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Abstract

Background: The yearly incidence of people with Spinal Cord Injury (SCI) is between
250,000 and 500,000, according to the World Health Organization (WHO). The injury
often reduces the ability to walk. Various consequences affect the nervous system
and, thus, the entire body. Therefore, the patient population with SCI is highly
heterogeneous also in their gait patterns. Multiple tools are used to classify and
understand the walking impairments caused by the injury.

Objective: To underline the added value brought by the integration of 3D gait
analysis to more standard methods (GDI, GPS, GVS, spatiotemporal parameters, ASIA
grade, muscle strength, and spasticity) in the evaluation and interpretation of gait
patterns of subjects with SCI.

Methods: 3D gait analysis with a passive optical motion capture system (Vicon)
and four force plates was performed in 7 control subjects and 3 with SCI. The model
used for marker placement and pre-processing was CGM 2.3. Matlab was used to
analyze and plot the kinematic and kinetic joints’ data and calculate the GDI, GPS,
and GVS indexes and spatiotemporal parameters for subjects with SCI and the control
group. A specialized physiotherapist conducted the clinical assessment of the patients
with SCI in a rehabilitation center. This included: ASIA grade and review, muscle
strength, and spasticity with Daniels Whorthingham scale and Modified Ashworth
scale, respectively. The evaluation of the result was qualitative.

Results: The integration of 3D gait analysis show further understanding in the
assessment of walking impairments. The indexes resumed the impairments and
classified the subjects but lacked temporal and functional perspective. Gait phases
and spatiotemporal parameters suggested difficulties in stability and balance but could
not identify the problem’s origin. Lastly, clinical assessment enlightened the singular
motor and sensory function impairments. 3D gait analysis contextualized these results
identifying gait patterns and functional implications.

Conclusion: Integrating 3D gait analysis might give a deeper understanding of
subjects with SCI’s gait strategies and impairments. Indeed this complex technique
links the other methods’ results, contextualizing them and gaining information.

Keywords

Spinal cord injury, 3D gait analysis, gait features, GDI, GPS, Clinical assessments,
ASIA scale
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Sammanfattning

Bakgrund: Enligt Virldshilsoorganisationen (WHO) drabbas mellan 250.000 och
500.000 personer av ryggmirgsskador drligen. Skadan minskar ofta formigan att
gd. Dir konsekvenserna péaverkar nervsystemet och siledes hela kroppen. Dérfor ar
patienter med SCI mycket heterogen, dven nér det giller deras gdngmonster. Flera
olika verktyg anvinds for att klassificera och forstd de gdngsvarigheter som orsakas
av skadan.

Objektiv: Att understryka det mervirde som integreringen av 3D-génganalyser ger
till mer standardiserade metoder (GDI, GPS, GVS, spatiotemporala parametrar, ASTA-
grad, muskelstyrka och spasticitet) i utvirderingen och tolkningen av gaingmonster hos
personer med SCI.

Metoder: 3D-ginganalys med ett passivt optiskt rorelsefdngstsystem (Vicon) och
fyra kraftplattor utfordes pa 7 kontrollpersoner och 3 personer med SCI. Den modell
som anvindes for markorplacering och forbehandling var CGM 2.3. Matlab anvéndes
for att analysera och plotta kinematiska och kinetiska leddata och berdkna GDI-, GPS-
och GVS-index och spatiotemporala parametrar for forsokspersoner med SCI och
kontrollgruppen. En specialiserad sjukgymnast genomforde den kliniska bedomningen
av patienterna med SCI pé ett rehabiliteringscenter. Detta innefattade: ASIA-grad
och granskning, muskelstyrka och spasticitet med Daniels Whorthingham-skalan
respektive Modified Ashworth-skalan. Utvirderingen av resultatet var kvalitativ.

Resultat: Integreringen av 3D-gdnganalys verkade forbdttra bedomningen och
forstdelsen av gangsvarigheter. Indexen aterupptog funktionsnedsittningarna och
klassificerade amnena men saknade tidsméssigt och funktionellt perspektiv. Gangfaser
och spatiotemporala parametrar antydde svérigheter med stabilitet och balans
men kunde inte identifiera problemets ursprung. Slutligen belyste den kliniska
beddmningen de singuldra motoriska och sensoriska funktionsnedséttningarna. 3D-
ginganalys kontextualiserade dessa resultat genom att identifiera gingmonster och
funktionella implikationer.

Slutsats: Integrering av 3D-génganalys dr fordelaktigt for att forstd gngstrategier
och funktionsnedsittningar hos personer med SCI. Denna komplexa teknik kopplar
samman resultaten frdn andra metoder, kontextualiserar dem och ger information.
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Nyckelord
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Chapter 1

Introduction

The yearly incidence of people with Spinal Cord Injury (SCI) is between 250,000
and 500,000, according to the World Health Organization (WHO) [1]. Of this patient
population is estimated that 78% are men, and the average age increased to 43 years
old in the last years [2, 3]. Severe disabilities affect this population due to the complete
or incomplete loss of functions from the level of the injury down [3]. Walking is
among the essential functions that can be compromised, limiting the independence
of the person [4]. Approximately 66% of the SCI cases are incomplete [3]. Among
them, 75% regain walking ability, even if with possible permanent impairments [5].

SCI is irreversible damage to the spinal cord [6]. Its consequences are related
to the injury’s radial location, extension, and level along the spine. The spinal cord
is composed of gray (inner) and white (outer) matter [7]. Damaging the first causes
the loss of functions at the injury level, while compromising the white matter affects
the functionalities under this level [8]. Muscle control can result partially or totally
impaired due to the interruption of efferent pathways and damage to motor neurons
[6]. Further outcomes are spasticity, loss of muscle force, and activity. These factors
strongly influence the ability to walk and the gait patterns.

Therefore, different scales are used in the clinical routine to measure the
impairments and adjust the treatments. These clinical assessments focus on sensory
and motor consequences of the injury but do not focus on the ability to walk
directly. The most common scale from the American Spinal Injury Association
(ASIA) determines the injury’s neurological severity by evaluating the motor and
sensory functions of myotomes, and dermatomes [4] without considering how these
impairments affect the walking ability of the person.

The biomechanical gait analysis of patients with SCI can enlighten the pathology’s
effects on walking, identifying impairments and strategies developed [9]. Kinematic
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patterns show the motor behavior and how the gait is modified, while powers and
moments reveal the mechanical reasons for those features [10, 11]. However, due to
the high costs and time-consuming procedures, 3D gait analysis is rarely implemented
in clinical routines [12]. Few studies have investigated its relevance in understanding
SCI effects on walking, such as Smith et al. case study’s management [13]. Further,
indexes such as Gait Deviation Index (GDI) and Gait Profile Score (GPS) have been
proposed as an overall measure of pathological gait [14, 15]. These summarize the
kinematics data simplifying the interpretation of the 3D gait analysis. However, it has
been found no study comparing the results of the different techniques used to evaluate
walking abilities in subjects with SCI.

1.1 Project aim

This project focus on a pilot study on a few subjects with incomplete Spinal Cord Injury,
aiming to investigate if there are any advantages in including 3D gait analysis in the
study of SCI consequences on the walking ability of subjects.Therefore, the following
hypothesizes have been tested:

* Using 3D gait analysis with the GDI, GPSs, and GVSs has a better understanding
of gait patterns, evaluates the severity of the impairments, and focuses on key
features.

* Interpreting the spatial and temporal information given by the gait phases
and spatiotemporal parameters with kinematics and kinetics brings a better
understanding of the subject’s deviations.

* The pathophysiological results of ASIA assessments, strength, and spasticity
muscle tests contextualize and get deeper meaning when combined with 3D gait
analysis.

1.2 Relevance

Walking is essential for physical, social, and psychological wellbeing [16, 11].
Therefore, it is vital for people with SCI to regain this function and for health care
professionals to help them by adapting treatments to their individual needs [4].

Gait analysis can enlighten the mechanical and physiological mechanism leading
to pathological gait patterns [9]. Thus, health care professionals can develop better
rehabilitation, treatment, surgical, and orthoses strategies when the gait kinematics and
kinetics are analyzed together with the more traditional methods. Further, few studies
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focus on SCI patient’s gait analysis which can identify possible walking compensating
strategies with higher energy expenditure [17].
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Chapter 2
Methods

2.1 Participants

This project was based on analyzing three subjects with spinal cord injury compared
to a control group of seven subjects. The control subjects had no motor-neurological
pathology; consequently, their gait was considered a reference for normal gait.

2.1.1 SCI subjects

The gait analysis was performed on three volunteers affected by Spinal Cord Injury
(SCI). The subjects have been recruited following these inclusion criteria: age between
17 and 70 years old, the ability to walk for a short distance with or without assistance,
and enough cognitive ability to understand the project and the instructions given.

Participants have been selected from a local rehabilitation center, the Aleris Rehab
Station (Stockholm), and gave their informed consent to participate in the main project:

""Interaction between biomechanical somatosensory system
and motor control in adults with SCI"'.

This report is part of the main one. A physiotherapist and specialist drove the clinical
assessment of the subjects at the rehabilitation clinic. The subject’s ASIA evaluation
was updated if dated on the day of the clinical examination. Then nine key leg
muscle groups are tested for spasticity and strength, respectively, with the Modified
Ashworth Scale (Table A.3) and the Daniels & Worthingham scale (Table A.2). The
characteristics of each subject are displayed in Table 2.1, while the clinical assessments
are reported in the results Section 3.4.

The experimental protocol received ethical approval from the Swedish Ethical
Review Authority (reference no. 2022-00629-02).
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Table 2.1: Descriptive characteristics of the three subjects with spinal cord injury.
Their age, sex (F-female, M-male), and relevant information regarding the injury-
such as the months since it, its anatomical level, neurological severity, and detected
spasticity-have been collected in this table. For privacy reasons, a code identifies each
subject.

Studied subjects with SCI general information

Subject | Age Sex MO?;;‘lfrs;nce I[I,lil‘tzly ASIA grade | Spasticity
A 58 F 7 TS D incomplete None
B 53 F 8 TS5 D incomplete None
C 61 M 19 T6 D incomplete Some

2.1.2 Control group

The reference group comprised seven subjects, two females and five males, not affected
by any neurological or motor system pathology. Thus, their gait pattern was defined
as normal. The subjects’ average age was 37.7 (£ 8.6 standard deviation). These
volunteers participated in a data collection performed between January and March
2021 at MovAbility Lab from KTH for a different project. The model used during
the data collection was (Conventional Gait Model) CGM 2.3.

2.2 Protocol of data collection

For each subject, the data collection occurred on one day. The person’s anthropometric
measurements were taken. The subject was equipped with retroreflective markers and
walked barefoot along the laboratory multiple times. The infrared cameras recorded
the motions of the markers, and the force plates recorded the ground reaction force and
center of pressure, which are valid when only one structure acts over it. The equivalent
gait cycles are invalid if both feet step on the same force plate. The subject repeated
the task until at least five valid gait cycles per side were recorded. However, the person
was unaware of the criteria used to select correct trials nor the needed number; thus,
the gait patterns can be considered unbiased. The subject performed the task with the
required support device (e.g., crutches, walker) and could rest between the trials.

2.3 Instrumentation

The gait data collection was performed at KTH MoveAbility Lab using an optical
motion capture system (Vicon V16, Vicon Motion System, Oxford, UK), composed
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of 10 infrared cameras tracking retroreflective markers at 100 Hz, 2 video cameras,
and four force plates at 1,000 Hz (AMTI, Watertown (MA), USA). The model used for
the marker placement and calculation of the body segments was CGM 2.3 [18]. The
subject was equipped with 51 retro-reflective markers (Figure 2.1). The data collected
were pre-processed (using the Vicon’s program Nexus) and afterward organized and
analyzed using Matlab R2021a (version 9.10.0, The The MathWorks Inc., Natick
(MA), USA).

i# Calibration only
i+ Optional

O LTHAP

O LTHI
Q LTHAD

LKNMEE o\ kne

O LTIAP

O1LTIB
O 111aD

LMED:%: 1D LHEE
Q 1aNk

LTOE

Q_' % LeftshoulderOffset

LSHO

Figure 2.1: Conventional Gait Model (CGM) 2.3 marker placement scheme. Adapted
from [18]

2.4 Measurements

The collected data were initially post-processed using Nexus. After applying the CGM
2.3 model to the static calibration, each file’s pre-processing ensured marker quality,
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filled gaps, and valid gait cycles were identified. A kinetically valid gait cycle implies
that the stance phase occurred over a force plate, the reference foot had to be entirely
on it, and no other structure (e.g., other foot, crutch) touched the force plate during the
stance period. Then the kinematic and kinetic variables were calculated through the
CGM 2.3 model. Then, each post-processed trial was saved in a .c3d file. For Subject
C, no gait cycle had valid kinetic due to crutches stepping on force plates. Thus, the
central gait cycles of the trials were considered valid for kinematics, and the foot strike
and off were caught by comparing the video, the marker animation, and the marker
graphs. Differently, for the other subjects, the force plate data detected the events.
Five valid gait cycles per side were selected for each subject, starting from the last
trials. The first trials might not be representative since the subject was still adapting to
the new environment and equipment, therefore were excluded.

Each selected trial’s .c3d file was cataloged in an excel document, with the subject
ID and the valid kinematic and kinetic gait cycles per side. The same was done for
the control group, where no distinction was made among subjects; thus, all had the
same ID: "Control". A Matlab code was developed to read the excel file and open each
trial .c3d file from which the kinematic, kinetic, and other data were extracted and
grouped following the subject ID. Therefore, a dataset for each patient and a separate
one for the entire control group were obtained. Then the data were analyzed to extract
the angle trajectories (from which the GVSs, GPS, and GDI indexes were calculated),
moments, and power. Furthermore, the gait phase and spatiotemporal parameters(gait
phases, step and stride length and time, step width, cadence, and walking speed) were
calculated from the marker’s temporal and spatial data. The following subsections
better explain the method for each aspect analyzed.

2.4.1 Kinematic and kinetic variables analysis

The extracted kinematic and kinetic data analysis focused on joints’ angles, moments
and powers. Using Matlab, the gait cycles were normalized over percentages to
be comparable among different trials and subjects. Therefore, the heel contact
corresponded to the 100% of the previous gait cycle and 0% of the new cycle.
Then, each variable was re-sampled with an increment of 1% using the cubic spline
interpolation obtained from the available data. Last, before the analysis, the kinematic
validity of the gait cycles was checked, plotting for each subject the joint angles on
the three planes, and outliers were observed. If the cause of the outlier were due to
an unusual trip, another trial would replace the nonvalid one. If it were due to post-
processing, the trial would be re-processed; otherwise, the gait cycle would be kept as
it was.

Afterward, the angles, moments, and powers are plotted and analyzed. A plot
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was made for each subject’s kinematic variables and one for the kinetic ones. A line
represents each gait cycle; the color distinguishes the sides: red for the left and green
for the right. Each variable is plotted in comparison with the control group, represented
with a gray area with a dotted line representing the mean. At the same time, the
standard deviation delimits the gray area. These plots allow us to localize the gait
cycle and quantify the subject’s gait deviations.

2.4.2 GPS, GVS and MAP calculation

The Movement Analysis Profile (MAP) is a valuable tool to quickly identify joints and
planes with higher deficits in gait patterns. Indeed, MAP is the graphic representation
of the Gait Variable Scores (GVSs) for nine joints angles (pelvis tilt, obliquity and
rotation, hip flexion, abduction and rotation, knee flexion, ankle dorsiflexion, and foot
progression), and of Gait Profile Score (GPS). A Matlab code calculates these indexes
following the protocol used by R. Baker er al. [15], which is here briefly explained.
Otherwise, the Matlab code is reported in Appendix B.1.

The GVS and GPS indicate the distance between the subject and the control group’s
mean. As a further reference, the indexes are compared to the mean distance between
each control subject and their mean. Therefore, the control group angle data are first
processed to get the average for each variable, and the reference range is calculated in
the same way as GVS and GPS, later described, but without distinction among subjects
and sides.

Afterward, each SCI subject is treated individually and separated left and right.
The GVS for the nine critical kinematic variables is calculated for each gait cycle as
the difference between those and the corresponding control group mean, obtaining a
vector with degrees as the unit of measure. This vector’s root means square (RMS)
reduces it to a single value in degrees. Then, the GVSs’ mean and standard deviation
over the cycles are plotted compared to the mean GVS for the control group. The GPS
is calculated as the 9 GVS values’ mean for each side and globally. In the MAP are
plotted the mean, with the standard deviation, of the GPSs (right, left, and global) over
the different gait cycles. In the bar plots, only the pelvis’ left side is represented since
it is a single segment in communion between the left and right limbs; thus, the right
pelvis is secular to the left and would not add any value. However, for the calculation
of the GPS, both sides are considered.
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2.4.3 GDI calculation

The Gait Deviation Index (GDI) identifies a global gait deficit with a single unit-less
value. This value was extracted from the difference between a subject’s gait feature
components vectors (Ceyee ONE per gait cycle) and the reference one (Ceontro). If the
subject had a GDI of 100 or higher, its gait pattern was comparable to that of the
reference group. Differently, by every 10 points under 100, the subject gait pattern
deviates from the normal one of a standard deviation [14].

