggers of movement

and environmental constraints, the dual task is not fundamental.

As Appendix B illustrates, the GFOG+ group's mental load for the DMT was regular.

The average percentage of volunteers who made a mistake was fewer than 50%. Maybe a

more complex second task would have a di�erent e�ect.

Figures 5.4, 5.5, and 5.6 show, respectively, the distinct FOG types of freezing, festi-

nation, and trembling in place, as de�ned by Thompson and Marseden (16, 83, 94, 60). In
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the work of Schaafsma (108), three di�erent observers characterized the type, duration,

and clinical manifestations of FOG and quanti�ed FOG by analyzing the videotapes. In

the study of Bartels et al. (12), three observers independently watched the task video-

tapes and elucidated the number of FOG episodes. A FOG episode was considered to

have taken place if a patient hesitated for one second or more (12). The researchers

clarify that using exclusively the video rating method, they might have missed very brief

FOG episodes (12). To analyze FOG episodes using only video recordings represents a

subjective assessment of the patient because it depends on the observer's experience and

expertise, the shooting angle, and the quality of the video. It has been proven by several

studies (94, 38, 130) that the use of sensors optimizes data collection.

The literature review showed that 11 studies were able to trigger FOG in a controlled

environment. Table 14 shows the papers over time that disclose the number of FOG

episodes during the experiment. Table 13 displays the total number of volunteers included

in the research; column freezers are the actual number of volunteers who froze during data

collection (13, 130, 19).

The di�culty of accessing the FOG and causing it in a controlled environment is also

disclosed in the studies of Saad et al. (105) and Jovanov et al. (50) in which, to test new

equipment, the researchers had to simulate FOG episodes themselves.

Table 5.8 is an example of how the proposed physical mobility motor task can be used

to record changes in the duration and number of FOG events over time in a setting where

freezers perform the task shown in Figure 3.3 regularly, which allows the examiner to

assess the FOG symptom during a clinical visit.

An intervention designed by Rawson (102) to reduce FOG in PD was tested in seven

patients. The participants completed what the authors called a `FOG boot Camp', a

6-week program with one and a half hour classes each week designed and taught by two

specialists in neurological and geriatric physiotherapy, respectively (102). The classes had

education and group discussions on strategies for overcoming the FOG episode. It was

followed by a practice of the strategies in environments designed to trigger FOG, such as

sharp turns, walking through a narrow path, walking through a doorway, and turning to

sit in a chair (102).

The applied strategies were based on existing literature and included sensorial cues

(auditory, visual, and vibratory) and self-initiated strategies that required executive func-

tioning and attentional processes, such as lifting one leg higher, walking in sideways,

moving one foot backward before walking, making wider turns, shifting leg weight, and

imagining a clock on the ground to help with turning (84, 102). The main objective

of Rawson et al. (102) was to determine the feasibility, safety, and acceptability of a

once-weekly community-based group intervention. Participants had favorable feedback

and showed reduced FOG.

External rhythmic cues have been found e�ective in overcoming FOG (126, 19, 104).
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However, the continuous presence of an auditory, visual, or vibratory cue may reduce

e�ectiveness and disturb normal social activity (130). Therefore, taking the dopaminergic

medication correctly and learning self-initiated strategies to reduce or overcome FOG

episodes is the best current alternative for freezers.

The proposed physical mobility motor task could be used as a tool to measure func-

tional changes, record changes in the duration and number of FOG events over time,

assess the impact on gait of a medication dosage change, and test the acknowledgement

and e�ectiveness of learned self-strategies to overcome FOG. The improvement of gait

mobility and the decrease in frequency of FOG events are the goals when assessing gait

in freezers (102).

5.5 Conclusion

To design the proposed physical mobility tasks, we carried out a literature review, and

it was possible to set up a practical motor task to assess freezers in Parkinson's disease.

This paper presents the development of a simple physical mobility task capable of causing

FOG in a controlled environment using known triggers. A group of 10 volunteers who

experience FOG in daily life participated in the validation of the proposed method, which

was carried out using inertial sensors and video recordings. Accelerometers and gyroscopes

were able not only to detect FOG episodes but also to show the di�erent types of FOG that

depend on leg movement (akinesia, shu�ing, and trembling). The proposed tasks caused

120 FOG episodes. Volunteers froze more during the OFF-medication state compared to

the ON state, and the number of FOG episodes was higher while performing the proposed

physical mobility tasks than the voluntary stop and the TUG test. The proposed method

may be used to complement clinical examinations in the assessment of freezers.
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6

A novel strategy for evaluating Parkinson's
disease-related changes in gait

This chapter aims to extend the approach to FOG detection by analyzing di�erent gait

parameters and comparing the results from the Moore-Bachlin algorithm and Hjorth's

parameters in order to develop a more useful system to monitor and assess freezers in

PD. The signals of three IMU sensors with 3D gyroscope and accelerometer are used to

compare the walk pattern between people with Parkinson's disease who have the symptom

of FOG, people with Parkinson's disease who do not have the symptom of FOG and

healthy age-matched individuals, using the known Moore-Bachlin algorithm and Hjorth's

parameters as an alternative approach.

The results show the optimal combination of sensor, sensor placement, task, task

event, and feature to collect gait information and identify gait di�erences in PD.

6.1 Introduction

Parkinson's disease (PD) is a common neurologic disorder caused by a progressive

loss of nerve cells or dopaminergic and other subcortical neurons in the substantia nigra

area of the basal ganglia (70, 18, 11) that results in decreased control of body movement

(74). Due to progressive disability, PD can lead to gait disturbances. In PD, individuals

experience continuous disorders including a �exed posture, di�culties in axial rotation of

the trunk, reduced arm swing and di�culty getting up from a chair (48) . Besides that,

freezing of gait is a common negative e�ect of PD that a�ects gait performance (11),

considerably hindering the independence of the person with Parkinson.

Freezing of gait (FOG) is a particular proximal symptom, a very brief motor block

de�ned as an episodic inability to generate e�ective stepping (24, 79). Most FOG episodes

last less than 10 seconds, and only a few last more than 30 seconds (108). FOG might

be associated with a speci�c pathology that not all individuals with PD have (16). In

fact, FOG has only ever been mentioned in connection with extrapyramidal, hypokinetic

75



6.1. Introduction

movement disorders; it is not con�ned solely to Parkinson's disease. All parkinsonian

disorders, including progressive supranuclear palsy, can manifest FOG (16).

This very distressing gait disorder leads to a high risk of falls (24, 20). Because

a sudden FOG is likely to disturb balance and thereby represent a common cause of

falls in PD (16). Falls in PD are a complex health problem. On the one hand, the

direct consequences are fractures, head trauma, bruises, and other injuries that increase

the chances of hospitalization and institutionalization. On the other hand, the indirect

consequences include fear of further falls and impose limitations in activities of daily

living (55). The resultant loss of independence and the treatment cost of injuries add

considerably to the healthcare expenditures associated with PD (16).

Individuals with PD accept some limitations, but they report feeling frustrated and

discouraged by the need to stop or modify activities. Furthermore, the apprehension of

falling in public and the subsequent embarrassment that it would bring often lead to

less engagement in daily living activities (45). Restriction of activity results in physical

deconditioning and decline in muscle strength, which may increase risk of falls (4). The

study of Franchignoni et al. (28) con�rms that individuals with PD who experience a

fear of falling tend to exhibit poor performance on tests related to balance, posture, and

mobility.

