
 

Gait analysis is important for the investigation of gait progression and 
the development of therapies in disorders characterized by gait impair-
ments, such as Parkinson‘s disease (PD), Huntington disease (HD), and 
Spinal Cord Injury (SCI). Describing gait quantitatively helps researchers 
to analyze gait impairment in a more consistent, reliable, and precise 
manner compared to qualitative description. For this reason, apparatus 
and computation methods are continuously developed for both clinical 
and preclinical studies using animals. 

One of the gait analysis apparatus for rodents is called CatWalk. The 
system is equipped with a transparent glass floor walkway, where 
rodents can walk from one to the opposite end. Using a camera located 
under the walkway, the system records a video, which contains the 
information of the paw contact positions. Based on the recorded video, 
this CatWalk system computes several gait parameters. 

Here, several computational methods that enrich the information ex-
tracted from CatWalk data are presented. These methods improve the 
outcome of the current Catwalk data acquisition by providing methods 
in identifying gait patterns related to PD, providing a silhouette-length-
based intra-assay scaling method, an initial data analysis method, and a 
parametric gait recovery progression score for rat SCI models.
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Abstract

Gait analysis is important for the investigation of gait progression and
the development for therapies in disorders characterized by gait im-
pairments, such as Parkinson’s disease (PD), Huntington disease (HD),
and Spinal Cord Injury (SCI). Describing gait quantitatively helps re-
searchers to analyze gait impairment in a more consistent, reliable, and
precisemanner compared to qualitative description. For this reason, ap-
paratus and computationmethods are continuously developed for both
clinical and preclinical studies.

Preclinical studies often use rodents to study human diseases because
of the genetic, physiological, and psychological similarities between ro-
dents and humans, rodents’ compactness, relatively low-costs, availa-
bility, diminutive lifespan, as well as the possibility of conducting con-
trolled experiments without harming any human. For assessing gait in
preclinical studies, both apparatus and computational methods need to
be specialized for rodents and to be designed according to the disorder
under study.

One of the gait analysis apparatus for rodents is called CatWalk. The
system is equipped with a transparent glass floor walkway, where ro-
dents can walk from one to the opposite end. Using a camera located
under the walkway, the system records a video, which contains the in-
formation of the paw contact positions. Based on the recorded video,
this CatWalk system computes several gait parameters.

For analyzing gait, computational methods are developed, which in-
clude gait characteristic quantification, gait parameter scaling or nor-
malization, initial data analysis, and multiple gait parameter analysis.

The gait parameters, which are measured and quantified, should
characterize the important gait pattern. In the study of PD in humans,
sway is one of the crucial gait characteristics considering that it is rela-
ted to the risk of falling. Here, three methods for quantifying the sway-
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Abstract

relevant characteristic in mice are presented. The methods were devel-
oped based on the paw position information by utilizing signal proces-
sing approaches, such as the short time fast Fourier transform (STFFT)
and the low pass filtering (LPF). The three methods were applied to
paw position data taken from all paws as well as from front-/hind-paws
separately, yielding a total of nine sway-related parameters. These me-
thods were applied to differentiate two different transgenic PD-relevant
mouse models (α-synuclein mice) and their wild-type littermates. The
sway-related parameters revealed higher sway in the PD-relevantmouse
models compared to their wild-type littermates. One of the PD-relevant
mouse models revealed significantly higher sway compared with their
wild-type littermates in eight of the nine sway-related parameters.

The analysis of gait often becomes complicated by the fact that several
gait parameters relate to body size. A gait parameter normalization for
the individual body-size can therefore improve the reliability of the ana-
lysis. Here, a video-derived body silhouette length calculation method
based on image processing techniques was developed. Subsequently, a
correlation study between several gait parameters and calculated body
silhouette length in wild-type rodents across age is presented. The cor-
relation study shows the relation of the silhouette-lengths to rodents’
stride lengths, swing speeds, and body speed. Therefore, an intra-assay
method of silhouette-length-based gait parameter scaling for rodents
is presented. The silhouette-length-based scaling method was systema-
tically compared with several other scaling methods and was applied
to data collected from HD-relevant mice and PD-relevant rats, which
identifies the presence and the effect of genotype-driven body size dif-
ferences. In general, the scaled gait parameters improve the reliability
of gait analysis especially in rodent models with genotype-driven body-
size differences and therefore is suitable to become a standard approach
in rodent gait analysis.