A developed Matlab code (Appendix B.2) calculates the GDI following the protocol
used by M. H. Schwartz et al. [14]. First, in the initial processing of the reference
group and SCI subjects, the kinematics variables are sampled at a 1% increment over
the gait cycle, differently from the article. Then, the extracted values for nine angles
(pelvis tilt, obliquity and rotation, hip flexion, abduction and rotation, knee flexion,
ankle dorsiflexion, and foot progression) are arranged in a vertical vector (g), one for
each gait cycles.

Then the control group subjects’ gait vectors are arranged together to form a matrix
(&), and the order of the columns (gait vectors g) is randomized. The Singular Value
Decomposition (SDV) of this matrix obtains the gait features fic (unit length singular
vectors) and matrix singular values s. The singular values are used to identify the
critical m, which allows approximating the gait vector through m..;; gait features with
at least 99% of overall variation and faithfulness. In M. H. Schwartz et al. study, m.;
was 15 based on a dataset of one gait cycle per 6701 typically developing children.
Differently, our reference dataset is of 7 adults, with 10 gait cycles each (5 left and 5
right), and the m,;; resulted in 7.

After having defined the m.,;;, the feature components vector (Ceycle) is calculated
for each subject’s gait cycle as the scalar product between the gait vector and the first
seven gait features vectors obtained from the control group gait matrix G. While the
Ceontrol 1S calculated as the mean over the control subjects’ ¢. Then, the raw GDI for the
single cycle correspond to the natural logarithm of the Euclidean distance between the
subject’s Ceyele and the Ceoneror- Finally, the GDI of the individual gait cycle is calculated
with the following formula:

GD]cycle _ Mean(GDIcontrol)
GDIcycle =100 — 10 raw raw
8 SD(GDIgonirel)

Where Mean(G DI and SD(G DI ) are previously calculated among the
control group’s cycles and the Ccontrol-
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The calculated GDI for each cycle was then summarized to the mean and standard
deviation for each SCI subject’s right, left side, and globally.

2.4.4 Gait Phases and Spatiotemporal parameters

The division of the gait cycle into functional phases and the spatiotemporal parameters
were calculated through Matlab R2021a, despite these being available after the post-
processing. However, the parameters measured by Nexus were one per side per trial
and not per cycle. Therefore, since it was impossible to link the value with a specific
cycle, they were calculated from the raw data.

First, every valid gait cycle was divided into the initial double support, single
support, terminal double support, and swing phases. The foot events (strike and off)
delimited these phases e, so the initial double stance ends when the opposite foot lifts
from the ground. Here the single support occurred till the opposing foot landed again,
then the swing phase started when the reference foot raised. For the SCI subjects,
the left and right cycles were individually considered, while for the control group, no
distinction was made since the normal gait was considered symmetrical. Then, the
period of each phase was represented in a bar plot showing the mean and standard
deviation, and the subject’s left and right cycles were compared with the control.

Afterward, the mean and standard deviation of the following parameters were
calculated for the left and right cycles: stride cadence, stride length and stride time,
step width, and walking speed. These parameter are defined in Table 2.2.

2.5 Comparison of the results

The gait patterns were compared to the calculated indexes to underline the additional
information this complete analysis may bring. Then the kinematic and kinetic
interpretation was extended to the spatiotemporal parameters and gait phases, allowing
a deeper understanding of the visible difference between the subjects with SCI and
the control group. Lastly, the obtained evaluation for each subject was compared and
integrated with the clinical analysis given by the physiotherapist.

This data examination was mainly based on the qualitative comparison of data. Due
to the small number of subjects, a statistical analysis could not be performed.
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Table 2.2: Description of the calculated and analyzed spatiotemporal parameter
together with the unit measure.

Spatiotemporal parameters
Parameter Unit Description

Space covered during a gait cycle; thus, it is the distance in

Stride . .
[m]  meters between 2 consecutive foot strikes of the same leg on

length . . .

the walking direction axis.
D Duration of a gait cycle; thus, it is the time between 2

Stride time ~ [s] . .

consecutive foot strikes of the same leg.

Stride [stride] The number of strides, equivalent to gait cycles, performed
cadence min < in a minute.

Space between 2 consecutive foot strikes of different legs
on the perpendicular axis to the walking direction. It is
considered as the distance between the left and right heel
at the foot strike that ends the gait cycle.

Step width  [m)]

Walking

speed [—] Stride space and time ratio.
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Chapter 3

Results

3.1 3D gait analysis

3.1.1 Kinematics

For each patient, the kinematic of the gait was studied through the angles of the leg
joints (ankle, knee, hip) plus the pelvis and trunk segments on the frontal, sagittal and
transverse planes. In the graphs, the left (red) and right (green) cycles are plotted as
continuous lines together with the control mean and standard deviation (Figure 3.1 for
Subject A, 3.2 for Subject B, and 3.3 for Subject C).

The gait pattern of Subject A (Figure 3.1) shows slight anterior pelvic tilt and lack
of hip extension in the terminal stance phase. The knees are valgus and have reduced
flexion peaks. The right knee hyperextends during the stance, while the right ankle
plantar flex extensively during the initial stance and slowly gains dorsiflexion through
the stance phase. Both left and right ankles barely plantar flex during terminal stance
and initial swing phase. Additionally, the right foot externally rotates of -20°, while
the left is in the normal range. Asymmetries are visible in the hip and knee rotations,
which differ from the control. The knees show some degrees of valgus. Further, the
left knee abducts more during the swing than the right one.

Subject B (Figure 3.2) has the angle trajectories mostly in the control gray area.
Some gait features are a lack of hip extension in the terminal stance phase, slightly
reduced knee flexion during the swing phase, and anterior pelvic tilt 7° over the control
mean.

Lastly, Subject C (Figure 3.3) has the most significant deviations in gait patterns,
which do not follow the reference ones. The trunk and pelvis are tilted forward at least
10° over the control. The trunk rotation has a high variability (standard deviation is 2.7
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for the left side and 3.3 for the right). The hips are permanently flexed, the extension
during stance is slow, and reaches only 20° of flexion around 60-70% of the gait cycle.
The knee behavior on the frontal and transverse plane is mostly constant with a flat
trend. While, on the sagittal plane, they are flexed during the entire stride, the right side
almost shows no peak during swing maintaining approximately 20° flexion. The left
knee has a flexion pike reaching just 40° during swing, which is delayed by circa 15%
from the control. Lastly, the ankles are asymmetrical, especially in the swing phase,
where the right side progressively decreases the dorsiflexion and the left ankle holds
the dorsiflexion till 90% of the cycle when the dorsiflexion quickly drops. Differently,
during stance, both follow the pattern till the pre-swing phase, where the plantar flexion
is absent. Further, the right foot progression is characterized by an inner rotation during
swing, followed by a smaller external one. The left foot has a more normal behavior.



Results |15
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Figure 3.1: In the graphs are represented the joints’ angles of Subject A during the
analyzed 5 left (red) and 5 right (green) gait cycles. The columns show the different
planes of joints’ observation during gait; from left to right are represented the frontal,
sagittal, and transverse planes. The reported joints are (from the top down): trunk,
pelvis, hip, knee, and ankle. The gray area represents the control group mean (dotted
line) =+, the standard deviation of the control group, which is the reference.
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Subject B : Kinematics - Angles

2 Trunk Obliqui c Trunk Tilt — _ Trunk Rotation
2 5 aulty = E 20
o
R _0? () et
s B
g -20 8 20 -
[s] 0 50 100 o 0 50 100 0 50 100
% GC % GC % GC
2 Pelvic Obliquit = Pelvic Tilt —  Pelvic Rotation
3 20 sy & E
20
g P jd 2
= of g § =z
c = 0 = =20
g -20 8 i
[s] 0 50 100 o g 50 100 0 50 100
% GC % GC % GC
§ 2I-E’ip Ab/Adduction LIiéHié)oFIexionl’ExtlLensil:m E &g Hip Rotation
101 40 20
g Om %20\/’3 g S
I o - b
VY e - A
-10 Y, ¢ = -20
3 =20 3
< 0 50 100 w 0 50 100 0 50 100
% GC % GC % GC
5 Knee Ab/Adduction Knee Flexion/Extension - Knee Rotation
> iC £
20 20
= S
hel
_ 20
© <
= 0 50 100 W 50 100 0 50 100
% GC % GC % GC
g Ankle Dorsi/Plantar Foot Progress Angles
P E 40
20
20 o
? o= 2 Ops ,
.20 -20
S -40 i -40
o 0 50 100 0 50 100
% GC % GC

Figure 3.2: In the graphs are represented the joints’ angles of Subject B during the
analyzed 5 left (red) and 5 right (green) gait cycles. The columns show the different
planes of joints’ observation during gait; from left to right are represented the frontal,
sagittal, and transverse planes. The reported joints are (from the top down): trunk,
pelvis, hip, knee, and ankle. The gray area represents the control group mean (dotted
line) =+, the standard deviation of the control group, which is the reference.
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Subject C : Kinematics - Angles
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Figure 3.3: In the graphs are represented the joints’ angles of Subject C during the
analyzed 5 left (red) and 5 right (green) gait cycles. The columns show the different
planes of joints’ observation during gait; from left to right are represented the frontal,
sagittal, and transverse planes. The reported joints are (from the top down): trunk,
pelvis, hip, knee, and ankle. The gray area represents the control group mean (dotted
line) =+, the standard deviation of the control group, which is the reference.

3.1.2 Kinetics

The kinetics results are available just for the Subjects A (Figure 3.4) and B (Figure
3.5). Both subjects show reduced or absent pikes compared to the reference curves.



Results |18

Subject A show reduced moments and powers (Figure 3.4). On the sagittal plane,
the hip has a delayed and smaller flexion moment (50-60% CG). On the same plane,
the knee lacks extension moments and shows a slight flexion trend, while the ankle
has a decreased plantar flexion moment, especially on the right side. On the frontal
plane, both hip and knee moments show a similar pattern; during stance, the moments
have a bell shape missing the abduction pikes. Similarly, on the transverse plane, both
knee and hip have a flat trend with a low external rotation moment in the terminal
stance. The hip power graph shows almost nos energy absorption during stance and a
reduced power generation during swing, approximately half of the control levels. The
knee’s generated and absorbed power is delayed during swing and almost none during
stance. Lastly, the ankle-generated power is roughly half the control value, and its peak
is delayed. Further, a slight asymmetry between right and left ankle power is visible.

Subject B moments and powers are similar to the reference one except for some
lower pikes (Figure 3.5). The hip moments mostly follow the control curve, but the
hip flexion moment during push-off and swing is less accentuated, and the minimum
is delayed. Therefore, the hip power misses the passive power pike before push-off and
has slightly lower power generation during swing than the control. While the knee has
normal moments and power, the ankle shows a reduced plantar flexion moment and
thus marginally lower power generation during push-off.
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Subject A : Kinetics - Moments and Power
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Figure 3.4: In the graphs are represented the joint’s moments and power of Subject A
during the analyzed 5 left (red) and 5 right (green) gait cycles. The first 3 columns show
the different planes of joints’ observation during gait; from left to right: the frontal,
sagittal, and transverse planes. While the last column reports the power generated (+)
or absorbed (-) by the joint. The reported joints are (from the top down): hip, knee, and
ankle. The gray area represents the control group mean (dotted line) +, the standard
deviation of the control group, which is the reference.
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Subject B : Kinetics - Moments and Power
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Figure 3.5: In the graphs are represented the joint’s moments and power of Subject B
during the analyzed 5 left (red) and 5 right (green) gait cycles. The first 3 columns show
the different planes of joints’ observation during gait; from left to right: the frontal,
sagittal, and transverse planes. While the last column reports the power generated (+)
or absorbed (-) by the joint. The reported joints are (from the top down): hip, knee, and
ankle. The gray area represents the control group mean (dotted line) +, the standard
deviation of the control group, which is the reference.

3.2 Indexes

3.2.1 GPS, GVS and MAP results

The gait profile score (GPS), for each side and globally, together with the gait variable
score (GVS) of the nine key angles, gives a summary of the kinematic results for each
subject and are grouped in the plotted movement analysis profiles (MAP) (Figure 3.6).

Figure 3.6a shows the joints and plane more affected during gait for Subject A.
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On the sagittal plane the ankle and the knee are the most dramatic; the hip differs by
only 7 degrees from the control mean. A significant asymmetry occurs on the hip’s
transverse plane and foot progression. However, this asymmetry is barely visible in
the GPS results, where the right GPS is 1° higher than the left.

Subject B demonstrates an almost normal gait pattern since in Figure 3.6b are few
the bars higher than the control ones. Exceptions are the hip and knee on the sagittal
plane.

The highest differences are visible in Subject C. Indeed, in Figure 3.6c¢, just the foot
progression is in the control range. The most significant differences from the control
mean are visible on the sagittal plane for the hip, knee, and ankle. Also, the pelvis
is distant from the reference. The most considerable asymmetry is visible in the hip
rotation. The left GPS is 2° higher than the right, underlining an asymmetry. In this
case, the global GPS is over 10°.

3.2.2 GDI results

Form Gait Deviation Index (GDI) results (reported in Table 3.1) appear that:

* Subject A has, on average, a 2.13 standard deviation (sd) difference from the
control group. It also has a slight asymmetry with the right side GDI indicating
a 2.26 sd distance while the left side just 2.01 sd distance from the reference.

* Subject B might is less than a standard deviation away from the control group
mean; specifically, the right side is 0.47 sd away and the left side only 0.05 sd.

* Subject C the global distance from the control means is 3.22 sd. The most
impaired side is the left one, which is 3.31 sd away, while the right side is 3.12
sd away from the control mean.

3.3 Space and Time subdivision

3.3.1 Gait Phase

The division of the left and right gait cycles for Subjects A, B and C into the four key
functional phases are represented in Figures 3.7, 3.8, and 3.9, respectively, and are
compared to the control gait cycle’s division.

* Subject A (Figure 3.7) has shorter single stance phases of 5% and delayed swing
phases compared to the control.
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Table 3.1: Here are reported the mean GDI (+ the standard deviation) for the left,
right, and global gait for each analyzed subject. The Gait Deviation Index summarises
the deviation of one subject’s gait from a control group in a value. If the grade is 100 or
higher, the subject’s gait results non-pathological and thus considered normal gait. If
the grade is lower than 100, then every 10 points under it indicate a standard deviation
away from the control mean.

Gait Deviation Index (GDI)

Subject \ Right (+ s.d.) \ Left (+ s.d.) \ Global (+ s.d.) \
A 774 (£ 1.7) 79.9 (£ 0.9) 78.7 (£ 1.8)
B 95.3 (£ 1.5) 99.5 (£ 4.5) 97.4 (£ 3.8)
C 68.8 (£ 0.6) 66.9 (£ 1.6) 67.8 (£ 1.4)

* Subject B (Figure 3.8) shows no significant differences from the control group
are identified.

* Subject C (Figure 3.9) significantly differ from the control. The swing phases
are delayed by 15% (starting at 77%). The single stance is thus shorter,
occupying just 23% on average, but the left cycle is delayed by 20%, while just
10% for the right. The left cycle’s initial double support is longer than on the
right side, while the right terminal double support is longer than the left one.

Subject A : Gait Phases
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Figure 3.7: The graph shows how the Subject A’s gait cycles are divided into the
double stance phase (lilac), single stance phase (purple), and swing phase (light blue).
The comparison among the subject’s left and right cycles and the control group ones.
The line of division between phases corresponds to the mean among gait cycles, and
the horizontal line shows the standard deviation.
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Subject B : Gait Phases
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Figure 3.8: The graph shows how the Subject B’s gait cycles are divided into the
double stance phase (lilac), single stance phase (purple), and swing phase (light blue).
The comparison among the subject’s left and right cycles and the control group ones.
The line of division between phases corresponds to the mean among gait cycles, and
the horizontal line shows the standard deviation.

Subject C : Gait Phases

[ ISwing
Left - - + 4 [ 1Double Support
[ single Support

0 20 40 60 80 100
Gait cycle [%)]

Figure 3.9: The graph shows how the Subject C’s gait cycles are divided into the
double stance phase (lilac), single stance phase (purple), and swing phase (light blue).
The comparison among the subject’s left and right cycles and the control group ones.
The line of division between phases corresponds to the mean among gait cycles, and
the horizontal line shows the standard deviation.

3.3.2 Spatiotemporal parameters

Table 3.2 reports the spatiotemporal parameters of the SCI subjects compared with the
mean values of the control group.
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* Subject A has the step width over twice the control. The stride length is half the
reference one, and the stride time is in the normal range (mean =+ s.d); thus, also
the cadence is normal, and the walking speed is half the reference.

* Subject B has a step width approximately twice the reference, and the left side
has smaller step width. The stride time fits the reference, and the stride length
is 20% shorter for the right stride, while the left one is in the control range.
Therefore, cadence is normal, and walking speed is slower by 20%.