Increased fear of falling has been associated with recurrent falls (4), this is an important

issue in PD because it is known that PD people have postural disabilities (1), especially

for PD freezers (4). Due to their diminished mobility, some patients become largely

socially isolated and lose their independence, whereas others lose their social contacts.

Not surprising, falls in PD are often associated with depression. Prolonged immobility

eventually contributes to the development of osteoporosis, heightening the risk of future

fractures, as well as cardiovascular morbidity or mortality, and pneumonia. Additionally,

constipation, pressure sores, and compromised sleep quality are connected to immobility.

Finally, people with balance or gait disorders are more susceptible to experience fatal

injuries (16).

Clinical assessment of FOG is based on subjective patient reports, such as the Move-

ment Disorder Society - Uni�ed Parkinson's Disease Rating Scale (MDS-UPDRS) (34)

and the New Freezing of Gait Questionnaire (New FOG-Q) (79). Clinical evaluation of

video recordings of patients by one to three observers is the gold standard for identifying

FOG events (69, 24).

A few wearable sensors have been proposed for providing quantitative assessment

of FOG (130, 20). Evaluation of the clinical e�ects of the treatment would bene�t from

objective, standardized FOG measures (24), and an accurate treatment and rehabilitation

of FOG can reduce accidents and thus improve the quality of life of people with PD who

su�er from this symptom.

Current methods for assessing FOG using smart sensors can be categorized based on
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the sensor types, sensor placements, extracted features, and analytics methods (74). The

detection of FOG requires the application of speci�c signal processing and classi�cation

methods adapted to this type of phenomenon (106). Many studies used three dimensional

(3D) gyroscopes or accelerometers to describe body motion and detect clinical character-

istics of PD patients (130).

Moore et al. (70) have proposed a technique to identify FOG episodes using power

spectrum analysis of the vertical linear acceleration of the shank, the Freeze Index (FI).

FI is de�ned as the ratio between the power in the freeze band (3�8 Hz) and the power

in the locomotor band (0.5�3 Hz). Bachlin et al. (11) updated Moore's FOG detection

algorithm, proposing a lighter architecture in which acceleration data from three sensors

attached to the body were transmitted to a wearable computer through wireless Bluetooth

and introducing a new term called Power Index (PI), which is the sum of the freeze band

and locomotor band; PI indicates the amount of movement during walk (74). Further-

more, the Moore-Bachlin algorithm that applies freeze and Power Index to detect FOG

and indicate the amount of movement was used in several experiments (105, 20, 24, 91,

74, 130, 106). The Moore-Bachlin algorithm could be associated with di�erent methods

based on gait parameters in order to detect walk pattern modi�cations. IMU data allow

going further in the analysis of gait by estimating various parameters (24).

Hjorth's parameters are statistical parameters in the time domain introduced by Bo

Hjorth (43) and used in signal processing. These parameters are Activity, Mobility, and

Complexity. They are commonly used in the analysis of electroencephalography signals

for feature extraction (95, 39). Recently, they were used to identify and characterize

Short-term motor patterns (STMP) in rest tremor in individuals with Parkinson's disease

using the inertial sensor gyroscope (98).

Activity, Mobility, and Complexity can together characterize the signal patterns in

terms of amplitude, time scale, and complexity. The statistically sound nature of Hjorth's

parameters guarantees that they also have meaning in the description of the power spec-

trum associated with the time domain pattern (43). Thus, Hjorth's parameters o�er

a way to measure basic signal properties by means of a time-domain-based calculation,

requiring less complex processing data compared to Moore-Bachlin frequency analysis.

This study aims to extend the approach to FOG detection by observing di�erent gait

parameters and comparing the results from the Moore-Bachlin algorithm and Hjorth's

parameters in order to develop a more useful system to monitor and assess freezers in

PD. The signals of three IMU sensors with 3D gyroscope and accelerometer were used

to compare the walk pattern between individuals with Parkinson's disease who have the

symptom of FOG, individuals with Parkinson's disease who do not have the symptom of

FOG and healthy age-matched individuals, using the known Moore-Bachlin algorithm and

Hjorth's parameters as an alternative approach. The hypothesis is that both methods,

the Moore-Bachlin algorithm and Hjorth's parameters, are capable of detecting changes
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in motion during gait that can discriminate the three groups.

The di�culties in determining FOG's characteristics and incidence may contribute

to its intractable nature (70). Without unbiased information on the impact of therapy

on FOG, an adequate treatment and consistent PD follow-up are likely to be ine�ectual.

Additionally, it is important to regularly check the gait of PD patients to detect FOG risk

and undertake a FOG assessment as indicated. Therefore, the possibility of monitoring

gait changes of freezers and PD patients periodically with a reliable system that can

provide objective feedback to treatment could improve the management of FOG in PD.

6.2 Materials and Method

This is a cross-sectional study to investigate FOG detection and changes in motion

during gait using inertial sensor analysis. The study was conducted according to the

guidelines of the Declaration of Helsinki, and all protocols were approved by the Ethics

Committee. In addition, informed consent was obtained from all subjects involved in the

study. The study had four phases: (1) the acquisition of motion and clinical data via

experiments; (2) data preprocessing; (3) feature extraction; (4) and statistical analysis.

During the experiment, accelerometer and gyroscope signals were collected. In the data

preprocessing phase, preprocessing the inertial signals is a step to prepare the signal

for feature extraction that is Freeze Index (FI), Power Index (PI), Activity, Mobility,

and Complexity. The data analysis starts with the manual video annotation, which

is the golden standard for FOG detection and will be the ground truth of the work,

followed by feature extraction and statistical analysis to complete the gait assessment.

The proposed method to detect gait changes in motion is based on two methods, the

Moore-Bachlin algorithm and Hjorth's parameters, applied to the signals acquired with

the inertial sensors. The objective is to extract features capable of distinguishing the

gait of PD freezers from the gait of PD people who do not freeze, and normal gait.

According to the literature, the features chosen to be extracted can detect FOG events

(FI), measure the severity of FOG (FI), calculate the amount of movement and changes in

motion (PI), elucidate the variability of data (Activity), identify the mean power and mean

frequency (Mobility), and calculate the deviation from the sine shape as an increase in

unity (Complexity). These features have low computational costs and good performance

(115).

6.2.1 Experimental Protocol

Thirty subjects were enrolled if they met the eligibility criteria. They were divided

into ten PD patients with a history of FOG (GFOG+), ten PD patients age-matched with

no history of FOG (GFOG-), and ten age-matched controls (GC). The subjects completed
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several questionnaires to measure their clinical characteristics. Table 6.1 shows the clinical

information about the subjects.

Patients were asked to perform four di�erent physical mobility tasks: task 1 is the

voluntary stop; Task 2 is the Timed Up and Go test (TUG); Task 3 is a physical mobility

motor task to assess freezers in PD; and Task 4 is a physical mobility dual task. The

motor task and the dual task can induce FOG in freezers using known triggers of FOG

episodes in a controlled environment (81).

6.2.2 Description of apparatus and sensor positioning

The Movement Disorder Monitoring System (NetMD) (57) that allows to analyze and

monitor movement disturbances remotely and continuously through inertial signals was

used to acquire motion data from participants while they performed the four tasks of the

experimental protocol.

Three smartwatches with wireless inertial sensors were used, two of which were at-

tached over the two ends of the iliac spine, and one on the shank. The triaxial ac-

celerometer and gyroscope measured body movements in all directions, including the

anterior-posterior, medio-lateral, and vertical axes.

6.2.3 The architecture and data processing

Figure 6.1 shows the �ow diagram of data analysis. The development of the experiment

depended on data acquisition, data visualization, data annotation, data preprocessing,

and feature extraction for data analysis.