* Subject C has a step width over twice the control. The stride length is one-third
of the reference, while the stride time is three times the control. Therefore, the
cadence is one-third of the normal value, and the walking speed is 10% of the
control one.

Table 3.2: In this table are reported the spatiotemporal parameters’ mean (and standard
deviation) of Subjects A, B and C distinguishing the sides, then compared to the
control values. Spatiotemporal parameters of gait cycles include stride space, time and
cadence, step width, and walking speed. The stride is the space and time between two
consecutive foot strikes of the same side, while the step is the space and time between
consecutive foot strikes of the two sides. The cadence and walking speed have been
calculated from the stride data.

Spatiotemporal parameters

Parameter | Control Subject A Subject B Subject C

R | t | R | L | R | L |
Step
wigh, | 0077 || 0201 | 0178 || 0.170 | 0.132 || 0.178 | 0.175
] (0.020) || (0.010) | (0.011) || (0.045) | (0.036) || (0.030) | (0.022)
5;:‘1; 1.572 || 0.719 | 0.765 || 1.261 | 1.250 | 0.500 | 0.495
: nf] (0.160) || (0.016) | (0.029) || (0.019) | (0.017) || (0.035) | (0.026)
Stride 1.057 || 1.107 | L.113 || 1.055 | 1.047 || 3.640 | 3.652
Time [s] | (0.061) || (0.050) | (0.035) || (0.016) | (0.008) || (0.201) | (0.272)
Cadence | 56.9 543 | 539 569 | 57.3 16.5 16.5
[shride] (3.3) 24) | 37 0.9 | (0.4 09 | (1.2
Walking | 1.485 || 0.650 | 0.688 || 1.195 | 1.193 | 0.137 | 0.136
speed [] | (0.093) || (0.025) | (0.038) || (0.030) | (0.020) || (0.004) | (0.010)
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3.4 Clinical assessments

3.4.1 ASIA classification

The clinical assessments driven by a physiotherapist are here reported. For each
subject, the ASIA neurological scale has been used to assess motor and sensory
functionality to specific key myotomes and dermatomes (mapped in Figure 3.10); the
complete evaluation sheets are reported in Appendix C.1.

Figure 3.10: Graphic representation of the dermatomes -skin areas innervated each by
a specific spinal root- on the lower limbs. The dots indicate the key sensory point to test
the sensory function of the specific spinal root. Extracted from the ASIA classification
sheet.

* Subject A has neurological grade D, the injury level is T3, affecting the sensory
functions from the same level, while the motor functions seem unaffected. The
injury seems to have symmetrical effects on dermatomes and myotomes. A few
dermatomes are altered on the legs (right L4, left L5, and S1).

* Subject B has neurological grade D, the injury level is T3, affecting the sensory
and right side motor functions from the same level, while the left side motor
functions seem unaffected. The dermatomes seem more affected by the injury
on the left leg: from L1, the pinprick sensation is absent, while the light touch
feeling is altered. The right leg is less affected: L5, L2, L3, and S1 have altered
sensations.

* Subject C has neurological grade D, and the injury level is T6, affecting the
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sensory and motor functions from the same level. The dermatomes on the right
side are more affected with mostly altered or absent sensations. Differently, the
left leg has just altered sense. The motor functions are slightly weaker for ankle
dorsiflexors, long toe extensors, and ankle plantar flexors on both legs, while the
hip flexors are weak on the left side.

3.4.2 Muscle strength and spasticity

Additionally, the strength and spasticity of specific muscle groups have been evaluated
with the Daniels and Worthingham scale and Modified Ashworth scale, respectively
(Appendix A.1.2). Table summarize the results 3.4.

* Subject A: the hip flexors, extensors, abductors, adductors, and knee flexors are
slightly affected. While the ankle plantar flexors are significantly weaker. The
muscles have no spasticity.

* Subject B: the hip extensors, abductors, and adductors are weaker, while the
knee extensors are just slightly. The ankle plantar flexors are significantly weak.
The muscles have no spasticity.

* Subject C: no muscle group has normal strength. The most affected are the
hip extensors, knee flexors, and ankle plantar flexors while the hip flexors and
adductors, ankle and toe dorsiflexors are slightly weaker than normal. Spastic
behaviors have been detected with grade 2 on the Modified Ashworth scale
(Table A.3) in four muscle groups: hip flexors, abductors, knee extensors, and
ankle plantar flexors.
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Table 3.3: ASIA assessment key results for Subjects A, B and C. The ASIA
impairment scale is based on dermatomes and myotomes’ sensory and motor functions,
respectively. It aims to classify the neurological severity of the injury and spot the level
where the motor and sensory impairments start.

ASIA neurological assessment

Subject A Subject B Subject C
R L | R L | R L |
Neurological grade
| \ D D D
Neurological level
Injury T5 T5 T6
Sensory TS TS TS TS T6 T6
Motor NAD NAD TS NAD L4 T6
Motor scores (0-25)
| Lower limb | 25 25 | 24 25 | 22 20 |
Sensory scores (0- 56)
Light touch 53 54 54 38 46 46
Pinprick 52 50 39 25 31 37

Table 3.4: Muscle strength assessment results for Subjects A, B and C following the
Daniels and Worthingham muscle strength testing method. This method grades the
muscle strength from 5 (normal) to O (absent).

Muscle Strength with the D&W scale (0-5)

Subject A Subject B Subject C

R L | R L | R L |
Hip flexor 4 4 5 4 4 4
Hip extensor 4 4 3 3 2 2
Hip abductor 4 4 4 3 3 3
Hip adductor 4 4 3 3 4 4
Knee extensor 5 5 5 4 5 4
Knee flexor 4 4 4 4 2 2
Ankle dorsiflexor 5 5 5 4 4 4
Ankle plantar flexor 2 2 2 2 2- 2
Toe 1 dorsiflexor 5 4 5 4 4 4
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Figure 3.6: The Movement Analysis Profile (MAP) summarizes the GVS and GPS
results for the Subjects (a) A, (b) B, and (c) C. The 9 variables on the right are the GVS
for key angles in gait, while on the right, there are the three values of GPS: left (red),
right (green), and global (light gray). For the GVS, the mean values of the left (red)
and right (green) cycles are shown together with the relative standard deviation, the
same for the GPS. The darker bars at the bottom indicate the average difference from
the control subjects to their mean; these are the reference.
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Chapter 4

Discussion

This project aimed to identify the advantages of 3D gait analysis- focusing on joints’
angles, moments, and powers- to traditional clinical assessments and indexes in
comprehending spinal cord injury (SCI) consequences on walking. Therefore, the
following sections report the limits of the more commonly used methods to evaluate
locomotion functions in patients with SCI, when used alone, and the relevance of the
integration of 3D gait analysis in these assessments.

4.1 Indexes

Indexes reduce to a few values the significant amount of data resulting from the
gait’s kinematic analysis, aiming for a simpler evaluation of the gait patterns and
distinguishing the healthy from the pathological gait. The here used indexes are the
Gait Profile Score (GPS) and the Gait Deviation Index (GDI). Both these methods use
the angles of the pelvis, hip, knee, and ankle, neglecting the trunk and the kinematic
results. The trunk motion is relevant to energy consumption and general balance while
walking. Further, kinematics data represent only gait’s appearance, not describing the
forces acting that make the movement possible visible in joints’ moments and powers.

It follows in the next subsections a close comparison of the GPS and GDI results
with the kinematics and kinetics ones.

4.1.1 GPS, GVS, and MAP

The Movement Analysis Profile (MAP) is a powerful tool. Indeed, it graphically
reports the Gait Variable Score (GVS) of 9 key variables and the Gait Profile Score
(GPS). This way, based on the GVS, an initial evaluation of the most affected
joints and possible asymmetries is possible. Further, these indexes are calculated
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straightforwardly and represent the distance, in degrees, between the control mean
and the subject’s angle patterns; thus, they are easily interpreted. However, it is
little information to evaluate the gait of SCI subjects, whose effects of the injury are
pretty heterogeneous. Four are the primary limits in using these indexes: they are
more sensitive to translation of the curves, do not show the functional relevance of
differences, miss the kinetic effects of gait patterns, and are less severe on flat curves.
The integration of 3D gait analysis compensates for these aspects.

GVS is more sensitive to range and temporal delay changes. Indeed, in some cases,
marker misplacement is the cause of the vertical translation of a variable. For example,
Subject A has a GVS of 18° for the left hip rotation, while the right has just 6.7°. The
hip rotation kinematic plot (Figure 3.1) confirms this asymmetry and difference from
the control group: the left hip has an external rotation of 10° more than the right.
Nevertheless, the other kinematic plots and videos do not support this finding. It is
probably a marker misplacement, to which the transverse plane is the most sensitive.

Additionally, these indexes lack the functional meaning of the underlined
differences, which can be relevant in some cases - e.g., Subject A’s ankle dorsiflexion
and knee flexion. The ankle dorsiflexion GVS well pinpoints relevant impairments
on both sides, which differ by just 2° (Figure 3.6a). However, this gap has a more
significant impact when the angles, moments, and power plots are observed (Figure
3.1 and 3.4) than the GVS suggests. Indeed, the right ankle has a prolonged plantar
flexion during the stance phase (0-50% GC, Figure 3.1), which results in a lower power
generated during push-off (50-60% GC, Figure 3.4). Even if also the left ankle does
not plantar flex during the preswing phase(60-75% GC, Figure 3.1), it generates double
the power than the right one (50-60% GC, Figure 3.4), presumably, thanks to the
dorsiflexion that pulled the Achilles’ tendon whose elastic recoil contributes to the
push-oft. Electromyograms of plantar flexors are needed to support this hypothesis.
Differently, the asymmetry between the left and right knee visible on the MAP bar-plot
(Figure 3.6a) has less impact on the motion functionality. Even if it is clear that the
right knee does not flex during stance but hyperextends (0-60% GC, Figure 3.1), this
does not further influence the moments and power compared to the left knee. Indeed,
both sides lack power absorption during the initial knee flexion.

Analyzing GVSs is not possible to suppose a connection between different
variables, which in some cases is possible by looking at the kinematic results. For
example, the GVS of hip flexion/extension calculated for Subject A is the same as for
Subject B (Figure 3.6a and 3.6b), which the angle plots confirm due to the common
lack of extension (40-60% GC, Figure 3.1). However, the Subject B’s hip sagittal
moment and power (Figure 3.5) better follow the reference values than Subject A’s ones
(Figure 3.4), which has a smaller flexion moment as well as power generated during
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initial swing phase (50-75% GC, Figure 3.4). The better kinetic behavior of Subject B
is probably related to the higher anterior pelvis tilt (Figure 3.2) that compensates for
the limited hip extension. This interpretation follows Perry’s theory [19]. However,
it might also be that the anterior pelvic tilt causes reduced hip extension. Further
investigations are required to verify these hypotheses.

Lastly, flat trends are less discriminated by GVSs. A clear example of this is Subject
C: by observing the MAP bar-plot (Figure 3.3) it emerges that the left side is more
impaired than the right one, particularly on the knee flexion, ankle dorsiflexion, hip
flexion, and rotation. Nevertheless, from the angles graphs in Figure 3.3, the left side
has better features than the right, even if both sides are highly compromised. First,
the right knee appears stiff and keeps a constant flexion of about 20-30°. Differently,
the left knee, which is also constantly flexed, shows a flexion pike between 70% and
90% of the gait cycle (Figure 3.3). This late increase in flexion during swing, together
with a higher than average dorsiflexion (70-90% CG), allows a better foot clearance
during swing and landing of the left foot. Conversely, the absence of knee flexion and
low dorsiflexion on the right limb reduces the floor clearance to a minimum: the foot
almost slides on the floor and lands practically flat, thus, increasing the risk of tripping.
Additionally, despite being pathological, the hip flexion and rotation on the left side
are more functional thanks to a slightly wider flexion excursion. Lastly, the prolonged
hip internal rotation increases the load on the left side and crouches, relieving the right
side. The delay in the internal rotation is due to a shorter swing phase and longer
double support phases (Figure 3.9). In these cases, a smaller general distance from the
control average is worse than a more significant gap, but this is impossible to evaluate
from the GVS results.

On the other hand, the GPS values summarize everything into three numbers: one
for the left cycle, one for the right one, and another for the global one. It could
give a general idea to spot the most affected subject. Indeed it is clear that Subject
C has higher impairments than the other two subjects, and Subject B has almost a
normal gait. However, GPS did not enlighten the sides’ asymmetries of the subjects,
except for Subject B, whose gait is symmetrical, as the GPS might infer. The disparity
between the right and left leg’s GPS for Subject A is just 1°, even if the GVSs display
significant asymmetries. However, these differences are inconsistent among joints,
thus, smoothing the overall asymmetry. Contrarily, the sides’ GPSs reflect the constant
divergence between Subject C’s right and left leg; the asymmetry is only 2°, probably
due to the equal GVSs for the pelvis angles.

To conclude, GVS and GPS could be initial information giving a simple perspective
over the walking issues, underling the critical joints and planes. Thus, it could be used
to analyze the kinematic and kinetic graphs focusing on relevant deviations from the
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control mean to support understanding the complex and voluminous 3D gait analysis
data, which could give a more profound and interconnected evaluation of deficits and
the strategies of pathological gait.

41.2 GDI

The Gait Deviation Index (GDI) summarizes the gait impairments in a single value
with no unit measure. This value indicates how many standard deviations (sd) the
subject differs from the control mean and is calculated from 9 angles, the same used
to calculate the GPS. Analyzing the GDI results (Table 3.1) for each subject’s right
and left limbs and globally allows the identification of commonalities and differences
from the GPS index (Figure 3.6). Further, the possible use of this index alone and in
combination with 3D gait analysis is discussed, including the limits of this index.

The results and main characteristics of GDI have been compared to the GPSs.
Both indexes lack temporal perception and put together different joint kinematics data
to have an overall score. The main difference is that GDI calculation is way more
complicated than the GPS one, thus is more complex to retrieve the impairments’
origin. Differently, the deviations spotted by GPS could be redirected to specific joints
and planes thanks to the GVSs.

Further, GDI has a better ability to spot asymmetries than GPS. Indeed, the GPS
slightly showed the differences between the sides (Subsection ??). For example, for
Subject A, the GDI of the right leg is lower (0.25 sd) than the left one, which the
kinematics and kinetics plots confirmed (Figures 3.1 and 3.4). Observing the graphs
is clear that the right knee and ankle deviate more from the control group than the left
one, with implications for the functionality of walking, namely, the push-off power of
the right ankle is half of the left one. However, GDI overestimated the asymmetry (0.42
sd) for Subject B, who has a pretty symmetrical gait pattern as confirmed by angles,
moments, and powers plots (Figures 3.2 and 3.5). Lastly, the difference identified by
the GDI between the Subject C’s left and right sides (0.19 sd) is misleading. Indeed,
as for the GVSs flat angle trends are less discriminated. Thus, the right limb, which
from the angle plots results in stiffer and with significantly reduced excursion range
(especially at the knee and ankle), has a higher GDI than the left limb. In cases like
this, the integration of the GDI with the kinematics plots is essential.

The GDI can be a thought-inspiring tool to evaluate, compare, and arrange groups
of patients following the level of impairment indicated by the index. For example, the
GDI scores of the three subjects show that: Subject B performed a nearly normal gait
pattern while Subject C’s gait resulted heavily altered; Subject A is impaired but with
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less severity. It has to be mentioned that the GDI is not a linear scale; this becomes
noticeable observing the 3D gait analysis. Despite Subject A and 3’s distance being
approximately 1 sd of the control group and Subject B and A’s one about 2 sd, the
Subject A’s functional impairment is slightly more significant than the one of B, while
Subject C is way more affected. Subjects A and B share similar kinematics and kinetics
features, as previously discussed, while Subject C has more substantial deviations in the
angles, reflecting a highly impaired gait pattern; further, the subject relays on crutches
to walk.

Nevertheless, GDI can help comprehensively study big groups of patients, whereas
a 3D gait analysis might be too complex and time-consuming. On the other hand, GDI
gives too little information for case studies where a more detailed analysis of kinematics
and kinetics pattern is possible, leading to a more fruitful interpretation. GDI is a useful
initial tool to filter and categorize subjects, but further studies are needed to understand
the impairment since the index only states its presence and scales it.

4.2 Space and Time subdivision

4.2.1 Gait Phases

Four functional phases, delimited by the cycle’s key events- foot strike and foot off -
divide the gait cycle. The four phases of the two legs are linked together. The reference
leg’s initial double support , covering 15% of the GC, corresponds to the ferminal
double support of the opposite leg. In this phase, the reference leg accepts the load,
which the opposite one releases, preparing to push off. While during single support of
the reference limb, the opposite side is in the swing phase advancing without tripping,
thanks to foot clearance. During this period, which lasts circa 40% of the cycle, the
reference leg is responsible for giving stable support to the body and keeping the
balance. The symmetry goes on for the terminal double support and swing phases of
the reference limb with the initial double support and single support of the opposite
one.

However, in pathological gait, each phase’s duration might differ due to the
impairments, particularly when the stability is affected. Therefore, analyzing the gait
phases subdivision gives a general perspective. Nevertheless, the integration with
kinematics and kinetics results helps contextualize. For example, it is possible to draw
some partial conclusions from the data collected from the three subjects with SCI.

Subject A (Figure 3.7) showed a delay in the start of the single stance and swing
phase on both sides. The slightly longer initial double stance reflected this delay. It can
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be inferred that this subject slightly lacks stability and thus tends to reduce the single
stance. These delays may explain the shift in the peaks visible in the kinematics plots,
especially in the sagittal plane, such as the maximal hip extension and knee flexion.
Consequently, the sagittal ankle and hip moments and generate power picks are also
postponed.

Subject B (Figure 3.8) swing phase starts slightly after the reference one. However,
it can still be considered in the normality rage. The only visible consequences are minor
delays in the kinematics and kinetics, primarily focusing on the maximal hip extension,
similarly to Subject A.

The most stimulating evaluations are drawn on Subject C (Figure 3.9), which shows
the most significant variation from the control group. Indeed, both sides’ swing and
single stance phases appeared significantly reduced, covering approximately 25% of
the gait cycle versus 38% for the control group. The considerably shorter phases
indicate a lack of stability and general weakness. The short excursion range of the joints
visible in the kinematics plots supports this hypothesis. For example, the hip flexion-
extension range is about 20° - 45°, half excursion of the control group. Further, the hip
flexion during the swing is way faster than the extension during the stance, reflecting
the stance-swing division of the gait period.

Additionally, the gait phases’ bar-plot shows an asymmetry between the right and
left initial and terminal double support phases, while the swing and single support
phases are similar for the duration on both sides. The left initial double support and
the right terminal one are the longest, each covering circa 35% of the gait cycle. This
link is due to the specular relationship between the left and right cycle. Two possible
interpretations can be drawn: one is that the left leg has difficulties accepting the load
due to weakness and, thus, it takes longer time to gain some stability; the other is that
the right leg requires longer to push off due to weaker plantar flexors and, therefore,
the terminal stance is prolonged postponing the foot-off. The kinematics graphs and
the trial’s video’s observation support this second interpretation. Indeed, the right leg
lacks knee flexion, and the ankle dorsiflexion decreases progressively from 60% of
the gait cycle (Figure 3.3), causing a lack of foot clearance. The videos show the
struggle to lift the foot: the right foot slides on the floor rather than pushing off.
Nevertheless, further investigations are needed to confirm this theory. The stability
of the left leg should be tested during walking with muscles activities signals to verify
the first hypothesis. Analyzing the electromyogram of the right leg’s muscles during
gait might help confirm the second hypothesis.

In conclusion, observing the gait phases helps to understand delays in the angles,
moments, and power plots. At the same time, the kinematics and kinetics data
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analysis suggests better interpretations of the most significant impairments visible
on the phases’ bar plots, while the less marked alterations need further investigation.
Therefore, the gait phases data alone give little information that becomes valuable when
combined with the 3D gait analysis.

4.2.2 Spatiotemporal Parameters

A commonality among gait phases, kinematics, and kinetics graphs is the lack of actual
space and time references, normalized to percentages for better comparison among
subjects. However, among the essential outcomes of walking are how far and quickly
you can move: the final function of gait with strong social relevance. Indeed, multiple
factors influence the strategies developed: metabolic cost or fatigue reduction, avoiding
tripping, appearing normal, or moving at an average speed to fit in society [17].
Therefore, spatiotemporal parameters are essential. They give information regarding
stability, gait efficiency, and possible asymmetries. Nevertheless, as for gait phases,
spatiotemporal parameters might spot an impairment but would not identify the source
of it, thus is pertinent to combine it with 3D gait analysis to gain further understanding.

Step width is an indicator of stability and balance. Table 3.2 reports that all
three studied subjects with SCI have a step width roughly twice the control group’s,
suggesting that the double stance phase demands more stability. In this way, the risk
of falling is reduced; the smaller the step width, the harder it is to keep balance. The
stability is reached at the expense of higher energetic costs due to a bigger center of
mass transition from one leg to the other. However, it is difficult to get back to the
reason for this strategy from these data alone; it might be weakness or insecurity.
The source of this deviation might be different among the 3 subjects, due to the
heterogeneity of their walking abilities and patterns, as visible in the kinetics and
kinematics graphs (Figures 3.1, 3.2, 3.3, 3.4, and 3.5). Further studies are needed
to assess the causes.

The combined analysis of spatiotemporal parameters with kinematics and kinetics
data provides further evaluations. For example, despite the assessed similarity between
Subjects A and B’s kinematics, especially on the sagittal plane (Figures 3.1 and 3.2),
Subject A has half the reference’s stride length, while Subject B one is in the range of
normality. Therefore, since the knee and hip flexion-extension ranges are only slightly
smaller for Subject A, the ankles’ lack of plantar flexion during the preswing (60% GC,
Figure 3.1) might be the main responsible for the short strides and the reduced power
generation (Figure 3.4).

Two further considerations can be drawn regarding Subject A. Firstly, the
asymmetry denoted in the angles graphs (Figure 3.1), with a more impaired right limb,
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is not reflected in the spatiotemporal parameters. Therefore, it is probably compensated
in the outcomes of the movement. Secondly, the stride time and swing phase duration
are in the range of normality. Thus the swinging takes an average time covering half
of the space (stride length). Consequently, the motions are slow during advancement,
reducing velocities, accelerations, and thus also the moments and powers.

The severity of Subject C’s impairments is also evident from the spatiotemporal
parameters. Indeed, the stride length is one-third of the control one, and the stride
time is three times the of the reference. Consequently, the walking speed is equivalent
to 10% of the control group speed. Further, despite the asymmetry underlined by the
GVS and GDI and confirmed by the kinematics plots (Figure 3.6¢c, Table 3.1, and Figure
3.3), the spatiotemporal parameters are equal between the two limbs. Therefore, the
crutches’ use and prolonged left hip internal rotation (Figure 3.3) compensate for the
stiffer right leg during its advancement. Additionally, the extended stride time has to
be contextualized with the shorter swing phase (23% vs. 38% of the control, Figure
3.9), resulting in the advancement taking twice the control group (0.84 s vs. 0.40 s).
The short distance covered in a prolonged stride makes the movements slow, affecting
moments and powers.

In general, spatiotemporal parameters help add information regarding time and
space to the 3D gait analysis. The step width hints at stability and safety, but further
studies are required to determine why. Stride length and time are walking outcomes
and can enlighten differences in kinematics when the kinetics are similar. Nevertheless,
the contextualization and more detailed knowledge from 3D gait analysis are essential
to evaluate these parameters better.

4.3 Clinical assessments

In the previous Sections 4.1 and ??, the kinematics and kinetics were compared with
other measures of gait. This Section integrates the information extracted from the
clinical assessment with the 3D gait analysis. First, the ASIA grade and evaluation
of dermatomes and myotomes are studied. Then, the muscle strength and spasticity
results are investigated, contextualizing the biomechanical analysis with physiological
data.

4.3.1 ASIA

The ASIA grade and evaluation, which tests the dermatomes’ touch sensation
and myotomes’ motor functions, aims to measure the severity of the neurological
impairment due to the spinal cord injury. This analysis, however, says little regarding
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the walking ability of the subject. Indeed, all three studied subjects have ASIA grade
D, indicating that the motor function is preserved under the neurological level of the
injury (Table A.1). Nevertheless, it has been widely explained how these subjects
highly differ in their gait patterns. The ASIA grade D covers a broad spectrum and
does not help understand how the impairment directly affects the locomotion function.

Further, the motor scores give us little information since the muscles’ strengths are
measured with the patient in a supine position and stabilizing the tested muscle, which
does not resemble the dynamic activation [20]. On the other hand, the dermatomes’
sensory scores give a perception of the impairment extension. Proprioception and
touch sensation contribute to the motor system and walking coordination, as Maegele
et al. study enlighten [21]. The lower limbs sensory’ ASIA assessments (Appendix
C.1) show relevant patient features: Subject A has symmetrical functions; Subject B
has lost, or altered sensations mainly on the left leg, but no asymmetry was visible
on the kinematics and kinetics graphs; Subject C scores reflect the asymmetry spotted
in the angles’ plots with right leg more impaired. The absence of touch feeling and
pinprick on the right L5 and S1 dermatomes, which cover the foot and calf, might
further compromise Subject C’s push-off phase. Further analysis is needed to ensure
this correlation.

4.3.2 Muscle strength and spasticity

The muscle strength and spasticity, tested for different functional muscle groups of the
lover limbs, can help explain weakness and patterns seen in the kinetics and kinematics
plots.

Subject C has severely weak and spastic plantar flexor muscles causing the lack
of plantar flexion during terminal stance and push-off(Table 3.4, Figure 3.3). On the
other hand, the spasticity of these muscles can help stabilize the ankle during stance,
when the plantar flexors’ eccentric activation is supposed to control the load absorption.
Subject C’s spastic knee extensors and hip flexors support the stiff legs hypothesis,
suggested by the observation of knees and hips’ angles (Figure 3.3). The knees’ spastic
extensors and weak flexors cause crouched knees during walking. Similarly, the hips’
weak extensors and spastic flexors result in a short range of motion during gait and
generally bent hips.

Weak hip extensors are also common in Subjects A and B. These weakened muscles
are the most probable reason for the lack of hip extension during terminal stance.
Although Subject B has lower grades for muscle strength than Subject A (Table 3.4),
the 3D gait analysis, indexes, gait phase, and spatiotemporal parameters indicate that
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Subject A’s gait is more impaired than Subject B ones. A similar case occurred for
ankle plantar flexors: all three subjects have plantar flexor grade 2 on the D&W scale,
but their ankle kinematics and kinetics are notably different.

These differences between muscle strength and the measured walkability have
different possible explanations. First, the D&W muscle strength test does not evaluate
the coordination among muscle groups, which is essential for gait. These tests are done
in a static setting. Further, the strength of muscles is manually tested; thus, the scores
are operator-dependent and can change based on previous activities of the subjects.

Therefore, these data alone can be misleading. The subject might already overcome
the denoted problem or weakness, as for Subject B. Further, they miss the coordination
evaluation, which might be necessary to adjust the rehabilitation focus. Nevertheless,
3D gait analysis gains meaning when combined with physiological data of the muscles,
but for a better evaluation, it might be helpful to include an electromyogram during
walking to investigate the muscles’ activation and coordination during dynamic
recruitment.

4.4 3D Gait Analysis

dis:gait Sections 4.1, 4.2, and 4.3, presented which information can the different
indexes, spatiotemporal parameters, and clinical assessments give and which are
neglected. Nevertheless, 3D gait analysis was the measure of comparison and not the
evaluation’s means. Therefore, this section brings the interpretation driven form the
kinematics and kinetics data for the subject studied, proving the 3D gait analysis’s
importance in the overall evaluation of walking abilities for people with SCI.

4.4.1 Subject A

Subject A’s gait pattern, as previously discussed, is slightly impaired but still functional
(Figures 3.1 and 3.4). The kinematic plots underline the lack of hip extension during
the terminal stance phase, knee asymmetry during stance, and reduced flexion peak in
the swing. The ankles differ during stance, while both lack plantar flexion during the
push-off. These characteristics enlighten gait patterns and walking strategies.

First, the temporal shift of hip flexion minimum, knee flexion, and ankle
dorsiflexion peaks identify a delay in the swing phase, which the gait phases graphs
confirm (Figure 3.7). In this way, the swing and single support phases are shorter,
giving more time to gain stability and load transfer during stance. The causes might
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be a lack of balance or difficulties during the push-oft.

Indeed, the push-off is a critical moment: it is responsible for the propulsive
power generation initiating the leg advancement during the swing. In Subject A, the
ankles generated power is significantly lower than the average one, as the sagittal ankle
moment. The cause is the lack of plantar flexion during terminal stance. Therefore,
it can be inferred that the ankle plantar flexors are weak, which the muscle strength
assessment confirms (Table 3.4).

Despite the equally affected ankle plantar flexors, there is a visible asymmetry
between the right and left ankle. Indeed, the right ankle shows a prolonged plantar
flexion at the beginning of the gait cycle and a reduced dorsiflexion peak before push-
off. The consequences are minor right moment and power peak, probably due to
the reduced stretch of the Achilles tendon during dorsiflexion, whose elastic recoil
is essential in power generation during push-off.

The asymmetry between the right and the left side is also visible at the knee.
Indeed, the right knee hyperextends during stance while the left barely shows an initial
knee flexion. The right knee’s hyperextension might be a strategy to support weak
knee extensors responsible for flexion control and stability during initial stance, thus
contributing to shock absorption. This interpretation, following Perry’s gait evaluation
[19], is not supported by the muscle strength assessment (Table 3.4). Nevertheless,
to confirm or discharge this hypothesis is necessary to evaluate the knee extensors’
electromyograms during gait to study muscles’ coordination, which might be impaired
despite their strength.

Lastly, the hips lack extension, followed by reduced moments and power. The
clinical assessment supports these markers for hip extensor weakness (Table 3.4). This
feature might cause shorter steps due to the reduced excursion, a hypothesis confirmed
by the spatiotemporal parameters (Table 3.2).

4.4.2 SubjectB

Subject B’s gait pattern mostly fits the normal ranges, indicating that walking abilities
are barely affected (Figures 3.2 and 3.5). The few features diverge from the average:
the pelvis tilt and the hip flexion.

Interestingly, Subject B lacks hip extension, similarly to Subject A. However, this
reduced excursion range in the hips has a minimal effect on the moments and powers,
probably thanks to a developed strategy. Perry [19] suggests that the increase in the
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pelvis’ anterior tilt supports the weak hip extensors (Table 3.4). The anterior pelvis tilt
exceeds about 10° from the control mean moving forward the center of mass, which
reclines the force vector behind the hip, increasing flexion moment and predisposing
the leg’s trailing posture, thus overcoming the limited motion of the hip. Nevertheless,
these hypotheses should be further verified.

Even if kinematics features are good, the moments and powers enlighten the
impairments (Figure 3.5). The ankle power and moment are slightly lower than
average, despite the normal ankle dorsi/plantar flexion kinematics. The cause is
probably muscle weakness, as the muscle strength results support(Table 3.4). Despite
the weak muscle groups, it is notable that Subject B has good kinematic and kinetic
patterns. It could be inferred that the injury hasn’t affected coordination and muscle
control. Thus, the walking ability is maintained since it generally requires not high
levels of force.

4.4.3 SubjectC

Subject C has highly altered gait patterns: few kinematic variables follow the control
ranges (Figure 3.3). The subject walked relying on crutches and had a crouched posture
with flexed knees and hips throughout the gait cycle.

The use of crutches significantly altered the trunk and pelvis motions. Indeed, the
subject leans forward, moving the center of gravity towards the crouches. In this way,
the upper body, unaffected by the injury, supports the body weights reducing the load
on the lower limbs.

It is interesting to evaluate the strategies developed to advance the legs, despite
the significant impairments; meanwhile, the stability and load support highly rely on
crutches. The legs have asymmetric patterns, with the right side more affected than the
left, but their dynamics are interconnected. The video records show that the right foot
does not lift much during the swing but almost slides. Indeed, the right ankle slowly
decreases dorsiflexion during the second half of the gait cycle. Additionally, the right
knee does not increase its flexion during swing. Thus, the foot clearance is minimal,
elevating the risk of tripping. The right foot lands almost flat, with no shock absorption
due to already flexed knees. A prolonged hip internal rotation, which characterizes the
left leg, might help the load release and the advancement of the right limb.

The left leg is slightly more functional than the right, even if it diverges more from
the control, as the MAP results underline (Figure 3.6c). The left knee increases its
flexion during swing, while the ankle barely reduces the dorsiflexion at push-off to
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raise it during the swing. This way, the foot clearance during the swing is higher on
the left side. The left ankle dorsiflexion drops right before the foot landing to hit the
ground with the heel and not flat.

These evaluations suggest general muscle weakness and resistance to motion,
which the clinical assessment supports (Table 3.4) but do not denote significant
asymmetries. Further, short hips flexion excursion during gait implies short strides,
as spatiotemporal parameters confirm (Table 3.2).

It was impossible to record the ground force reaction or the center of pressure for
Subject C. The kinetics analysis might have given more information and reinforced the
hypothesis. Nevertheless, the moments and power are supposedly shallow. Indeed,
the angle excursion is short, the stride time is three times the average, and the covered
space is one-third; thus, the accelerations are low, affecting the moments and powers.

4.5 Methodological considerations

A primary limitation of this project was the number of subjects with spinal cord
injury studied, only three. Due to the limited number of subjects analyzed, statistical
considerations and correlations could not be driven. Although the small sample
size, a detailed analysis was performed, focusing on the pros and cons of different
assessments. Therefore, the driven considerations fit case study settings rather than
statistical analysis over a larger sample.

Also, control group size and composition were limited. The GDI results reflected
the level of walking impairment and, thus, are satisfying; but could be more accurate
thanks to a larger reference sample. Furthermore, the characteristics of the control
group did not match those of the SCI group, as regards age and sex.