6.2.4 Signal annotation and description of gait events

To achieve more objective recognition of gait events, in addition to capturing iner-

tial signals during task performance by each participant, the entire route undertaken was

Table 6.1 � Clinical Information about the subjects.

Characteristics GFOG+ GFOG- GC

Age (years old) 60.8 ± 7.48 65.1 ± 4.38 64.7 ± 6.76
Time of diag-
nosis (years)

12.5 ± 5.75 6.9 ± 4.58

MDS-UPDRS
Part II

17.1 ± 10.78 9.9 ± 3.75

MDS-UPDRS OFF 57.5 ± 27.66 41.2 ± 15.51
Part III ON 41.7 ± 24.47 29.7 ± 14.27
New FOG-Q 19.2 ± 4.7
MMSE 25.5 ± 3.92 26.6 ± 2.27 26.7 ± 2.21
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calculation of standard deviation, this parameter quanti�es any deviation from the sine

shape as an increase in unity (43). That can be interpreted as a change related to entropy

(97).

After signal processing, FI, PI, Activity, Mobility, and Complexity values were esti-

mated from each signal window. Furthermore, it is known which task event the windowed

signal represents and whether it happened FOG or not. This allowed us to identify which

feature has the most signi�cant statistical results, the variables aim to detect FOG events

(FI), measure the severity of FOG (FI), calculate the amount of movement and changes

in motion (PI), elucidate the variability of data (Activity), identify the mean power and

mean frequency (Mobility), and calculate the deviation from the sine shape as an increase

in unity (Complexity).

6.2.8 Data analysis

For the statistical analysis, the data were organized into 17 variables:

1. Group: There are �ve possible groups: GC, GFOG+OFF, GFOG+ON, GFOG-

OFF, GFOG-ON. They are the control group (GC) formed by healthy individuals,

the GFOG+ group, which is the group of people who have PD and have a history

of FOG, during OFF (GFOG+OFF) and ON medication state (GFOG+ON), and

GFOG-group, which is the group of people who have PD but do not have the FOG

symptom also during OFF (GFOG-OFF) and ON medication state (GFOG-ON).

2. Subject: varies from 1 to 10.

3. State: OFF, ON or NA (for the control group).

4. Task: task 1 (voluntary stop), task 2 (TUG test), task 3 (the motor task) and task

4 (the dual task).

5. Trial: 1, 2 or 3.

6. IMU ID: the smartwatch used, 1) right side of the iliac spine, 2) left side of the iliac

spine or 3) leg, over the tibia.

7. Sensor: A (accelerometer) or G (gyroscope).

8. Axis: X, Y, or Z.

9. Fog: logical value, which indicates the FOG events imported from ATLAS software.

10. Event: 37 events, the voluntary stop has eight events, the TUG test has seven events

and the motor and dual task have eleven events each.

11. Wnd: initial and �nal time of the event.
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12. qq: 0 or 1, this logical value indicates if a FOG episode happened in this task event

(qq = 1) or not (qq = 0).

13. Activity: �rst Hjorth's parameter, feature extracted from the windowed signal rep-

resenting Activity.

14. Mobility: second Hjorth's parameter, feature extracted from the windowed signal

representing Mobility.

15. Complexity: third Hjorth's parameter, feature extracted from the windowed signal

representing Complexity.

16. Freeze Index: �rst Moore-Bachlin parameter, feature extracted from the windowed

signal representing the Freeze-index

17. Power Index: second Moore-Bachlin parameter, feature extracted from the win-

dowed signal representing the Power-index.

Task events that do not represent mobility, such as UP and SIT tasks ("VS_UP",

"VS_SIT", "TUG_UP", "TUG_SIT�, "MT_UP", "MT_SIT", "DT_UP", "DT_SIT")

were not considered in data analysis. The data analysis was completed in two stages. In

the �rst stage, the FOG events were observed. The organization and annotation of data

allowed to elucidate the provoking strategies that most caused the FOG event for the

GFOG+ group. The second stage involved the statistical analysis with the stats-type

set to zero, which represents the GFOG+ gait without considering the FOG events,

excluding data with the logical number that indicates if a FOG event is equal to zero,

and the GFOG- and GC gait, for comparison. The Kruskal-Wallis test, a non-parametric

alternative when the assumptions of the one-way ANOVA test are not met, was used

for statistical analysis. Post hoc is the statistical test carried out to identify signi�cant

di�erences between the means of groups. The post hoc test of Kruskal-Wallis is the

Wilcox rank test. The paired-sample Wilcox test is a non-parametric alternative because

the data are not normally distributed. There are ten comparisons between groups:

1. GFOG+OFF vs. GC

2. GFOG+OFF vs. GFOG-OFF

3. GFOG+OFF vs. GFOG-ON

4. GFOG+OFF vs. GFOG+ON

5. GFOG-OFF vs. GC

6. GFOG-OFF vs. GFOG+ON
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7. GFOG-OFF vs. GFOG-ON

8. GFOG-ON vs. GC

9. GFOG+ON vs. GC

10. GFOG+ON vs. GFOG-ON

It is possible to identify how many tests are positive for di�erences for each smartwatch

(S1, S2, or S3), where S1 (b4ded260c247ecb2) is on the right side of the iliac spine, S2

(69db0199181b48b6) is on the left side of the iliac spine, and S3 (b03b6ba157789312) is on

the leg, over the tibia. Additionally, it is possible to identify how many tests are positive

for di�erences for each sensor (accelerometer and gyroscope), axis (X, Y, and Z), and

feature (Freeze Index, Power Index, Activity, Mobility, and Complexity).

6.3 Results

Thirty participants were enrolled in this study, ten in the GFOG+ group, the group

composed by individuals with PD and FOG, ten in the GFOG- group, the group composed

by individuals with PD without FOG and ten in the GC, the control group. Three

wearable triaxial accelerometers and gyroscopes were used. All participants wore IMU

sensors on both ends of the iliac spine and on one leg, on the shank. Four mobility tasks

were completed by the volunteers. Individuals with Parkinson's disease did the experiment

twice, the �rst experiment during the OFF-medication state, 12 hours without taking the

levodopa medicine; and the second during the ON-medication state, 30-50 minutes after

taking levodopa. A total of six hundred trials of data were collected. Nine participants

from the GFOG+ group had FOG episodes during the experiment, and one did not. A

total of 160 FOG events (0�39 per subject) were recognized using video analysis by one

observer. Figure 6.6 shows the task events ranked according to the total number of FOG

episodes. It exhibits the percentage of FOG episodes for each FOG provoking-strategies.

This �gure shows only the information about the GFOG+ group and it is separated in

two states, OFF and ON medication state. The task names are indicated on the X axis

of the �gure, as described below:

Tasks VS � voluntary stop; TUG � TUG test; MT � motor task; DT � dual task.

Task events GI � gait initiation, OG � open gait; T � turns; WO � pass through

wide opening; VS � voluntary stop.

In Figure 6.6, 27 task events are presented in the top of the graph, the total number

of task events is 29. The events MT_OG1 and MT_WO2, that are the �rst open gait of

the motor task and the second passage through a wide opening do not appear, therefore,

one can conclude that there is no FOG episode during these events.
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Table 6.2 � Acronym of the task event and its description.

Task events Description

MT_T3 the third 360 degree turn of the motor task
MT_T2 * the second 360 degree turn of the motor

task
DT_GI * the gait initiation of the dual task
DT_T3 * the third 360 degree turn of the dual task
DT_T2 the second 360 degree turn of the dual task
VS_T1 * the �rst 180 degree turn of the voluntary

stop
MT_T1 the �rst 360 degree turn of the motor task
DT_T1 the �rst 360 degree turn of the dual task
VS_T2 * the second 180 degree turn of the volun-

tary stop, turn to sit
TUG_GI the gait initiation of the TUG test
TUG_T1 * the �rst 180 degree turn of the TUG test
DT_WO1 the �rst narrow passage of the dual task
VS_GI the gait initiation of the voluntary stop
TUG_T2 * the second 180 degree turn of the TUG

test, turn to sit
MT_GI * the gait initiation of the motor task
MT_T4 * the �rst 180 degree turn of the motor task,

turn to sit
DT_WO2 the second narrow passage of the dual task
DT_T4 * the �rst 180 degree turn of the dual task,

turn to sit
VS_OG2 the second open gait of the voluntary stop
TUG_OG2 the second open gait of the TUG test
MT_OG2 the second open gait of the motor task
MT_WO1 the �rst narrow passage of the motor task
DT_OG1 the �rst open gait of the dual task
VS_VS * the voluntary stop of the voluntary stop
DT_OG2 the second open gait of the dual task
VS_OG1 the �rst open gait of the voluntary stop
TUG_OG1 * the �rst open gait of the TUG test

Table 6.3 � The number of statistical tests with p-value < 0.05 for each smartwatch.

Smartwatch IMU ID position n

S1 b4ded260c247ecb2 Right side of iliac
spine

505

S2 69db0199181b48b6 Left side of the iliac
spine

475

S3 b03b6ba157789312 Shank 369
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The events are repeated throughout the tasks. For instance, the GI event is used to

start each task. This event shows the volunteer's position as he prepares to walk until he

makes two contacts with the ground and completes a step. The number of FOG episodes

is represented in `n' and the `perct' represents the percentage of FOG triggered by this

event in particular.

To better understand the labels, Table 6.2 shows the acronym and its de�nition. Table

6.2 is ordered by the events presented in Figure 6.6. The asterisk in Table 6.2 represents

the task events in which the FOG episode happened during the ON-medication state.

Figure 6.7 shows the events presented in Table 6.2 in alphabetical order, where n

is the number of FOG episodes and perct is the percentage of FOG triggered by the

provoking strategy. This �gure shows only the information about the GFOG+ group and

it is separated in two states, OFF and ON medication state.

The statistical analysis with the stats type equal to zero represents the GFOG+ gait

without considering the FOG events. That means that we could evaluate the gait changes

of the groups considering their regular gait, without the episodic disorder FOG. For the

smartwatches, the results show that the sensors positioned at both ends of the volunteer's

iliac spine are better at di�erentiating the groups when compared to the sensor on the

shank. However, all three smartwatches can identify di�erences between groups (Table

6.3).

For the sensors, the results show that both sensors (i.e., the accelerometer and gyro-

scope) yield similar results, and they allow for the identi�cation of di�erences between

groups. The number of statistical tests with p-value < 0.05 for the accelerometer was

686 and for the gyroscope was 663. In terms of the axis, the results show that there is

no di�erence between the axes analyzed since they all yield similar results, as shown in

Table 6.4 � The number of statistical tests, n, with p-value < 0.05 for each axis (X, Y,
Z).

Axis n

X 480
Y 465
Z 404

Table 6.5 � The number of statistical tests, n, with p-value < 0.05 for each extracted
feature. MB is Moore-Bachlin algorithm and HP is Hjorth's parameters.

Method Feature n percent

HP Activity 411 30.46
MB Power Index 357 26.46
HP Complexity 213 15.78
MB Freeze Index 199 14.75
HP Mobility 169 12.52

89



6.3. Results

Table 6.6 � The number of statistical tests that identi�ed the di�erence between the
groups for the 360-degree turn.

Prov.
Strategy

Task
event Feature

GC vs.
GFOG+
OFF

GFOG+
OFF
vs.

GFOG+
ON

GFOG+
OFF
vs.

GFOG-
OFF

GFOG+
OFF
vs.

GFOG-
ON

GC vs.
GFOG-
OFF

MT_T1 ACT 12 9 10 11 6
PI 12 9 10 11 5

MT_T2 ACT 11 10 11 11 9
PI 12 11 11 10 8

360 MT_T3 ACT 12 7 7 6 12
degree PI 12 7 10 8 12
turn DT_T1 ACT 12 11 12 12 9

PI 10 10 10 11 10
DT_T2 ACT 12 11 10 12 9

PI 12 11 9 12 9
DT_T3 ACT 11 11 9 10 10

PI 11 11 9 11 10

Table 6.7 � The number of statistical tests that identi�ed the di�erence between the
groups for the open gait.

Prov.
Strategy

Task
event Feature

GC vs.
GFOG+
OFF

GFOG+
OFF
vs.

GFOG+
ON

GFOG+
OFF
vs.

GFOG-
OFF

GFOG+
OFF
vs.

GFOG-
ON

GC vs.
GFOG-
OFF

VS_OG1 ACT 8 9 8 10 1
PI 10 8 7 10 0

VS_OG2 ACT 9 9 9 9 0
PI 9 7 9 8 1

TUG_OG1 ACT 9 6 7 10 2
PI 9 7 7 9 2

open TUG_OG2 ACT 10 6 9 10 0
gait PI 10 6 8 8 0

MT_OG1 ACT 9 4 2 10 5
PI 7 2 1 5 3

MT_OG2 ACT 12 11 11 12 5
PI 12 10 10 11 4

DT_OG1 ACT 11 9 11 11 1
PI 8 7 5 8 2

DT_OG2 ACT 11 10 9 11 2
PI 10 7 9 10 2
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Table 6.8 � The number of statistical tests that identi�ed the di�erence between the
groups for walking through the wide opening.

Prov.
Strategy

Task
event Feature

GC vs.
GFOG+
OFF

GFOG+
OFF
vs.

GFOG+
ON

GFOG+
OFF
vs.

GFOG-
OFF

GFOG+
OFF
vs.

GFOG-
ON

GC vs.
GFOG-
OFF

MT_WO1 ACT 11 9 8 12 6
PI 9 6 3 8 2

pass MT_WO2 ACT 11 11 8 12 3
through PI 10 8 3 11 3
a wide DT_WO1 ACT 11 10 10 12 3
opening PI 8 7 6 8 0

DT_WO2 ACT 10 9 9 12 2
PI 7 7 1 8 3

Table 6.9 � The number of statistical tests that identi�ed the di�erence between the
groups for the gait initiation.

Prov.
Strategy

Task
event Feature

GC vs.
GFOG+
OFF

GFOG+
OFF
vs.

GFOG+
ON

GFOG+
OFF
vs.

GFOG-
OFF

GFOG+
OFF
vs.

GFOG-
ON

GC vs.
GFOG-
OFF

VS_GI ACT 11 10 6 10 3
PI 10 7 3 7 7

gait TUG_GI ACT 7 2 0 4 6
initial- PI 6 0 0 1 7
ization MT_GI ACT 10 2 5 6 7

PI 6 0 0 2 6
DT_GI ACT 8 3 6 7 0

PI 3 0 2 2 0
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Table 6.10 � The number of statistical tests that identi�ed the di�erence between the
groups for the 180-degree turn.

Prov.
Strategy

Task
event Feature

GC vs.
GFOG+
OFF

GFOG+
OFF
vs.

GFOG+
ON

GFOG+
OFF
vs.

GFOG-
OFF

GFOG+
OFF
vs.