Finally, the techniques used to analyze various aspects of gait have different
principles. The data assortment did not allow a focused and detailed study but
may provide a comprehensive perspective, including standard scales and indexes.
Nevertheless, further tests and analysis should be driven for detailed research and
understanding of SCI’s complex and heterogeneous implications on gait.

4.6 Future Works

Future works should include electromyograms (EMGs) and balance tests. The EMGs
signal analysis could evaluate muscles’ activity, coordination, and synergies. These
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are essential elements for gait and might answer some of the hypotheses stated in
the previous sections. Balance, touch sensation, and proprioception tests would help
understand further factors involved in gait patterns, such as stability, fear of falling, and
foot strike dynamics.

Additionally, doctors and physiotherapists should be interviewed to verify the
feasibility of implementing the clinical routine with 3D gait analysis. Indeed these
techniques’ disadvantages as high time and economic costs might outweigh the
mentioned advantages in an everyday clinical setting.

Lastly, a broader and more heterogeneous patient group might spot different
qualities and limits of the analyzed methods. Further, it might help find common gait
patterns and thus identify the most valuable elements of each technique.
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Chapter 5

Conclusion

This project aimed to verify the added values of 3D gait analysis, to commonly used
methods, in evaluating the walking ability of subjects with spinal cord injury (SCI).
This goal has been reached by interpreting the information given by each technique,
their pros and cons compared to the complex 3D gait analysis, and how this integrated
data provides a complete estimation of gait impairment. The key findings of each
method are summarised here.

The indexes (GDI, GPS, and GVS) have one common advantage: they reduce
the complex information of gait kinematics to a single or few values. The GDI and
GPS indexes can be helpful for a general evaluation and primary classification of the
subjects. Otherwise, they provide less information regarding the impairments’ severity
because of the nonlinear correlation. GVSs give more knowledge and help identify
the most affected joints and planes. However, the 1D data miss the gait deviations’
functional meaning, which the kinematics and kinetics data assessed. On the other
hand, the combined use of GVSs and 3D gait analysis helps focus on the relevant gait
features, avoiding over-interpreting minimal variations from the control mean.

The subdivision of the gait cycle into functional phases can contextualize delays
visible in the kinematics and kinetics plot. Further, differences from the control
group might suggest difficulties or balance impairments, which can drive a deeper
understanding of gait features spotted on angles, moments, and powers’ graphs.

The spatiotemporal parameters add information regarding the ultimate outcome of
the walk: how far and how fast you move. Problems in gait can be spotted as reduced
stride length and increased stride time reduce walking speed, which has consequences
on the joints’ moments and power. At the same time, step width is a stability indicator.
However, spatiotemporal parameters only address impaired gait but do not denotes
their origin, which 3D gait analysis might hypothesize.
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The walking impairments consequent of SCI are the injury’s outcomes on the motor
and sensory systems of the subject. Therefore, a pathophysiological assessment can
help understand pathological gait. However, the ASIA grade does reveal little about
walking abilities since it embraces a wide range of neurological impairments with
highly heterogeneous consequences. The dermatomes’ sensory scores might suggest
the role of afferent sensations and proprioception in gait performance. Combining
muscle groups’ strength and spasticity scores with the 3D gait analysis might drive
further engaging assessments. However, in some cases, the muscle data does not agree
with the kinematic and kinetic conclusion; thus, the muscles’ strength and spasticity
score might be misleading. Indeed, other factors, such as synergies among muscle
groups, might have a more relevant role in gait performance.

Nevertheless, not all the evaluations from the data observation find confirmation
in 3D gait analysis. In some cases, further studies are required: electromyograms
to analyze muscle activity during gait; balance and proprioception tests to include
additional factors influencing gait.

However, the relevance of the stated pros and cons might vary when the study
involves a larger patient sample, and statistical analysis could be driven. In this case,
the complex evaluation of 3D gait analysis might not be the best fit for statistical tests,
differently from indexes and parameters.

Nevertheless, this project aimed to underline the added value of 3D gait analysis
in the case study of subjects with spinal cord injury. The driven conclusion suggests
that kinematics and kinetics data enrich, contextualize, and explain many of the results
from the other presented methods. Therefore, 3D gait analysis, despite its high costs,
being time-consuming, needing equipped labs, and requiring the transfer of patients,
is a potential tool to further the understanding of the gait impairments and patterns of
single patients. This way, personalized treatments, and rehabilitation could be designed
to focus on weaknesses and strategies developed. Of course, the power is in combining
different techniques giving a broader and better evaluation. These findings should be
further investigated to fully evaluate the benefits of the 3D gait analysis, despite its
disadvantages, and the opinion of doctors and physiotherapists should be included to
verify the applicability of this technique in the clinical routine.
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Appendix A

State of the Art

In this chapter the most relevant aspects of spinal cord injury (SCI) and gait analysis
of pathological patterns are presented. The clinical and pathological background is
introduced to better understand the consequences of SCI, especially in regards of
walking ability. Further, the biomechanical analysis and its methods are reported
together with previous studies of gait in SCI patients. The literature resource have been
driven via PubMed and Google Scholar data sources, form these have been selected
journal’s articles and books, whose topics are relevant to introduce the problem treated
in this project and the setted goal.

A.1 Clinical background

Spinal cord injury has life-changing effects. The damage of the spinal cord affects
multiple voluntary and autonomous functions of the nervous system, which might lead
to loss of independence for the patients [22].

The World Health Organization (WHO) estimates that between 250,000 and
500,000 new people suffer from spinal cord injury globally every year [1]. In the USA
the annual incidence is of 54 cases per million people [3]. The patients population is
male-dominated (78%), while the average age increase in the last 50 years from 29 to
43 years old [2, 3]. The higher age average indicates an increased life expectancy of
SCI patients and survival rates.

The classification of spinal cord injury can be based on the cause, traumatic
or non-traumatic, and on the neurological level [3]. There are five neurological
categories: complete tetraplegia, complete paraplegia, incomplete tetraplegia,
incomplete paraplegia, and normal [3]. Figure A.1 shows the distribution over the
neurological groups of the SCI patients population. Para- and tetraplegia indicate the
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area affected; in the first case, the loss of functions is isolated to the lower half of the
body, while in the latter also the arm and upper body are compromised [23, 24]. The
terms complete and incomplete underline the severity of the impairments; in the latter,
some sensory and motor functions are preserved.

Spinal Cord Injury affects multiple neurological functions that lead to impairments
relevant in everyday life. Ambulatory recovery is one of the main concerns among
patients and their relatives [4]. Recent studies have shown that 75% of the patients
with incomplete SCI regain, to some extent, the ability to walk [5].

NEUROLOGICAL CATEGORIES

BEIncomplete Tetraplegia
[l Inconplete Paraplegia
B Complete Tetraplegia
B Compte Paraplegia

B Normal

Figure A.1: Percentages of the neurological categories divisions for USA patients’
population with Spinal Cord Injury. The area, tetra- and paraplegia, and severity,
complete and incomplete, of the impairments are indicated. Graph based on the
data from "Facts and Figures at a Glance - 2020" of the National Spinal Cord Injury
Statistical Center [3]

A.1.1 Patophysiology

The central nervous system is primarily composed of the brain and the spinal cord; the
latter is involved in the autonomic, sensory, and motor control functions. The spinal
cord is in charge of the communications between the brain and the peripheral nerves,
which stimulates and gets feedback from the organs and tissues of the whole body. Due
to its sensitive structure and essential role, it is protected by the vertebral column [7].
Between vertebrae the peripheral nerve roots branch out from the spinal cord. Each
route innervates specific tissues and organs. The skin area innervated by a spinal root



Appendix A: State of the Art|53

is called the dermatome; myotome is the muscle group innervated by a spinal root.
Figure A.2 shows dermatomes’ sections. [25].

Figure A.2: In this pictures are represented the sections indicative of dermatomes,
which are skin area innervated by a spinal root. Adopted from Burns. [25]

Spinal Cord Injury (SCI) is the damage of the spinal cord at one or different levels
of the spine due to a trauma or a medical cause. The damage affects the functions of
the spinal cord at the level of the injury and caudal to it. The damage for traumatic SCI
(tSCI) is expected to be central to the spinal cord; thus, it primarily affects the grey
matter. This type of damage has a strong effect on the roots branching off at the injury
level; indeed, there the neurons’ body cells, dendrites, and axon terminal are contained,
and thus the synapses will be mostly compromised. The white matter, which surrounds
the grey matter, where is spared by the injury, is responsible for the sensory and motor
functions under the injury level. Otherwise, descending and ascending pathways are
interrupted, or severely limited. Indeed, the white matter houses the axons of the
neurons, where the neuronal pathways run [8, 7, 6].

One of the main functions of the spinal cord is its contribution to motor control,
which is strongly affected by SCI. Indeed, ascending and descending pathways
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innervating myotomes, from the level of injury down, might not be able to stimulate
the muscles or collect signals from it. Thus the activation of muscles groups will be
strongly affected. Some muscles might not receive inputs or result denervated due
to motorneurons degeneration. Other muscles could have changes in tone and have
spastic behaviour due to hyperexcitability of damaged motor neurons [6]. Spasticity
is a velocity-dependent increase of muscle tone, resulting in stiffer muscles with
higher resistance to movement. Differently, hypotonic muscles result in weak and
lack resistance to passive movement [26, 27, 22]. Further, muscle composition might
change due to impaired nervous stimulation resulting in quicker fatigue. The ascending
pathways communicate the sensory information, proprioception, relative to muscles’
location and length, tendons’ stretch, and joints’ pressure (Figure A.3) contributing to
muscles’ coordination and reflexes [7, 6].

Ascending

Descending [ ¢ Pathway

Pathway

T~ Afferent
Fibers

=

Motorneurons

Figure A.3: The spinal cord is composed of white matter that surrounds the grey
matter. The synaptic communications among neurons occur grey matter, while in the
latter, the neurons’ axons run, constituting the ascending and descending pathways.
Afferent fibers transmit information from the body organs and tissues to the spinal
cord, while the efferent fibers, such as motorneurons, bring the simulations to organs
and tissues. Modified from from Martin. [6]

A.1.1.1 Spinal cord injury and gait

After SCI, even if some locomotion functions are reestablished, significant impair-
ments can still be visible. Multiple factors are involved in the determination of
independent, safe, and efficient walk. Among these factors the are muscle strength,

tone and range of motion, proprioception and sens of touch, but also social aspects
[22, 21, 17].
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First, muscle strength plays a significant role in gait capacity and speed [22].
Indeed, walking requires significant torque produced by the muscles; in particular hip
flexors, extensors, and abductors have the highest impact on gait [27]. Additionally,
muscles spasticity can highly condition gait patterns increasing the metabolic energy
needed to walk, especially when affecting the knee and ankle motions [22, 27, 17,
28]. On the other hand, the increased tone in some muscles can allow patients with
other weak muscles to stand up and not fall under the body weight [6]. A secondary
consequence of muscle tone is the reduced range of motion which causes decreased
joints’ excursion and angular acceleration resulting in lowering the mechanical power
generated by the muscles and increasing the metabolic costs [22]. Another aspect
that can highly influence the energy expenditure is the center of mass (COM). This
is affected by the posture during walking, linked to trunk and pelvis motions. On the
other hand, the location of the COM can increases stability while walking or standing
[17, 28]. It is relevant to investigate this factor when the patient uses support devices
while walking.

Other elements impacting on gait are proprioception and touch sensation. Indeed,
a study [21] has shown how patients with SCI have higher muscle activity and
coordination when walking than when resembling the motions without weight nor
touching the ground.

Lastly, social life can influence the gait patterns. For example, a higher walking
speed or less accented motions might be preferred to better blend with other people
[17].

A.1.2 Clinical Assessments

Different scales and methods have been developed in the years to diagnose and
prognose SCI and the possibility of walking, which is one of the most significant
concerns of patients and their families [4]. These clinical assessments focus on few
observable outcomes. For example the Functional Independence Measure (FIM)
assess the disability degree of patients based on their level of independence while
walking [16]. This is measured on the walked distance and level of support needed.
Differently, the Walking Index for Spinal Cord Injury (WISCI II) assesses walking
capacity for patients with SCI based on the severity of the impairments, which is visible
in the strength of leg muscles [29].

However, the most common impairment scale is the one developed by the American
Spinal Injury Association (ASIA) [4, 2]. This impairment scale aims to assess the
neurological level and extent of the injury based on the sensorimotor scores calculated
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using the International Standards for Neurological and Functional Classification of
Spinal Cord Injury Patients (International Standards) (Figure A.4). These scores are
based on analyzing specific myotomes’ motor functions and sensory examination of
key dermatomes. The dermatomes are tested for light touch and pinprick, for both
the grade goes from O (absent) to 2 (normal). The five key muscle groups studied
for the legs are: hip flexors, knee extensors, ankle dorsiflexors, long toe extensors,
ankle plantar flexors. Their motor function is graded from O (absent) to 5 (normal).
This scale evaluates the muscles group action related the motion generated opposing
to gravity and manual resistance in a supine position. Based on these data, each SCI is
graded following the ASIA Impairment Scale that goes from A, complete lesion, to E,
normal neurological functions with minor impairments. In Table A.1 are resumed the
characteristics of each ASIA grade [2, 4]. Studies [22, 5] have indicated that to lower
ASIA grades (C and D) correspond higher chances to walk and be independent after
rehabilitation.

Lastly, as previously mentioned in Subsection A.1.1.1, muscle tone and spasticity
have a significant influence on the patients’ walking ability. Therefore, it is relevant
to introduce the Ashworth Scale of muscle spasticity [30]. The modified version of
the Ashworth scale is based on a 6-point rating system to describe the muscles’ tone.
The grading relies on the operator judgment of the passive movement of a limb and
definition of the felt resistance to it, following the indications of Table A.3.

Table A.1: The American Spinal Injury Association Impairment Scale asses the
neurological severity of the injury based on sensory motor data from the International
Standards. It devides the patients into five groups following the spared functions under
the injury level.

ASIA Impairment Scale
Grade Description | Lesion
A No motor or sensory function is preserved in the sacral Complete
segments S4-S5
Sensory but not motor function is preserved below the
B Incomplete

neurological level and includes the sacral segments S4-S5

Motor function is preserved below the neurological level,
C and more than half of key muscles below the neurological | Incomplete

level have a muscle grade less than 3

Motor function is preserved below the neurological level,
D and at least half of key muscles below the neurological level | Incomplete

have a muscle grade of 3 or more
E Motor and sensory functions are normal Normal
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Table A.2: Summary Daniels and Worthingham (W&D) 6-points scale for muscles’
strength manual testing. This scale aims to evaluate the strength of muscles groups
from their movement against gravity and manual resistance.

Daniels and Worthingham Scale for muscle strength
Grade Description

0 No contraction.
1 Flicker or trace activity.
5 Muscle can move joint through full range of movement in a position

that minimizes gravity.
Muscle can complete a full range of movement against only the

3 resistance of gravity, but application of resistance causes movement
to break.
Muscle goes through full range of movement and can tolerate strong
4 resistance without breaking in the end position. When maximum

resistance is applied there is a clear break.

Normal strength — examiner cannot break the finish position at end
5 of tested range (e.g., test elbow flexors by going to full flexion and

trying to pull elbow into extension)

A.2 Biomechanical Analysis of Gait

The definition of biomechanics can be resumed as “The study of forces acting on
and generated within a body and of the effects of these forces on the tissues, fluids
or materials used for diagnosis, treatment or research purposes” (European Society
of Biomechanics [31]). The biomechanical analysis of human movement is the study
of the body structures and functions that allows us to move from a mechanical point of
view; thus, it analyses the motion and results of forces over objects [32].

Gait analysis is the biomechanical study of the most basic but essential movement:
the walk. Gait is how a subject walks; it is a fundamental functional skill on which
our daily lives, social, physical, and psychological wellbeing are dependent [16, 11].
The study of gait aims to identify walking patterns and links between capabilities and
limitations, to understand the mechanical and physiological phenomenons behind it
[9]. This analysis can be qualitative or quantitative.

Gait analysis finds its application in many fields, from sports science to medicine,
other than biomechanics research. In clinical practice, this can be a valuable tool
in diagnostic, monitoring rehabilitation, and disease progression [33, 11]. Indeed,
numerical data able to describe the gait patterns of patients are helpful in decision-
making [33].
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Figure A.4: The ASIA worksheet is used to calculate the neurological grade after
SCI. The International standards are used to measure the motor function of 10 key
myotomes per side on a 0-5 scale, and the sensory functions 28 dermatomes per side
on a 0-2 scale. Adopted from online source. [2]

Before entering into the analysis of pathological gait, it is essential to have a clear
idea and understatement of the normal gait [16]. With normal gait is indicated the
gait pattern of a subject, or patient, who is not affected by any neuromusculoskeletal
disorder [34]. When studying gait patterns, it is essential to be able to describe the
different phases of the gait cycle (GC), which is the fundamental unit of walking [16].
The GC can be analyzed through kinematics and kinetics data. The first describes the
motion characteristics, while the latter considers the force actions and how these are
related to the motion [11].