GFOG-
ON

GC vs.
GFOG-
OFF

VS_T1 ACT 9 6 3 6 2
PI 3 0 1 3 0

VS_T2 ACT 9 7 3 4 4
PI 6 6 1 6 1

180 TUG_T1 ACT 6 1 1 4 3
degree PI 2 0 1 1 1
turn TUG_T2 ACT 9 3 2 2 4

PI 5 0 1 1 2
MT_T4 ACT 11 8 7 8 5

PI 7 10 7 9 0
DT_T4 ACT 11 10 6 10 6

PI 11 9 3 8 6

Table 6.4. The X-axis is the horizontal axis (side-to-side axis), the Y-axis is the vertical

axis (longitudinal axis), and the Z-axis is the depth axis (anterior-posterior axis).

The results show that the variable that best represents the di�erences between groups

is Activity (>30%), followed by Power Index (>26%). These two features account for

over half of the total observations, as depicted in Table 6.5.

Among the ten possible comparisons between the �ve groups (GC, GFOG+OFF,

GFOG+ON, GFOG-OFF, GFOG-ON), �ve were promising for the Activity and Power

Index features. In these cases, multiple pairwise comparisons were statistically signi�cant

(p-value < 0.05), that is, suggesting a di�erence between the referred groups. These

comparison pairs were:

1. GFOG+OFF vs. GC

2. GFOG+OFF vs. GFOG-OFF

3. GFOG+OFF vs. GFOG-ON

4. GFOG+OFF vs. GFOG+ON

5. GFOG-OFF vs. GC
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6.3. Results

Figure 6.8 shows the results with statistical signi�cance per task event; n represents

the number of pairwise-comparisons that have a p-value < 0.05. The events are arranged

in alphabetical order and the graphic also shows the abbreviation of the event next to

point.

In Figure 6.8, the FOG-provoking strategies were separated into the following groups:

the color red stands for 360-degree turns, orange denotes open gait, blue for passing

through a door, purple for starting to walk, and green for 180-degree turns.

It is possible to notice that in the interval between n = 200 and n = 250, only the

360-degree turn event appears (points in red), so this is the moment of the task in which

the proposed method better discriminates the data between the groups. Interestingly,

there was a consistent behavior observed during both the motor task and the dual task.

For these tasks, the number of statistically signi�cant pairwise-comparisons was highest

for the second 360-degree turn, followed by the third and �rst 360-degree turns.

From n = 150 and n = 200, it shows the open gait and the passage through a wide

opening, which indicate that the person is walking in a straight line. Between n = 100

and n = 150 the open gait and pass through a wide opening are mixed with the gait

initiation and the 180-degree turn. Between n = 50 and n = 100 only the 180-degree

turn, and gait initiation appear.

In Tables 6.6 to 6.10, the number of statistical tests that identi�ed the di�erence

between the groups is presented for the sensors on the belt, which has two smartwatches

with a triaxial accelerometer and gyroscope. The maximum limit for axes in Tables 6.6 to

6.10 is 12 (S1AX, S1AY, S1AZ, S1GX, S1GY, S1GZ, S2AX, S2AY, S2AZ, S2GX, S2GY,

S2GZ). The tables show the groups being compared considering the features Activity and

Power Index.

For the table to be intuitive, a color legend was used. Cells with values from 0 to 3

are in red, 4 to 6 in orange, 7 to 9 in blue, and 10 to 12 in green. The red color represents

a bad result, the orange color represents a regular result, the blue color represents a good

result, and the green color represents an excellent result.

The method di�erentiates the GFOG-OFF from the GC group only during the 360-

degree turn. The method di�erentiates GFOG+OFF from GFOG-OFF, GFOG+ON,

and GFOG-ON during the 360-degree turn and while the person is walking in a straight

line, as in the open gait (MA) or passing through a wide opening (PP). The ranking of

combinations that the method is able to identify with the GFOG+OFF group is presented

below.

(1º) GFOG+OFF vs. GC

(2º) GFOG+OFF vs. GFOG-ON

(3º) GFOG+OFF vs. GFOG+ON

(4º) GFOG+OFF vs. GFOG-OFF
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6.4. Discussion

The 180-degree turn and gait initiation do not allow the method to identify the dif-

ference between GFOG+OFF from GFOG-OFF, GFOG+ON, and GFOG-ON; however,

the movement from turning to sitting in the motor task and dual task seems to be able

to elucidate this di�erence. The Activity variable stands out over the Power Index, even

though the two variables are positively correlated (COR > 0.9), as shown in the autoplots

of Figures 6.9 and 6.10.

The autoplot function in ggplot2 was used to generate various types of plots. It is

a powerful generic function to visualize various data objects with better default graphs.

The function returns a �gure that gives information about the number of samples in each

group and shows the boxplot, the density plot, the scatter plot, the histogram, and the

correlation between the variables.

Observe two examples of autoplots in Figures 6.9 and 6.10. These autoplots show

the number of samples in each group, the boxplot, the density plot, the scatter plot,

the histogram, and the correlation between the features, i.e., Freeze Index, Power Index,

Activity, Mobility, and Complexity. Correlation between Activity and Power Index is

0.963 in Figure 6.9 and 0.961 in Figure 6.10.

The boxplots from Figure 6.9 and 6.10 with a better visualization are presented in

Figure 6.11, it shows the results for Activity and Power Index variables. First line rep-

resents the boxplots for the second 360-degree turn during the physical mobility motor

task and the second line represents the boxplots for the second 360-degree turn during

the physical mobility dual task.

The statistical test allowed us to determine where the real di�erences between the

groups are located and to discover the best approach or quantifying gait alterations in

PD.

6.4 Discussion

This study aims to explore new combinations of inputs and features extraction changes

for assessing gait in PD. We investigated the provoking strategies used to trigger FOG in

PD and proposed a new method to detect changes in gait patterns, calculating the Freeze

Index (FI) and Power Index (PI) with the Moore-Bachlin algorithm and the Activity,

Mobility, and Complexity, the Hjorth's parameters.

The results presented in this study can be used to assess freezers in PD and to evaluate

Parkinson's disease patients. Some participants exhibited dyskinesia after taking medi-

cation to perform the experiment in the ON state; Dyskinesia typically occurs more than

60 minutes after administering the levodopa dose and initially a�ects the upper body,

mainly the face and neck, however, the low natural frequency of dyskinesia, less than 3

Hz, suggests that it is unlikely to interfere with the identi�cation of FOG (70). None

of the participants reported uncomfortable sensations using the sensors. Some expressed
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6.4. Discussion

Figure 6.8 � Number of pairwise-comparisons, n, with signi�cant statistical di�erences.

Only twelve task events could cause FOG in the GFOG+ group following the morning

dosage of medicine, according to the graphs for this group in Figure 6.6. In Table 6.2, they

are indicated by an asterisk. Most of these actions involved gait initiation, 180-degree

turns, and 360-degree turns. The volunteer's voluntary stop, the ten seconds during which

they remain standing while data is being collected, could also cause FOG in both the ON

and OFF medication phases.

Figure 6.7 expand the information of Figure 6.6. It shows that the highest percentage

of FOG episodes triggered belongs to the 360 degree turn of the motor task (MT_T2 and

MT_T3) the gait initiation for the dual task (DT_GI), and the 360 degree turn of the

dual task (DT_T2 and DT_T3).

In this visualization mode of Figure 6.7, it is possible to see that the tasks that cause

FOG episodes during the ON medication are the 180 degree turn (MT_T4, DT_T4,

VS_T2, TUG_T2, VS_T1, TUG_T1) with attention that four from six events are the

180 degree turn to sit movement, the 360 degree turn (MT_T2 and DT_T3), the gait

initiation for the motor and dual task and the voluntary stop (VS_VS). Furthermore, it

is possible to visualize the importance of the four tasks to trigger the event in the ON

medication state.

In Figure 6.7, it is possible that some events caused FOG episodes during the OFF

medication state and that did not triggered FOG during the ON medication state. Lit-

erature shows that most FOG episodes occur while patients attempt to initiate walking

and during turning movements (16). The occurrence of FOG is four times more frequent

during turning events than walking in a straight line (114).

In the study by Spildooren (117), the researchers asked the participants not to take the

�rst dose of the levodopa medication to carry out the experiment, in which the patients
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Figure 6.11 � Boxplot for the second 360-degree turn during the physical mobility dual
task.

tions of statistical test with signi�cant di�erence between groups. Activity is the most

important feature, followed by Power Index, these features are positively correlated (Fig-

ures 6.9 and 6.10).

The discovery of Activity and Power Index as a powerful combination to measure

gait changes in PD is important for FOG study. The literature shows that Freeze Index

(FI) and Power Index (PI) are important features to be extracted from linear acceleration

signals to detect FOG, measure the severity of the FOG episode, and calculate the amount

of movement in the windowed signal (70, 11, 24, 91, 20, 106, 105, 74).

Freeze Index (FI) is used for FOG detection and to measure FOG severity. The results

of FI for the present study did not stand out; this was expected because we excluded the

windows of signal with FOG episodes. When the stats-type was set to zero to carry

out the statistical analysis, this meant that the analysis would include the GFOG+ gait

without considering the FOG episodes, excluding data with a logical number equal to

one. This was the way we found to compare GFOG+, GFOG-, and GC gait equally.

As a future work, it is valuable that we elucidate the FI from data set including the

FOG episodes signals, because knowing this information can be useful in clinical trials to

evaluate new therapies or to assess the e�ect of rehabilitation intervention for FOG.

Wang (130) proposed an analysis of the FI on electroencephalography (EEG) sensors

and accelerometers sensors placed on the ankle and concluded that the multimodal signal

model is better than the single one, comparing only the EEG and accelerometer sensors.

Mostafa (74) proposed a frequency analysis with deep learning techniques to detect FOG

and trigger a rhythmic auditorium stimuli with minimum latency based on the Moore-

Bachlin algorithm. The Hjorth's parameters, commonly used in the analysis of EEG

signals for feature extraction (95, 39), was applied in this study as an approach to measure

changes in gait. Recently, these parameters were used to identify and characterize short-

term motor patterns in rest tremor in individuals with Parkinson's disease (98) and the
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results were satisfying.

In the present study, for each moving window, �ve features related to the time and

frequency domain were extracted, Freeze Index, Power Index, Activity, Mobility, and

Complexity. The method proposed by this study shows that Activity and Power Index are

important features to be extracted from triaxial accelerometers and gyroscopes positioned

on the two iliac spines to measure the variability and the amount of movement during

mobility tasks.

Figure 6.8 shows that the 360 degree turn event is the moment of the task in which

the proposed method better discriminates the data between the groups. It is followed by

the open gait and the passage through a wide opening, which indicate that the person

is walking in a straight line. This information proves that people from the GFOG+OFF

group walks di�erently from the other groups, even if they are not frozen, their gait

without medicine is more a�ected than the GFOG-OFF group.

The task events that showed the least statistical di�erences were the 180 degree turn

and gait initiation. These provoking strategies seems to be important to trigger FOG,

however during the regular walk of a freezer they do not di�erentiate the groups as much

as the other task events. Thus, this suggests that factors inducing freezing of gait might

not exhibit abnormalities in the gait pattern but could disrupt the subsequent walking

pattern.

In addition, the results presented in Figure 6.8 indicate that a higher number of

statistical di�erences among the gait patterns of the distinct groups were associated with

the second 360 degree turn. This highlights two interesting aspects. Firstly, the fact that

individuals with gait freezing perform a �rst turn along the route may trigger freezing

episodes and introduce heightened walking challenges, potentially rendering a second 360

degree turn more di�cult. Secondly, subsequent 360 degree turns (T2) appear to be

more di�culty for freezers compared to non-sequential turns that are associated to gait-

concluding, such as the act of turning to sit in a chair (T3).

One can conclude that the 360-degree turn a�ects the gait of the GFOG+ group

volunteers because it is a more complex task that can cause insecurity while performing

the movement. There is training to make the person safer to perform this movement,

such as progressive resistance training (9, 54).

Practically, this insight could prove valuable in mitigating severe freezing episodes in

freezers, thus promoting more comfortable indoor walking and engagement in daily activ-

ities. On the other hand, healthcare professionals can also use this strategy of consecutive

turns to assess gait impairment in these patients without the need for very complex tasks

or subjecting patients to states of discomfort, allowing for a more humanized gait assess-

ment and rehabilitation.

Figure 6.11 shows that the boxplot from the GFOG+OFF group is shifted to the

left on the four graphs represented. The boxplot of the GC group is larger, and it is

101



6.4. Discussion

similar to the GFOG-OFF, GFOG-ON, and GFOG+ON; otherwise, the boxplot of the

GFOG+OFF is always smaller, representing less variability of data.

One can conclude that the Activity and Power Index are lower for the freezers during

the OFF state of medication. Activity is understood as the variance of data, and it shows

the variability. The Power Index calculates the amount of movement in the windowed

signal.

This result is in accordance with the literature because the PD symptoms such as

rigidity, bradykinesia, and postural instability combined result in a �exed posture while

walking, with decreased axial rotation of the trunk, reduced arm swing, and a lower gait

(48). Therefore, it is expected that people with PD and severe gait problems have less

motor activity, which means less variability in the movement of walking, and a lower

Power Index, which means that the quantity of movement presented in the windowed

signal during the mobility task execution is smaller than that of a healthy individual with

su�cient capacity for movement or an individual with PD who has taken levodopa.

Observing the statistical results, at an initial moment, it is possible to identify that the

GFOG+OFF group di�ers from all other groups; that is, the analysis of the data shows

that the GFOG+OFF group (individuals with PD and the symptom of FOG during the

OFF state of the medication) performs the walking movement di�erently from the group

of people with PD under the e�ect of levodopa (ON) and without medication (OFF) and

from the group without Parkinson's during mobility tasks.

Furthermore, the results show that there is a statistically signi�cant di�erence between

the GFOG+OFF and GFOG+ON groups; that is, the volunteers with PD who have the

FOG symptom walk di�erently under the e�ect of medication. The same observation

could not be made for the GFOG-OFF and GFOG-ON groups. Participants with PD

without the symptom of FOG do not di�erentiate between the OFF and ON states.

Considering the parameters presented in this experiment, the results show that the

GFOG-OFF group can be di�erentiated from the control group using the Activity and

Power Index variables extracted from the signal while performing the 360 degree turn.

Five comparisons were not included in the analysis due to a lack of signi�cant statistical

di�erences.

It is also concluded that during the ON state of the medication, the person with PD

with or without the symptom of FOG (GFOG-ON and GFOG+ON) cannot be di�eren-

tiated from the control group, suggesting that the medication led to an enhancement in

mobility of the participants with PD and FOG. In addition, no relevant di�erence was

identi�ed between the GFOG+ON groups and the GFOG-OFF and GFOG-ON groups,

supporting this hypothesis.