A.2.1 Gait Cycle

The gait cycle (GC) is the module of walking. Its description focuses on the events of
one of the two lower limbs, called the reference limb. The CG is temporally described
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Daniels and Worthingham Scale for muscle strength
Grade Description

0 No increase in muscle tone.
Slight increase in muscle tone, manifested by a catch and release, or
1 by minimal resistance at the end of the range of motion when the

affected part(s) is moved in flexion or extension.

Slight increase in muscle tone, manifested by a catch, followed by
2 minimal resistance throughout the remainder (less than half) of the
range of motion.
More marked increase in muscle tone through most of the range of

3 . .

motion, but affected part(s) easily moved.
4 Considerable increase in muscle tone, passive movement difficult.
5 Affected part(s) rigid in flexion or extension.

Table A.3: The Modified Ashworth scale grades the muscles’ spasticity levels based
on a 6-points scale; the higher is the grade, the higher is the muscle tone. Hypertonic
muscles pose resistance to passive movements that experts can manually evaluate.

as pesentage and not seconds to ease the comparison among subjects [16]. The gait
cycle can be divided in two main phases: stance and swing [16, 19, 11]. Generally the
initial 60% of the cycle is covered by the stance phase, while the swing phase covers
the other 40%.

The stance phase starts with the initial contact of the reference foot with the ground
(or surface) [16, 19, 11]. This event can be identified as heel or foot strike in the
traditional terminology and sets the end of the previous gait cycle and the beginning
of a new one. The end of the stance phase corresponds to the lift of the foot from
the ground, also called foe or foot off. The stance phase can be further divided three
different phases, initial double support, single support and terminal double support.
During the double support both feet are in contact with the ground, and the body weight
is transferred from one leg to the other [16]. The single support phase is crucial for
stability; indeed, the center of mass (COM) aligns over the reference limb. The stance
phase can be further divided in other two ways. The first is the traditional terminology
that focuses on the foot area in contact with the ground (heel strike and toe off are
part of this terminology), the second is the Rancho Los Amigos Gait terminology that
focuses on the functionality of gait phases. The latter one will be mostly used since
the first one is limited in the description of abnormal gait patterns [19]. Following the
functional terminology, the stance phase is divided into five sub-phases: initial contact,
loading response, midstance, terminal stance, and preswing.

The swing phase starts with the reference limb not in contact anymore with the
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ground and ends right before the limb makes again contact with the ground [16, 11].
This phase is responsible for the advancement by moving the reference leg forward.
From a functional point of view the swing phase can be divided in three sub-phases:
initial swing, midswing, and terminal swing. The initial swing terminates with the
knee at maximum flexion. The terminal swings start with the tibia perpendicular to
the ground and ends right before the loading phase with the extended knee. However,
this specific description is characteristic of normal patterns but might not occur in
pathological subjects who, for example, might not be able to extend the knee. Figure
A.5 shows the gait phases and functional phases.

L

Initial contact Midstance Terminal stanca Preswing Initial swing Midswing Terminal swing
Double - . Dhonilale . .
Hﬁ;mn _ Single Support Sllj-:'j;';:l::t . Single Suppaort
Stance Phase Swing Phase
i 50 100

Percentage of Gait Cycle (limea)

Figure A.5: The gait cycle, of a chosen reference leg, can be divided in different phases
depending on the criteria chosen. In one case the cycle is divided in stance and swing
phases. The first is further divided in single support and double support, if both limbs
are in contact with the ground. Another criterion follows a functional segmentation
of the gait cycle: initial contact, midstance, terminal stance, preswing, initial swing,
midswing, terminal swing. Adopt from online source [35].

One last clarification about the gait terminology is needed. Indeed, it is also of
interest when and where the foot land. For that the relevant terms are: stride, step
and foot progression angle [19]. Stride is the space and temporal distance between
two consecutive two initial contacts of the same leg; one stride identifies a GC. Step
is the space and temporal distance between two consecutive initial contacts of the two
limbs on the gait progression direction. The width of the steps is also measurable as
the distance between opposite heel at contact long the axis perpendicular to the gait
progression direction. Lastly, the foot progression angle (FPA) is the angle between
the feet long axis and the gait progression direction [36]. In Figure ?? is visible the
difference between stride and step measured from the heel, together with step width
and foot progression angle.
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Figure A.6: In the figure are identified and visually defined step, step width, stride,
and foot progression. Step and stride refer to temporal and spatial distance between
tow consecutive initial contacts. For the step the consecutive initial heel contacts of
the different limbs, so a step that starts with the left food ends with the following right
foot touching the ground after the swing phase (right step). On the other hand, the
stride is between two consecutive initial contacts of the same limb. This also represent
a gait cycle. Additionally, the step with is the distance between heels on the axis
perpendicular to the gait progression direction. Finally, foot progression angle indicate
the foot orientation compared to the gait progression direction. This, differently from
the previous 3 measures is not a singular number but a continuous curve describing the
foot motion during the entire gait cycle. Adopt from online source [37]

A.2.2 Kinematics

The angular kinematic analysis focuses on the calculation and interpretation of the
joint angles’ excursion, angular velocity, and acceleration [9]. These variables can
be calculated by simplifying the body into a multi-segment system [11]. Then, each
variable is considered in the three cardinal planes of motions: frontal, sagittal, and
transverse.

The main joint analyzed are the ankle, knee, hip, pelvis, and trunk. Different joint
movements are visible in each plane [11]. The flexion-extension of the hip and knee,
the ankle’s dorsi-plantar flexion, and pelvis tilt can be studied in the sagittal plane.
Then, on the frontal plane are abduction and adduction of hip, knee and ankle, and
the pelvis and trunk’s obliquity. While joints’ internal and external rotation and foot
progression are visible in the transverse plane [34]. In Figure A.7 is visible the standard
graphs’ arrangement; the graphs represent the normal gait as the area representing the
mean —+ the standard deviation from the control group, used as reference.
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Kinematics - Angle trajectories
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Figure A.7: Standard graphs array representing the angle trajectories during the gait
cycle (GC). The GC period is normalized from 0 to 100 and thus can be described
using percentages. The graphs shows the kinematic of 2 segments and 3 joints (from
the top: trunk, pelvis, hip, knee, and ankle) on 3 different planes (right to left: frontal,
sagittal, and transverse). The dotted line indicated the mean of the control group, while
the grey area is delimited by 4 the control group’s standard deviation. These graphs
are used as reference to evaluate the subjects’ gait kinematics.
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Following Winter’s system, joint angles are relative to the absolute angles of the
segments binding at the articulation [32]. Knowing the angular displacement and its
temporal coordinates, it is possible to calculate the angular velocity and acceleration
of the joints on all three planes.

The most significant features of gait are visible in the sagittal plane, which is
also the advancement plane [19]. The hip sagittal curve is characterised by an initial
extension motion during the stance phase which reach its peak right before the foot
off (50%), the extension moves the upper body forward over the leg. While, the fast
flexion, during swing phase, make advance the leg. The knee is characterised by two
flexion pikes, the first smaller occurs during stance (0-30%), the second is essential
during swing to lift the foot avoiding tripping (50-90%). The knee at the initial contact
is extended so to sustain the body load. Essential for walking is the ankle plantar flexion
right before the swing phase (50-60%), this moment is also called the push off phase
since this is its role.

A.2.2.1 Indexes

3D gait analysis is a complex tool to study walking patterns [15]. Further, its
interpretation is difficult due to the many interdependent variables. Thus, different
indexes have been developed to give an overall interpretation of the 3D gait analysis. In
this way, with few numbers it is possible to quantify gait pathologies in patients, which
are practical in clinical routine. The most common indexes are the Gait Deviation
Index (GDI) and the Gait Profie Score (GPS).

The GDI tries to summarize in a single value the deviation of a subject’s kinematic
gait pattern. It starts from identifying a certain number of gait features able to
reconstruct the gait data. From these features the difference can be calculated in
comparison to the control group and summarised in a value. A GDI equal or over 100
indicate a normal gait, while every 10 points under 100 indicate a standard deviation
of difference from the control group mean.

The GPS [15] indexes, together with the gait variable scores (GVS), measures in
degrees the distance between a subject gait variables and the average ones of the control
group. The GVSs are 9 indexes indicating the difference between 9 gait variables-
pelvis tilt, rotation and obliquity, hip flexion, abduction and rotation, knee flexion,
ankle dorsiflexion, and foot progression-and the average ones of the control group.
The GPS is the RMS of the GVS, for the right and left leg independently and together.
The Movement Analysis Profile (MAP) presents all these parameters compared to the
average deviation for subjects with non-pathological gait (Figure A.8) [15, 38].
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Figure A.8: The Movement Analysis Profile (MAP) consists in plotting together the
Gait Variable Score (GVS) for the nine gait kinematic variables and Gait Profile Score
(GPS). MAP gives a visual overview of GVS and GPS, comparing the patient’s score
with the reference subjects’ average score. GVS is calculated as the root mean square
(RMS) of the distance between a subject gait variable and the reference one, the average
of the gait variable for subjects with a normal gait pattern. GPS is the RMS of the GVS
for the right and left sides and the total. GVS and GPS are expressed in degrees.

The darker bars indicate the mean RMS difference between the normal variable and
the reference subjects. In this way, an accepted divergence interval is defined. [15]

These indexes are used to evaluate SCI and other neuro-muscular pathologies, such
as spastic cerebral palsy [39], stroke [40], and Duchem Muscular Distrophy [41].

A.2.3 Kinetics

Kinetics studies the causes of motion thus focuses on forces, moments, and power
from kinematis and ground reaction force (GRF) data [9]. The GRF is the external
force acting on the foot during the stance phase; the location of this force in the foot
is the center of pressure (COP), which can be measured thanks to forcing plates. Joint
moments are calculated from GRF, COP, and kinematics [11].

Moments, or torque, is the result of a force in generating a rotation [32]. Therefore,
moments are helpful to describe the interaction of external (GREF, inertia, gravity, ...)
and internal forces; the latter are the results of muscle and tendons recruitment, plus
the stabilizing effect of ligaments[9].

Power, or angular power, can be defined as the product between the moment and
the angular velocity and as the derivative of the angular work, overtime [32]. Form the
joint moment can deduct the net muscular power that describes its activity.
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As for joints” angles also the moments and powers can be plotted, in Figure A.9 is
represented the normal ranges taken from the control group.
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Figure A.9: Standard graphs array representing the joints’ moments and power during
the gait cycle (GC). The GC period is normalized from 0 to 100 and thus can be
described using percentages. The graphs shows the kinetics 3 joints (from the top: hip,
knee, and ankle), the first 3 rows shows the moments on the three different planes (right
to left: frontal, sagittal, and transverse), while the last column shows the powers. The
dotted line indicated the mean of the control group, while the grey area is delimited
by =+ the control group’s standard deviation. These graphs are used as reference to
evaluate the subjects’ gait kinetics.

The most relevant kinetic features of joint motions are visible on the sagittal
plane, as for kinematics ones [19]. During the preswing (40-50%) the hip joint is
characterised by a pike in the flexion moment, due to the resistance of ligaments
causing an initial passive power. This turn quickly into a short positive power burst
as the consequence of the hip fast flexion during the initial swing (50-60%), which
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support the limb’s advancement. On the other hand, the knee the power is mostly
absorptive, consequently to the role of knee’s extensors, responsible for control and
stability. Never the less, the prime source of limb’s initial swing is the ankle’s plantar
flexors muscles contraction and elastic recoil of the tendon during pre-swing phase
(50-60%). This is visible in the generation of a positive power burst. Differently, the
ankle power during stance correspond to energy absorption linked to eccentric muscle
activation to support the load on the foot.

A.2.4 Capture motion system

Quantitative gait analysis is possible thanks to a variety of measurement systems
from wearable sensors, such as accelerometers and magnetometers, to optical motion
capture systems [33, 11]. The latter can be based on markers or marker-less systems.
Near-infrared cameras record the retro-reflective markers’ position. In a motion
laboratory, multiple infrared cameras are located following a specific setting; this
and a defined origin and Cartesian axis allow identifying the marker’s 3D Cartesian
coordinates in time and space. Thanks to a high sampling frequency of the camera
(over 1,000 Hz), the spatial resolution is 1 mm [33]. Vicon [42] is one of the most
used optical motion capture systems based on retro-reflective markers.

Optical marker-based motion capture systems aim numerically analyze gait and
other movements. The objective biomechanical analysis is possible thanks to the
simplification of the human body into rigid segments linked by joints generally with
3 degrees of freedom (Figure A.10) [33]. The segments, joints’ center, and axis are
calculated from the static marker location and anthropometric measurements. Indeed
the markers are placed on the subject’s skin in specific locations, anatomical and
functional landmarks, and not on the rigid bones or in the articulation center. Thanks
to biomechanical models, it is possible to calculate the kinematics of the human body
[33, 11]. Kinetic parameters (e.g., joints’ moment and power) are calculated from the
synchronization of spatio-temporal variables (e.g., joints’ angular excursion, velocity
and acceleration, stride, foot progression, and cadence) and force plate data [33]. The
force plates record ground reaction force (intensity and direction) and the center of
pressure [11]. The Conventional Gait Model (CGM), and its versions, are among the
most commonly used biomechanical models and available in Vicon [33].
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Figure A.10: This is an example of optical motion capture based on retro-reflective
markers. On the left, a male subject is prepared for a data collection, the retro-
reflective markers are placed on anatomical landmarks following the CGM model. In
the middle, the subject body is simplified in to rigid segments calculated from the
marker placement. On the right, the marker placement should correspond to specific
anatomical positions of the skeleton, so to represent the movement of the rigid bones.
Adopted from Wang [33]

Despite the high precision of the measurements, optical motion capture has
different limitations [33, 11]. First of all, the precision is dependent on the marker
placement on the skin, and thus operator dependant. Additionally, segments are
the result of calculations and simplifications. Further, the procedures are time-
consuming and have to be performed in equipped labs, resulting in an expensive
practice. Nevertheless, marker-based motion capture systems are a powerful tool
for diagnostics, rehabilitation, and surgery planning and are considered the golden
standard for any other biomechanical analysis.

A.3 Gait Analysis of SCI patients.

Spinal cord injury causes sensorimotor dysfunctions that can affect locomotion
functions.  However, these impairments are heterogeneous among the patient
population [11, 43]. Common effects of neurological impairments are walking speed
step length reduction [11]. Decreased stability and balance are the leading causes,
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which results in shorter single stance and swing phases and more prolonged double
stance phase since this ensures higher support [16]. Spatio-temporal parameters
together with biomechanical analysis, muscle activation, and synergies during gait are
essential to understand the gait disorders following an SCI [43].

SCI patients walking abilities can be measured and analyzed in many different ways
and focus on different parameters. Two common quantitative methods are the 6-minute
walk test (6MWT) and the 10 meters walking test (1I0MWT) [38]. In the first case,
measuring the distance walked in 6 minutes tests the patient’s endurance, while the
latter focuses on the walking speed. Kapadia et al. [44] uses both these walking ability
outcome measures to evaluate the improvements after functional stimulation of SCI
patients. However, these methods observe the functional results of locomotion; they
do not investigate the underlining reasons for the impairments. Kinematics and kinetics
analysis of gait is a crucial tool to identify gait deficit and compensation strategies [43].
The most common impairments occur at the knee and ankle and generally is the hip
that compensates for it [43].

Wedege et al. summurize the kinematic results of 3D gait analysis to the GPS
and GVS indexes to study the inta- and inter-session reliability of gait kinematics in
SCI patients [5]. To do so, they repeated the 3D gait analysis, with a motion capture
system and reflective markers, over 15 subjects multiple times to ensure that, if the
settings are controlled, the gait pattern of each subject should not change among the
trials. Therefore, the marker’s location was signed with a permanent marker. The
results confirmed that GPS and GVSs are representative indexes subjects gait patterns.
Additionally, small variations have been detected in SCI gait patterns in consecutive
trials and between days. The differences can be caused by marker placement and skin
movements. GVS and GPS are useful tools for an initial and overall perception of the
walking impairments; they underline differences between limbs and joints. However,
it identifies differences in the kinematics without explaining which kind. Further, it
does not take into account kinetics results.

Different studies have investigated the muscle activity of patients with SCIL.
Maegele et al. [21] has shown that patients with SCI often cannot isolate joint motions
due to the involuntary co-activation of agonist and antagonist muscles. On the other
hand, it has been identified a higher activity and coordination during load-bearing
stepping than unloaded movements. Therefore, it is underlined how touch and pressure
sensation contribute to gait performance. These has been studied by and . Differently,
Pérez-Nombela et al. [10] processed the EMGs signals focusing on the synergies,
dividing the muscles based on their functional role in walking. The most affected
synergies were the one responsible for supporting the body through the initial contact
and the one for ankle propulsion at the push-off phase resulting in lower walking speed



Appendix A: State of the Art|69

due to lower stability. However, these studies are not sufficient to fully understand and
describe gait patterns for SCIL.