FOG is relatively common and disabling in people with PD. It can be heightened

by stress, anxiety, and negative emotions such as anger, fear, or despair. It can also be

triggered by environmental constraints (73) and speci�c movements, like turning, initiate
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gait and pass through narrow passages. These movements that are FOG provoking were

reunited to create the tasks presented in this study and the most often occurs when the

participant with PD is in the OFF medication state.

Quantitative assessments provide more complete data but should be used in parallel

with the clinical assessment (21). Collaborative problem solving and goal settings help

therapists and their patients to co-design interventions based on the patient's needs,

thereby modeling the formulation of e�ective and acceptable prevention and management

FOG plans. PD medication, physiotherapy and relaxation techniques arguably provide

the best combination of therapies to manage their debilitating neurological disorder. This

can be seen as the management of fall risk through constructive and pro-active health

behavior (45). Physiotherapists might focus on posture, balance, gait, and transfers

that can be targeted. Cueing that helps de-FOG, teaching alternate motor methods

to make safer transfers, gait training, and exercises to improve stability, �exibility, and

general �tness are a few examples of potentially helpful interventions (16). Furthermore,

therapists should explore any FOG prevention behaviors that have been adopted by a

freezer PD patient and can use tools such as the method presented by this thesis to

explore and develop safe movement habits.

The experiment simpli�es the assessment of freezers in PD because it clari�es the task

events that most trigger FOG episodes and the task events that better explain the changes

in gait between the groups, the 360 degree turn. Besides that, results show that the end

of iliac spine is the best sensor location to identify the di�erences between the groups

and the features Activity and Power Index are more suitable to discriminate the groups.

The possibility of monitoring gait changes of freezers and PD patients periodically with

a reliable system that can provide objective feedback to treatment could improve the

management of FOG in PD.

6.5 Conclusion

In this chapter, we presented a method for gait analysis using a triaxial linear waist-

mounted accelerometer and gyroscope. Experiments include four tasks: voluntary stop,

TUG test, physical mobility motor task, and physical mobility dual task, conducted on

thirty participants, ten in the GFOG+ group, ten in the GFOG- group, and ten in the GC

group. An expert observer identi�ed the FOG episodes using o�ine video analysis and

annotation. The organization of data allowed to identify that 360-degree turn, followed

by the 180-degree turn and gait initiation are task events most able to trigger FOG

episodes. Furthermore, statistical results show that the 360-degree turn is also the task

event most capable of discriminating the groups using Activity and Power Index features.

Gait changes, represented as gait variability and the amount of movement during gait

execution, also appear while walking in straight line, proving that people with FOG walk
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di�erently than people who do not have FOG, even in between the freezing episodes.
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General Conclusions

The ability to move around is vital in our daily lives. However, Parkinson's disease

can limit the human capacity for movement. To have a neurodegenerative disease like PD

that progresses over time may lead an individual to a sense of loss and disappointment

because life will not play out as the person planned and the limitations are an overarching

factor that in�uences decisions about what activities to undertake and how to undertake

them (45).

The evaluation of PD is based on the �ndings of the clinical assessment because there

is no test available to provide a conclusive diagnosis of PD or to asses treatment e�ciency

during the course of the disease. With repeated testing over time, diagnostic precision

increases (100). Since the diagnosis is mostly dependent on the patient's history, clinical

signs and symptoms, and response to treatments, the clinician's and physiotherapist's

knowledge and expertise are crucial (59).

One of the potential trends is the use of sensor devices, which are inexpensive, low-

power, unobtrusive, and accurate in their readings, for managing and monitoring the

pathology in order to reduce this issue. The capture of previously inaccessible phenomena

in PD is made possible by the accessibility of technologies.

The importance of this work arises because accurate detection and rating of the sever-

ity and the impact of FOG is crucial for appropriate treatment and follow-up (102, 105).

Furthermore, determining methods to assess the physical mobility of freezers during clin-

ical practice and considering the FOG analysis for adequate treatment and follow-up

could prevent falls, reduce or overcome FOG episodes, and increase the quality of life of

individuals a�ected by FOG (102, 105).

FOG manifests itself di�erently between patients and is strongly context-dependent,

but in terms of inertial sensors and their spectral information, some common features

associated with FOG can be used for gait analysis (113). Individuals with advanced PD

are generally subject to altered gait patterns, which makes it di�cult to reliably identify

and detect gait events or compute gait parameters (114). To fully assess the range of

balance and gait disorders in Parkinson's disease, the assessment should therefore include
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a battery of functional tests, such as the ones presented in this thesis. According to Bloem

(16), it is crucial to evaluate the safety of turning movements, transfers, and gait in PD.

The experiments presented in this thesis made the following contributions to the �eld:

1. To induce FOG events with a simple physical mobility task in a controlled environ-

ment.

2. To investigate which task is best able to trigger FOG events: the voluntary stop,

the TUG test, the motor task, or the dual task.

3. To di�erentiate the FOG types by interpreting the signals of the inertial sensors.

4. To elucidate the percentage of FOG events in each FOG-provoking strategy included

in the mobility tasks.

5. To investigate if data acquired with the Net MD system allows discrimination be-

tween subjects with PD with a history of FOG, subjects with PD with no history

of FOG, and people without PD.

6. To propose features able discriminate between the groups, the classic Moore-Bachlin

algorithm or Hjorth's parameters and to elucidate which group of features or feature

combination is better suited to detect gait changes during the execution of the

proposed mobility tasks.

7. To investigate if there are gait improvements during the ON medication state com-

pared with the OFF medication state of the groups with PD (GFOG+ and GFOG-)

according to the features extracted from the data analysis.

8. To perform statistical tests and identify the number of positive tests for the di�er-

ences between the groups considering the smartwatches, the sensors, the axes, the

features, the tasks, and the task events.

9. To generate an open access database that researchers can access and contribute to

the development of new technologies to improve the quality of life of individuals

with Parkinson's disease.

At the end of the study, it was possible to extend the approach of FOG assessment

by observing di�erent gait parameters and elucidate the optimal combination of sensor,

sensor placement, task and feature to be extracted to identify gait changes in Parkinson's

disease. Furthermore, the study could determine which FOG-provoking strategy most

signi�cantly in�uences the gait of freezers and results in more FOG episodes. The method

was validated using Inertial Measurement Unit (IMU) with accelerometer and gyroscope,

and video recordings.
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The results of this thesis provide a new way to quantify and assess the freezing of gait

and suggest a pipeline to improve data visualization. The visual representation presented

in our research could be used as a visualization tool for follow-up treatments of FOG in

PD. A careful clinical approach combined with the method proposed in this thesis may

lead to an individually tailored treatment that can o�er at least partial relief for many

a�ected PD patients.

By the end, future studies can focus on the improvement of feature analysis by training

a model of machine learning to determine good and reliable values for all the weights and

the bias from labeled examples. It is also suggested to increase the number of participants

in order to acquire more robust information related to gait patterns and allow the analysis

of more complex movements. For example, a study with freezers divided by their FOG

types.
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Glossary

Android Mobile Phone

Smart phone that runs on the Android operating system developed by Google and

is used by a variety of mobile phone manufacturers.

CNS

Central Nervous System is the brain and spinal cord, responsible for receiving,

processing, and responding to sensory information.

Dopamine

A compound present in the body as a neurotransmitter that is produced in the

substantia nigra, ventral tegmental area, and hypothalamus of the brain.

Dyskinesia

Abnormality or impairment of voluntary movement.Dyskinesias are erratic, writhing

movements of the face, arms, legs or trunk. They are often �uid and dance-like.

They are not a symptom of Parkinson's disease (PD) itself. Rather, they are a

complication from some Parkinson's medications.

ECG

Electrocardiology determines heart activity.

EEG

Electroencephalography monitors brain activity.

EOG

Electrooculography determines eye movement.

Freezers

People with Parkinson's disease who have the symptom of Freezing of Gait.
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Glossary

Hoehn and Yahr scale

A scale for assessing the disability of individuals with PD capable of indicating their

general condition in a quick and practical way.

Wearable sensors

An electronic device that can be attached to the body or embedded in a clothing

garment and is able to record information about the user's body movements.
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Appendix 1

A.1 Environment for data collection

This appendix shows photos of data collection environment in the Parkinson Triângulo

Association. Figure A.1 shows the environment in which the Voluntary Stop and Timed-

up and Go (TUG) test were carried out. Figures A.2, A.3, and A.4 show the physical

mobility tasks environment.

For the motor and dual tasks, the distance between the chair and the wide opening

is 3 meters, the distance between the wide opening and the obstacles is 1.3 meters, and

the distance between the obstacles is 0.95 meters. The width of the wide opening is 67.5

centimeters.

Data collection was carried out at APT and it followed the recommendations of the

World Health Organization (WHO) regarding the prevention of COVID-19. The re-

searchers, volunteers, and companions wore masks protecting their noses and mouths

throughout the contact; alcohol gel bottles were always available; and the body temper-

ature of the people involved in the experiment was measured upon arrival.
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A.1. Environment for data collection

Figure A.1 � Environment in which the Voluntary Stop and TUG test were carried out.

Figure A.2 � Physical Mobility tasks environment, this �gure shows the distance of three
meter between the chair and the wide opening.
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A.1. Environment for data collection

Figure A.3 � Physical Mobility tasks environment, this �gure shows the distance of 1,3
meters the wide opening and the obstacles to contour.

Figure A.4 � Physical Mobility tasks environment, this �gure shows the distance of 0,95
meters between the obstacles to contour and the width of the wide opening 67,5 centime-
ters.
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B

Appendix 2

B.1 Results of the cognitive task applied for the dual

task

This appendix presents the results of the Digit Monitoring Task (DMT) for each group,

GFOG+, GFOG- and GC. The DMT was used as the cognitive task applied for the dual

task.

Table B.1 presents how many times each number was mentioned in the audio track.

For each trial, a digit from the set of 1 to 9 was drawn without replacement.

Audio transcript: 459616619359126578814596166

Tables B.2, B.3 and B.4 show the volunteer's answer during the DMT for each trial

of the dual task. The table is colored in green and red to show the right (green) and

wrong (red) answers given by the volunteers. The second column shows the percentage

of mistakes per volunteer. The percentage mean of the volunteers mistakes is 45.65% for

the GFOG+ group, 25,01% for the GFOG- group and 8,35% fog the GC group.

Table B.1 � The number of times each digit from 1 to 9 is mentioned in the audio track.

Digit 1 Digit 2 Digit 3 Digit 4 Digit 5 Digit 6 Digit 7 Digit 8 Digit 9
5 times once once twice 5 times 7 times once twice 4 times
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B.1. Results of the cognitive task applied for the dual task

Table B.2 � Answers of the volunteers from the GFOG+ group during the Digit Monitoring
Task (DMT) for each trial of the dual task. N stands for number drawn and R for result,
the number of times each digit is mentioned in the audio track. Correct answers in green
and wrong answers in red.

GFOG+
% OF
MIS-

TAKES
OFF ON

V N1 R1 N2 R2 N3 R3 N1 R1 N2 R2 N3 R3
1 50% 3 1 6 7 8 3 9 4 4 1 5 4
2 0% 6 7 8 2 7 1 1 5 4 2 3 1
3 83,3% 5 3 2 2 4 1 7 1 3 2 6 6
4 33,3% 7 0 9 4 6 5 3 1 2 1 8 2
5 50% 1 4 7 1 8 1 4 2 9 2 2 1
6 33,3% 2 0 9 4 1 5 6 7 7 1 5 4
7 50% 4 2 3 2 6 6 5 4 9 4 2 1
8 50% 9 4 7 1 3 0 2 1 6 3 5 4
9 33,3% 2 1 4 2 9 4 5 4 3 2 8 2
10 83,3% 2 4 1 7 8 7 4 2 3 2 6 6

Table B.3 � Answers of the volunteers from the GFOG- group during the DMT for each
trial of the dual task.

GFOG-
% OF
MIS-

TAKES
OFF ON

V N1 R1 N2 R2 N3 R3 N1 R1 N2 R2 N3 R3
1 50% 1 5 3 2 7 1 9 4 5 4 4 3
2 16,7% 1 5 5 4 6 7 7 1 4 2 8 2
3 50% 7 1 4 2 1 4 9 3 8 3 3 1
4 33,3% 1 5 3 1 6 6 2 1 5 4 7 1
5 16,7% 2 1 3 1 8 2 7 1 5 4 4 2
6 33,3% 2 2 8 2 4 2 6 8 7 1 3 1
7 16,7% 9 4 4 2 7 1 3 1 8 2 1 4
8 0% 4 2 2 1 7 1 6 7 5 5 8 2
9 16,7% 4 2 1 5 6 7 5 4 3 1 9 4
10 16,7% 1 5 3 1 4 2 7 1 6 6 9 4
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B.1. Results of the cognitive task applied for the dual task

Table B.4 � Answers of the volunteers from the GC group during the DMT for each trial
of the dual task.

GC % OF MISTAKES
V N1 R1 N2 R2 N3 R3
1 0% 8 2 4 2 6 7
2 0% 4 2 7 1 1 5
3 16,7% 8 2 5 4 6 7
4 0% 1 5 8 2 2 1
5 0% 9 4 1 5 7 1
6 16,7% 2 1 1 4 8 2
7 16,7% 9 4 6 8 5 4
8 0% 8 2 9 4 1 5
9 16,7% 9 4 3 1 1 4
10 16,7% 6 7 3 1 5 4
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C

Appendix 3

C.1 Supplementary Material

This appendix aggregates the supplementary materials produced during the develop-

ment of this dissertation.

C.1.1 Manual of ATLAS software

The following link contains a supplementary material �le that includes a manual of

ATLAS software teaching the installation and use, two video �les with examples of how

the smartwatches work with the software ATLAS, the code and examples of �les XML.

� https://zenodo.org/record/7091122

C.1.2 Information about the cognitive task applied for the dual

task

The following link contains a supplementary material �le that includes the audio track

with 60 seconds used in the data collection for the dual task and the results of the Digit

Monitoring Task for each group, GFOG+, GFOG- and GC.

� https://zenodo.org/record/8421342

C.1.3 Ethics committee approval

This subsection presents information on approval by the ethics committee of Federal

University of Uberlândia, Brazil.

Research Title: Avaliação quantitativa dos sinais motores de indivíduos com a doença

de Parkinson

Proposing Institution: Faculty of Electrical Engineering

CAAE: 38885720.3.0000.5152
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C.1. Supplementary Material

C.1.4 Open access database

Researchers can use the open-access database found at the DOI that follows to help

create novel innovations that will enhance the quality of life for people with Parkinson's

disease. They can also contribute further with the Centre for Innovation and Technology

Assessment in Health (NIATS) researches. Restricted download access to the data re-

ported in this study is provided by Zenodo. A request must be made in Zenodo in order

to access the database, and the request's justi�edness will determine how it is reviewed.

� DOI = 10.5281/zenodo.10498983
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