3D kinematics and kinetics analysis should be used to overview the gait patterns
completely. Despite it being recognized as a powerful tool to understand the walking
deficit, guide rehabilitation, treatments, and surgical operations [28], not many studies
report the use of 3D gait analysis. Smith et al. [13] presented a study case, extracted
from a broader one where 33 children and adolescents were analyzed, to support the
hypothesis that 3D gait analysis can quantify the pre- and post-operation gait patterns
in patients with SCI. Another study case was presented by Perry and Burnfield [19].
These examples present the ankles and the knee as the most affected joints, while the
hips compensate for their impairments [28, 19]. This pattern is common among SCI
subjects; indeed, the motorneurons that innervate the knee and ankle muscles are more
commonly distal to the injury level and thus more commonly affected.

Therefore, a kinematic and kinetic study should be done over different SCI subjects
to identify and interpret better gait patterns. 3D gait analysis based on motion capture
is a powerful tool even if expensive and time consuming. The gait analysis can help
better understanding the impairments resulting from SCI.

A.4 Summary

The spinal cord injury patients population is growing and heterogeneous. The life
expectancy and survival rate is increasing, while the disabilities provoked by the injury
are non-reversible and severely impacting on the patients’ life quality, primarily due to
reduced walking abilities. Therefore, there is the need to understand further how the
SCI affects the motor system.

Gait analysis has been proven to be essential in underlining the gait deficits and
compensation strategies, thanks to integrating kinematics and kinetics data to the
most commonly used clinical assessment scales. In this way, the mechanical and
physiological components are investigated together. Therefore, it brings a broad
and more comprehensive understanding of the impaired locomotive system and its
strategies, than sticking only to the clinical methods. These findings can lead to focused
rehabilitation treatments, selection of orthoses, and surgical operation.
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Appendix B

Matlab code

B.1 GPS, GVS, MAP

B.1.1 GPS and GVS calculation for the control group

% GPS and GVSs calculation for the control group %%

o
°
o
°

This function takes the angle trajectories of the control
cycles and

w
o\°

calculates the GVSs for the nine key kinematic variable:
pelvis tilt,

4 % obliquity and rotation, hip flexion, abduction and

rotation, knee

w
o

flexion, ankle dorsiflexion and foot progression.

INPUT
Subject : structure containing the anngles trajectories
and other data

o o°

9 % 1 index of the current subject processed

10

11 % OUTPUT

12 % Subject (i) .GPS : the structure Subject gains a new
variable

[
o\

containing the mean and standard
deviation of the

14 % GPS and GVSs

15

16

17 function [Subjects] = GPS_control_calculation (Subjects, i)

o)

19 % creation of the GPS dataset for the control group
20 GPS = [];
21 data = Subjects (i) .Angle;
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%% Average gait vactors

% the mean of the control cycles are taken as the reference value
% Pelvis

GPS.Mean.Pel_tilt = data.Sagittal.Pelvis.Summary.Global_mean;

GPS.Mean.Pel_obl = data.Frontal.Pelvis.Summary.Global_mean;

GPS.Mean.Pel_rot = data.Transverse.Pelvis.Summary.Global_mean;
$Hip

GPS.Mean.Hip_flex = data.Sagittal.Hip.Summary.Global_mean;

GPS.Mean.Hip_abd = data.Frontal.Hip.Summary.Global_mean;

GPS.Mean.Hip_rot = data.Transverse.Hip.Summary.Global_mean;
%$Knee

GPS.Mean.Knee_flex = data.Sagittal.Knee.Summary.Global_mean;
$Ankle

GPS.Mean.Ankle_dors = data.Sagittal.Ankle.Summary.Global_mean;
%$Foot

GPS.Mean.Foot_prog = data.Transverse.Foot.Summary.Global_mean;

% RMS difference of reference calculation

o° oo

1- a matrix containin all the control cycles for each of
the nine
variables is created

o

Pelvis_tilt = [data.Sagittal.Pelvis.left,
data.Sagittal.Pelvis.right];

Pelvis_obl = [data.Frontal.Pelvis.left,
data.Frontal.Pelvis.right];

Pelvis_rot = [data.Transverse.Pelvis.left,
data.Transverse.Pelvis.right];

Hip_flex = [data.Sagittal.Hip.left, data.Sagittal.Hip.right];

Hip_abd = [data.Frontal.Hip.left, data.Frontal.Hip.right];

Hip_rot = [data.Transverse.Hip.left, data.Transverse.Hip.right];

Knee_flex [data.Sagittal.Knee.left, data.Sagittal.Knee.right];

Ankle_dors = [data.Sagittal.Ankle.left,
data.Sagittal.Ankle.right];

Foot_prog =
[data.Transverse.Foot.left,data.Transverse.Foot.right];

[
[

o\

2 — calculation of the rms of the difference of each
control gait cycle

% from the reference one for each variable and for the

gait vector, in

o\

this way are created vectors containing the GVSs and
GPS of the

% control group.

for 7 = l:length(Pelvis_tilt(1l,:))
rmsPel_tilt(j) = rms(Pelvis_tilt(:,Jj)—- GPS.Mean.Pel_tilt);
rmsPel_obl(j) = rms(Pelvis_obl(:,j)—- GPS.Mean.Pel_obl);

rmsPel_rot (J) rms (Pelvis_rot (:, j)—- GPS.Mean.Pel_rot);

%Hip
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rmsHip_flex(j) = rms(Hip_flex(:,]j)—- GPS.Mean.Hip_flex);

rmsHip_abd(j) = rms (Hip_abd(:,j)- GPS.Mean.Hip_abd);

rmsHip_rot (j) = rms (Hip_rot(:,j)- GPS.Mean.Hip_rot);
%$Knee

rmsKnee_flex (j) = rms (Knee_flex(:,j)—- GPS.Mean.Knee_flex);
$Ankle

rmsAnkle_dors(j) = rms (Ankle_dors(:, j)—- GPS.Mean.Ankle_dors);
$Foot

rmsFoot_prog(j) = rms (Foot_prog(:,j)—- GPS.Mean.Foot_progqg);
%$Global - Gait

Gait = [rmsPel_tilt, rmsPel_obl, rmsPel_rot, rmsHip_flex,

rmsHip_abd, rmsHip_rot, rmsKnee_flex, rmsAnkle_dors,
rmsFoot_progl;
rmsGait (j) = mean(Gait,2);
end

o\°

3 - calculation of the mean value for each GVS and GPS of
the control

% group, these will be use as comparison to the subjects

deviations.

GPS.diff.Pelvis_tilt = mean (rmsPel_tilt,2);

GPS.diff.Pelvis_obl = mean (rmsPel_obl,2);

GPS.diff.Pelvis_rot = mean (rmsPel_rot, 2);

GPS.diff.Hip_flex = mean(rmsHip_flex,2);

GPS.diff.Hip_abd = mean (rmsHip_abd,2);

GPS.diff.Hip_rot = mean (rmsHip_rot,2);

GPS.diff.Knee_flex = mean (rmsKnee_flex, 2);

GPS.diff.Ankle_dors = mean (rmsAnkle_dors,2);

GPS.diff.Foot_prog = mean (rmsFoot_prog,2);

GPS.diff.Gait = mean (rmsGait, 2);

% Include in Subject structure

o
°
o
)

structure added to the Subject one and exported in the main
Subjects (i) .GPS = GPS;

B.1.2 GPS and GVSs calculation for studied subject, with

MAP bar-plot

%% GPS and GVSs calculation for studied subject %%

% This function takes the angle trajectories of a studied
subject's cycles

and calculates the GVSs for the nine key kinematic
variable: pelvis tilt,

o\°

o\°

obliquity and rotation, hip flexion, abduction and
rotation, knee
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o

flexion, ankle dorsiflexion and foot progression. Then the
GPS 1is

computed for left, right side and globally. Lastly all the
scores are

o\°

o\°

reported on the MAP bar-plot in comparison to the control
group ranges.

% INPUT

% Subject : structure containing the anngles
trajectories and other

% data

% i : index of the current subject processed

% CG_Dataset : structure containing the control group

data organized
as the Subject one

o° oP

fig : number of the figure where the MAP will
be plotted
% OUTPUT
% Subject (i) .GPS : the structure Subject gains a new
variable

containing the mean and standard

o\°

deviation of the
GPS and GVSs
figure : the MAP bar-plot is plotted with
specific size

o° oo

function [Subjects] = GPS_calculation(Subjects,i,CG_Dataset, fiqg)
GPS = []; % creation of the GPS dataset for

the subject
data = Subjects (i) .Angle; % abbreviation of the structure
for practicity

control = CG_Dataset.GPS;

% Left RMS for single cycles
for each variable calaculation of the RMS of the difference

o0 o

between the 1

o\°

subject's left cycle and the control average trajectory,
iterated over

% the j left cycles.

for 7 = l:length(data.Sagittal.Pelvis.left (1, :))

rmsLPel_tilt (j) = rms(data.Sagittal.Pelvis.left(:,]j)-
control.Mean.Pel_tilt);

rmsLPel_obl(j) = rms(data.Frontal.Pelvis.left(:,]j) -
control.Mean.Pel_obl);

rmsLPel_rot (j) = rms(data.Transverse.Pelvis.left (:,J) -

control.Mean.Pel_rot);
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$Hip

rmsLHip_flex(j) = rms(data.Sagittal.Hip.left(:,]J) -
control.Mean.Hip_flex);

rmsLHip_abd(j) = rms(data.Frontal.Hip.left (:,3) -
control.Mean.Hip_abd);

rmsLHip_rot (j) = rms(data.Transverse.Hip.left(:,3j) -
control.Mean.Hip_rot);
%Knee

rmsLKnee_flex (j) = rms(data.Sagittal.Knee.left(:,]j) -
control.Mean.Knee_flex);
$Ankle

rmsLAnkle_dors (j) = rms(data.Sagittal.Ankle.left (:,3j) -
control.Mean.Ankle_dors);
$Foot

rmsLFoot_prog(j) = rms(data.Transverse.Foot.left (:,j) -

control.Mean.Foot_proqg);
%$Global - Gait
LGait = [rmsLPel_tilt, rmsLPel_obl, rmsLPel_rot,
rmsLHip_flex, rmsLHip_abd, rmsLHip_rot, rmsLKnee_flex,
rmsLAnkle_dors, rmsLFoot_progl];
rmsLGait (Jj) = mean(LGait);
end

% Right RMS for single cycles
for each variable calaculation of the RMS of the difference
between the 1

o o

% subject's right cycle and the control average trajectory,
iterated over
% the j right cycles.
for 7 = l:length(data.Sagittal.Pelvis.right (1, :))
%Pelvis
%the right pelvis scores are used just to measure the
right GPS and

%global GPS while is not plotted in the MAP

rmsRPel_tilt (j) = rms(data.Sagittal.Pelvis.right (:, )~
control.Mean.Pel _tilt);

rmsRPel_obl (j) = rms(data.Frontal.Pelvis.right(:,]j) -
control.Mean.Pel_obl);

rmsRPel_rot (j) = rms(data.Transverse.Pelvis.right (:,3J) -
control.Mean.Pel_rot);
$Hip

rmsRHip_flex (j) = rms(data.Sagittal.Hip.right(:,3j) -
control.Mean.Hip_flex);

rmsRHip_abd(j) = rms(data.Frontal.Hip.right(:,]j) -

control.Mean.Hip_abd);

rmsRHip_rot (j) = rms(data.Transverse.Hip.right(:,J) -
control.Mean.Hip_rot);
%Knee
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rmsRKnee_flex (j) = rms(data.Sagittal.Knee.right(:,3j) -
control.Mean.Knee_flex);
$Ankle

rmsRAnkle_dors(j) = rms(data.Sagittal.Ankle.right (:,]) -
control.Mean.Ankle_dors);
%Foot

rmsRFoot_prog(j) = rms(data.Transverse.Foot.right(:,J) -

control.Mean.Foot_prog);
%Global - Gait
RGait = [rmsRPel_tilt, rmsRPel_obl, rmsRPel_rot,
rmsRHip_flex, rmsRHip_abd, rmsRHip_rot, rmsRKnee_flex,
rmsRAnkle_dors, rmsRFoot_prog];
rmsRGait (j) = mean (RGait);
end

%% Global Gait profile
rmsGait = [rmsLGait, rmsRGait];

%% Mean and sd RMS of one subject
% these will be the plotted GVSs and GPSs
%$Pelvis
GPS.Pelvis_tilt = mean(rmsLPel_tilt);
GPS.Pelvis_tilt_sd = std(rmsLPel_tilt);
GPS.Pelvis_obl = mean (rmsLPel_obl);
GPS.Pelvis_obl_sd = std(rmsLPel_obl);
GPS.Pelvis_rot = mean (rmsLPel_rot);
GPS.Pelvis_rot_sd = std(rmsLPel_rot);
%L Hip
GPS.LHip_flex = mean (rmsLHip_flex);
GPS.LHip_flex_sd = std(rmsLHip_flex);
GPS.LHip_abd = mean (rmsLHip_abd);
GPS.LHip_abd_sd = std(rmsLHip_abd);
GPS.LHip_rot = mean (rmsLHip_rot);
GPS.LHip_rot_sd = std(rmsLHip_rot);
$R Hip
GPS.RHip_flex = mean (rmsRHip_flex);
GPS.RHip_flex_sd = std(rmsRHip_flex);
GPS.RHip_abd = mean (rmsRHip_abd);
GPS.RHip_abd_sd = std(rmsRHip_abd);
GPS.RHip_rot = mean (rmsRHip_rot);
GPS.RHip_rot_sd = std(rmsRHip_rot);
%L Knee
GPS.LKnee_flex = mean (rmsLKnee_flex);
GPS.LKnee_flex sd = std(rmsLKnee_flex);
%R Knee
GPS.RKnee_flex = mean (rmsRKnee_flex);
GPS.RKnee_flex sd = std(rmsRKnee_flex);
%L Ankle
GPS.LAnkle_dors = mean (rmsLAnkle_dors) ;
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GPS.LAnkle_dors_sd = std(rmsLAnkle_dors);
%R Ankle

GPS.RAnkle_dors = mean (rmsRAnkle_dors) ;

GPS.RAnkle_dors_sd = std(rmsRAnkle_dors);
%L Foot

GPS.LFoot_prog = mean (rmsLFoot_proqg);

GPS.LFoot_prog_sd = std(rmsLFoot_proqg);
%R Foot

GPS.RFoot_prog = mean (rmsRFoot_proqg);

GPS.RFoot_prog_sd = std(rmsRFoot_prog);
%$Global GPS

GPS.LGait = mean (rmsLGait);

GPS.LGait_sd = std(rmsLGait);

GPS.RGait = mean (rmsRGait);

GPS.RGait_sd = std(rmsRGait) ;

GPS.Gait = mean (rmsGait);

GPS.Gait_sd = std(rmsGait);

%$saving in the object
Subjects (i) .GPS = GPS;

%% MAP plotting

Tags = categorical({'Pel Tilt', 'Pel Obl', 'Pel Rot', 'Hip
Flex', 'Hip Abd', 'Hip Rot', 'Knee Flex', 'Ankle Dors',
'Foot Prog', 'GPS'});

Tags = reordercats(Tags, {'Pel Tilt', 'Pel Obl', 'Pel Rot',
'"Hip Flex', 'Hip Abd', 'Hip Rot', 'Knee Flex', 'Ankle
Dors', 'Foot Prog', 'GPS'});

subject = [GPS.Pelvis_tilt, 0, 0; GPS.Pelvis_obl, 0, O;
GPS.Pelvis_rot, 0, 0;...
GPS.LHip_flex, GPS.RHip_flex, 0; GPS.LHip_abd,
GPS.RHip_abd, 0; GPS.LHip_rot, GPS.RHip_rot, O0;
GPS.LKnee_flex, GPS.RKnee_flex, 0; GPS.LAnkle_dors,
GPS.RAnkle_dors, 0; GPS.LFoot_prog, GPS.RFoot_prog, 0;...
GPS.LGait, GPS.RGait, GPS.Gait];

cgroup = [control.diff.Pelvis_tilt, 0, O;
control.diff.Pelvis_obl, 0, 0; control.diff.Pelvis_rot,
0, 0;...

control.diff.Hip_flex, control.diff.Hip_flex, O0;
control.diff.Hip_abd, control.diff.Hip_abd, O0;
control.diff.Hip_rot, control.diff.Hip_rot, 0;...

control.diff.Knee_flex, control.diff.Knee_flex, O0; .
control.diff.Ankle_dors, control.diff.Ankle_dors, O0;
control.diff.Foot_prog, control.diff.Foot_prog, 0;...

control.diff.Gait, control.diff.Gait, control.diff.Gait];
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sd = [GPS.Pelvis_tilt_sd, 0, 0; GPS.Pelvis_obl_sd,

GPS.Pelvis_rot_sd, 0, O0O;

0,

0;

GPS.LHip_flex_sd, GPS.RHip_flex_sd, 0; GPS.LHip_abd_sd,
GPS.RHip_abd_sd, 0; GPS.LHip_rot_sd, GPS.RHip_rot_sd,

0; .
GPS.LKnee_flex sd, GPS.RKnee_flex_sd 0;
GPS.LAnkle_dors_sd, GPS.RAnkle_dors_sd,

0;

GPS.LFoot_prog_sd, GPS.RFoot_prog_sd, 0;...

GPS.LGait_sd, GPS.RGait_sd, GPS.Gait_sd];
% Plotting - color codes
red = [0.6353 0.0784 0.18437;
red_shadow = [0.9020 0.7294 0.760817;
green = [0.4667 0.6745 0.18827;
green_shadow = [0.7686 0.8588 0.64317;
grey_shadow = [0.8510 0.8510 0.851071;
dark_grey = [0.4020 0.4020 0.40207;

o\

Plot
= figure (fiqg);

o Hh

figure

o

= bar (Tags,subject, 'grouped');

b(l) .FaceColor = red_shadow;

b (2) .FaceColor = green_shadow;

b (3) .FaceColor = grey_shadow;
title(sprintf('%$s : MAP', Subjects (i) .name))
ylabel ('RMS difference [deg]');

ylim ([0 35]);

set (gca, 'YGrid', 'on', 'XGrid', 'off'")

hold on

%$Reference ranges
bar (cgroup, 'FaceColor', dark_grey, 'FaceAlpha',

hold on
%$SD bars
[ngroups,nbars] = size(subject);
% Get the x coordinate of the bars
x = nan (nbars, ngroups);
for i = l:nbars
x(i,:) = b(i).XEndPoints;
end
% Plot the errorbars
errorbar (x',subject,sd, 'k', "linestyle', "none');
%$legend('SD"');

%legend ('Control");
legend('Left', 'Right', 'Global', 'Control');

1)

.Position = [10 -20 750 300]; %position and size of

the
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B.2 GDI

B.2.1 GDI calculations from the control group

20
21
2
23
24
25

26
27
28
29
30
31
32
33
34
35
36

%% GDI - control group %%
% calculation of the GDI parameters for the controll group.

% INPUT:

% Subjects (i) : structure containing the anngles
trajectories and other

% data

% i : index of the current subject processed

% OUTPUT:

% Subjects (i) .GDI_control :  the structure Subject gains a
new variable

% containing the mean, standard
deviation

% and the vector of the raw
GDIs for the

% control and the ¢ vector and
its mean.

function [Subjects] = GDI_control_calculation(Subjects, 1)

%$GC_Dataset is already composed by vectors with 100 elemets,
we decide to
$sample with 1% increment.

o\

$ matrix G creation

G = 1[1; %$creating the matrix structure
data = Subjects (i) .Angle; %renaming the structure for practicity

o)

% for each left cycle the 9 key varibles are ordered to creat
the gait

% vertical vector then included in the G matrix

for 7 = l:length(data.Sagittal.Pelvis.left (1, :))

% Pelvis

Lpel_tilt = data.Sagittal.Pelvis.left (:,3);

Lpel_obl = data.Frontal.Pelvis.left (:,3);

Lpel_rot = data.Transverse.Pelvis.left (:,3);
$Hip

Lhip_flex = data.Sagittal.Hip.left(:,]);

Lhip_abd = data.Frontal.Hip.left (:,J);

Lhip_rot = data.Transverse.Hip.left (:, J);
%Knee
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Lknee_flex = data.Sagittal.Knee.left (:,3);
$Ankle
Lankle_dors = data.Sagittal.Ankle.left (:,3);
$Foot progression
Lfoot_prog = data.Transverse.Foot.left (:, J);
% ceation of the matrix G
Lg = [Lpel_tilt; Lpel_obl; Lpel_rot; Lhip_flex; Lhip_abd;
Lhip_rot; Lknee_flex; Lankle_dors; Lfoot_progl;
G = [G, Lgl;
end
% for each right cycle the 9 key wvaribles are ordered to
creat the gait
% vertical vector then included in the G matrix
for j = l:length(data.Sagittal.Pelvis.right (1, :))
% Pelvis
Rpel_tilt = data.Sagittal.Pelvis.right(:, J);
Rpel_obl = data.Frontal.Pelvis.right (:, 3);

Rpel_rot = data.Transverse.Pelvis.right(:,3J);
$Hip

Rhip_flex = data.Sagittal.Hip.right (:, 3);

Rhip_abd = data.Frontal.Hip.right(:, 3);

Rhip_rot = data.Transverse.Hip.right (:,J);
%Knee

Rknee_flex = data.Sagittal.Knee.right (:,J);
%$Ankle

Rankle_dors = data.Sagittal.Ankle.right (:, J);
$Foot progression
Rfoot_prog = data.Transverse.Foot.right (:,J);

)

% ceation of the matrix G

Rg = [Rpel_tilt; Rpel_obl; Rpel_rot; Rhip_flex; Rhip_abd;
Rhip_rot; Rknee_flex; Rankle_dors; Rfoot_progl;
G = [GI Rg];
end
n = size(G,2); % number of gait cycles in the control group

% Randomizaton of the columns of the matrix G

G = G(:,randperm(size(G,2)));

%% Singular Value Decomposition

[U,S,V]=svd(G);

% U is the singular vector matix that we need because it is

mxm => matric G
is mxn with m=459 and in the article there are 459 f vectors
U is the f-basis (f) vectors indicating the gait features

o o
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% But (f) should be unit length singular vector so its needed

to normalize

% all the vectors of the matrix (2-norm)

F =

U;

Subjects (i) .GDI_control.F = F;

5 F

[

s =

is the matrix containing column vectors f of unit length
representing

% the gait fearures.

diag(S); %column vector with the singular values of the
matrix G

%$% M_crit calculation

m_max = length(s);

$VAF calculation

VAF

= []; $vector containing all the results of VAF based
on the no. of
% "m", each row is a diff m

lambda = s."2;
lambda_tot = sum(lambda) ;

for

end

[)

m =1 : m_max % iteration over the possible "m"
lambda_m = lambda(l:m);

VAF_m = 100* (sum(lambda_m)/lambda_tot) ;

VAF = [VAF; VAF m];

$phy calculation

Phy

for

= []1; $matrix of the fithfulness of the reconstructed
vector, each

[

$ row is a different "m" while the colums
identify the gait

Q

% cycle used

3 =1 :n % iteration over the colums of the matrix G

g =G(:,73); % selection of the gait wvector j from the
matrix G

phy_g = [1;

for m = 1l:m_max % iteration over the maximal number of "m"

f k =F(:,k);

c_k = dot (g, f_k);

g _mk = [g_mk, (c_kxf_k)]; Smatrix containing the
k "f" vectors
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$moltiplied by the
corresponding k
" feature comonent.
Each column is
%a vector, thus to
calculate g_m is
%$needed the sum of the
rows creating
%a column vector
end
g_m = sum(g_mk,2);
phy_m = dot (g,g_m)/ (norm(g))"2;
phy_g = [phy_g; phy_m];
end
Phy = [Phy, phy_g];
end

phy_mean = mean(Phy,2); %is the mean among each gait cycle
reconstructed
by "m" features
% selection of m_crit based on the article by M.H. Schwartz
(2008)
for m= l:m_max
if VAF (m)>99 && phy_mean (m)>0.99
m_crit = m;
break
end
end

%% Feaure components c
C = []; %is the matix containing all the featur components

column vectors,
$one for each controll gait cycle (column).

for j 1 :n % iteration over the colums of the matrix G
g =G(:,73); % selection of the gait vector j from the
matrix G
for k = 1l:m_crit % iteration from 1 to the critical m
$calculation of the m_crit c¢ values for the select
gait wvector
f k =F(:,k);
= dot (g, f_k);
C(k,3j) = c_k;

Q
o
|

end

Subjects (i) .GDI_control.c_mean = mean(C,2);
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161
162 $% Raw GDI for the control group
163
64 for j =1 : n
165 c_i=2C(:,3); % colum vector for the i-th gait cycle in
the control group
166 Subjects (i) .GDI_control.GDI_raw(j) = log(norm(c_i -
Subjects (i) .GDI_control.c_mean));
167 end
168
160 Subjects (i) .GDI_control.mean = mean
(Subjects (i) .GDI_control.GDI_raw);
170 Subjects (i) .GDI_control.sd = .
std(Subjects (i) .GDI_control.GDI_raw);
171
172 end

B.2.2 GDI calculation for studied subjects

1 %% GDI computation %%
% Calculates the GDI index, mean and standard deviation fom a
subjet at the

time using the raw GDI of the control group and its c wvector.

w
o

5 % INPUT:

6 % Subject : structure containing the anngles
trajectories and other

7% data

8 % 1 : index of the current subject processed

9 % CG_Dataset : structure containing the control group

data organized

0 % as the Subject one

11

12 % OUTPUT:

13 % Subjects (i) .GDI : the structure Subject gains a new
variable

4 % containing the mean and standard

deviation of the

15 % GDIfor the right and left side, but
also globally.

17 function [Subjects] = GDI_computation(Subjects, i, CG_Dataset)

19 Subjects (i) .GDI = [];
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= [1; $matrix containing the gait vectors of the left
cycles
= [1; $matrix containing the gait vectors of the right
cycles

data = Subjects (i) .Angle;

for

end

for

j = l:length(data.Sagittal.Pelvis.left(1l,:)) S%S$iteration
along the left cycles
% J indicates the cycle whose gait vector is here composed
% Pelvis
Lpel_tilt = data.Sagittal.Pelvis.left (:,3);
Lpel_obl = data.Frontal.Pelvis.left (:,3);
Lpel_rot = data.Transverse.Pelvis.left (:, J);
$Hip
Lhip_flex = data.Sagittal.Hip.left(:,]);
Lhip_abd = data.Frontal.Hip.left (:,J);
Lhip_rot = data.Transverse.Hip.left (:,J);
%Knee
Lknee_flex = data.Sagittal.Knee.left (:,3);
$Ankle
Lankle_dors = data.Sagittal.Ankle.left (:,3);
$Foot progression
Lfoot_prog = data.Transverse.Foot.left (:, J);
% ceation of the matrix G
Lg = [Lpel_tilt; Lpel_obl; Lpel_rot; Lhip_flex; Lhip_abd;
Lhip_rot; Lknee_flex; Lankle_dors; Lfoot_progl;
G_L = [G_L, Lg]l;

j = l:length(data.Sagittal.Pelvis.right (1, :))
% Pelvis

Rpel_tilt = data.Sagittal.Pelvis.right (:, J);

Rpel_obl = data.Frontal.Pelvis.right (:, 3);

Rpel_rot = data.Transverse.Pelvis.right(:,J);
SHjp

Rhip_flex = data.Sagittal.Hip.right (:, 3);

Rhip_abd = data.Frontal.Hip.right(:,3j);

Rhip_rot = data.Transverse.Hip.right(:, 3);
%Knee

Rknee_flex = data.Sagittal.Knee.right(:,J);
$Ankle

Rankle_dors = data.Sagittal.Ankle.right (:, J);
$Foot progressjon

Rfoot_prog = data.Transverse.Foot.right (:,J);

)

% ceation of the matrix G
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Rg = [Rpel_tilt; Rpel_obl; Rpel_rot; Rhip_flex; Rhip_abd;
Rhip_rot; Rknee_flex; Rankle_dors; Rfoot_progl;
G_R = [G_R, Rgl;
end
nL = size(G_L,2); % number of left gait cycles anaysed for

the subject
nR = size(G_R,2); % number of right gait cycles anaysed for
the subject

%% Featrue components calculation
m_crit = length(CG_Dataset.GDI_control.c_mean); Swhich was
calculated in the
$"GDI_control_calc
$function

F = CG_Dataset.GDI_control.F; % the gait features vectors
were calculated
% from the control group
matrix G in the

% "GDI_control_calculation.m"
function

CL = zeros(m_crit, nL); %is the matix containing all the
featur components

o\

column vectors, one for each
controll gait cycle.

for j 1 : nL
g = G_L(:,3);
for k = 1l:m_crit
f_k = F(:,k);
c_k = dot (g, f_k);
CL (k,3) = c_k; %each colum refers to a gait cycle,
"c" are colum
$vectros, one for each gait cycle
end
end
CR = zeros(m_crit, nR); %is the matix containing all the

featur components
$column vectors, one for each
controll gait cycle.

for j 1 : nR
g = G_R(:,7);
for k = 1:m_crit
f_ k = F(:,k);
c_k = dot (g, f_k);
CR (k,3) = c_k; %$each colum refers to a gait cycle,

"c" are colum

ulation.m"
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$vectros, one for each gait cycle
end
end

[}
i)

GDI calculation

for 3 = 1:nL
GDI_i = log(norm(CL(:,j)- CG_Dataset.GDI_control.c_mean));
zGDI_1i = (GDI_i - .
CG_Dataset.GDI_control.mean) /CG_Dataset.GDI_control.sd;
GDI.left(j) = 100 - (10 * zGDI_1i);
end

Subjects (i) .GDI.meanl = mean(GDI.left);
Subjects (i) .GDI.sdL = std(GDI.left);

for 3 = 1:nR
GDI_i = log(norm(CR(:, j)—-CG_Dataset.GDI_control.c_mean));
zGDI_i = (GDI_i -

CG_Dataset.GDI_co

ntrol.mean) /CG_Dataset.GDI_control.sd;

GDI.right (j) = 100 - (10 * zGDI_1);
end
Subjects (i) .GDI.meanR = mean(GDI.right);
Subjects (i) .GDI.sdR = std(GDI.right);
Subjects (i) .GDI.mean = mean([GDI.right, GDI.left]);
Subjects (i) .GDI.sd = std([GDI.right, GDI.left]);

clear GDI
end
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Appendix C

Extensive results

C.1 ASIA evaluation sheets

In the Figures C.1, 3.2 and 3.3 are reported the evaluations of the physiotherapist during
the ASIA grade assessment of subject RSS04, RSS05, and RSS06 respectively. These
are not the original files but a transcription.



INTERNATIONAL STANDARDS FOR NEUROLOGICAL Patient Name__Subject A Date/Time of Exam
As h\ crassiication oF senaLcoromuury | S (CEBS : -
e — W (ISNCSCI) snwanau e seenr | EXAMINEr Name Signature

RIGHT s

Light Toueh (LTR). Pin Prick (PPR)

SENSORY

KEY SENSORY POINTS KETEJ S%LRES L E FT
Light Touch (LTL) Pin Prick (PPL)

C2| 2 2 2 2 C2
C3| o 2 2 2 C3
Ca| o 2 2 2 |4
Eibow flexors C5| 5 2 2 2 2 5 | C5 Etbow flexors
UER Wiist extensors CB | 5 2 2 2 2 5 CB Wrist extensors UEL
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MAX (25) (25) (50) MAX (5] (25) (50) M (56) (56) 12)  MAX (56) 36) (112)
NEUROLOGICAL R

LEVELS 1 sensory[15 |
SSELeIe) woroR[NAD
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Figure C.1: ASIA grade assessment for subject Subject A. The grades for motor function of 10 key muscles group per side
are reported from 5 (normal) to O (absent). For the sensory function of 28 dermatomes bilaterally are tested for light touch
and pinprick with grades from 2 (normal) to O (absent). The evaluation includes the level neurological injury and from where
the effects are visible sensory and motor. The ASIA severity grade D is the lowest with visible impairment, afterward E is
equivalent to normal.
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UER Wiist extensors CB| 5 2 2 2 2 5 CB Wiist extensors UEL
(Upper Extremity Right)  Fijpow extensors G7 | 5 2 7 2 2 5 C7 Ebow extensors {Upper Extremity Left)
Fingerfizxors C8[ 3 2 2 2 2 3 C8B Finger flexors
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T2 | 2 2 1 [} Ti2 1= Arereg O, 1%, NT*= Non-SCi
L1 3 3 1 0 L1 2= Nomai congitan present
Hipflexors L2] 4 2 1 1 0 5 L2 Hip flexors
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MOTOR SUBSCORES SENSORY SUBSCORES
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Figure C.2: ASIA grade assessment for subject Subject B. The grades for motor function of 10 key muscles group per side
are reported from 5 (normal) to O (absent). For the sensory function of 28 dermatomes bilaterally are tested for light touch
and pinprick with grades from 2 (normal) to O (absent). The evaluation includes the level neurological injury and from where
the effects are visible sensory and motor. The ASIA severity grade D is the lowest with visible impairment, afterward E is
equivalent to normal.
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Finger flexors CB | 5 2 2 2 2 3 CB Finger flexors
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LER Knee extensors L3| 5 1 0 2 1 5 L3 Knee extensors LEL
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NEUROLOGICAL 4. COMPLETE OR INCOMPLETE? {in infuries with absant mator &F snsory function i 845 anlg I L
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Figure C.3: ASIA grade assessment for subject Subject C. The grades for motor function of 10 key muscles group per side
are reported from 5 (normal) to O (absent). For the sensory function of 28 dermatomes bilaterally are tested for light touch
and pinprick with grades from 2 (normal) to O (absent). The evaluation includes the level neurological injury and from where
the effects are visible sensory and motor. The ASIA severity grade D is the lowest with visible impairment, afterward E is
equivalent to normal.
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