Complications in data analysis and reporting of CatWalk gait para-
meters arise additionally due to the large number of parameters. The
complications often lead to premature parameter selection and to the
omission of negative result reporting. Alternatively, a systematic initial
data analysis (IDA) for exploring all gait parameters, including a data
reporting approach by utilizing heat mapping, is presented here. The
approach is exemplified in PD-relevant mouse models, PD-relevant rat
model, and HD-relevant mouse model. The resulting heat maps give
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Abstract

a visualization of gait parameter differences within one single chart,
which is advantageous in highlighting important parameters.

Furthermore, as several gait parameters need to be analyzed simul-
taneously, analyzing several gait parameters, as well as their clustering,
are often challenging. One possible way to deal with this is by making a
linear combination of the parameters that is able to reflect the disease
progression. Therefore, a method of making a linear combination of the
gait parameters that reflects themotor recovery of rat SCI models based
on the Linear Discriminant Analysis (LDA) is presented. The resulting
linear combination was applied in CatWalk gait parameters from three
rat thoracic contusion SCI studies, a rat thoracic dorsal hemisection SCI
study, and a rat cervical dorsal column lesion SCI study. It is presen-
ted here that this CatWalk gait parameter linear combination can de-
pict gait recovery progression after injuries as shown in the rat thoracic
contusion SCI studies and the rat thoracic dorsal hemisection SCI stu-
dy. Therefore, this parameter combination gives an alternative to the
standardized subjective gait assessment, i.e. Basso, Beattie, Bresnahan
(BBB)-score.

In this dissertation, the implementation of signal processing, image
processing, initial data mining, and discriminant analysis concepts on
the CatWalk gait data are presented. These methods enrich and im-
prove the outcome of the current Catwalk data acquisition by provi-
ding methods in identifying gait patterns related to PD, providing a
silhouette-length-based intra-assay scaling method, an initial data ana-
lysis method, and a parametric gait recovery progression score for rat
SCI models.
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Zusammenfassung

Ganganalyse ist wichtig für die Untersuchung des Gangverlaufs und die
Entwicklung von Therapien bei Erkrankungen, die durch Gehbehinde-
rungen charakterisiert sind. Beispiele für solche Erkrankungen sind die
Parkinson-Krankheit (Parkinson’s disease, PD), Huntington-Krankheit
(Huntington disease, HD) und Rückenmarksverletzungen (Spinal Cord
Injury, SCI). Eine quantitative Beschreibung des Gehens hilft Forschern,
die Gangstörung konsistenter, verlässlicher und genauer als die qualita-
tive Beschreibung zu analysieren. Aus diesem Grund werden kontinu-
ierlich Geräte und Berechnungsmethoden sowohl für klinische als auch
für präklinische Studien weiterentwickelt.

Präklinische Studien verwenden oft Nagetiere, um menschliche
Krankheiten zu untersuchen. Gründe dafür sind die genetische, phy-
siologische und psychologische Ähnlichkeit zwischen Nagetieren und
Menschen, die Kompaktheit der Nagetiere, die relativ niedrigen Kosten,
die Verfügbarkeit, die geringe Lebensdauer sowie die Möglichkeit, kon-
trollierte Experimente durchzuführen, ohne einen Menschen zu schä-
digen. Für die Gangbeurteilung in präklinischen Studien müssen so-
wohl Geräte als auch Rechenmethoden für Nagetiere spezialisiert und
entsprechend auf die zu untersuchende Erkrankung ausgelegt sein.

Eines der Ganganalysegeräte für Nagetiere wird CatWalk genannt.
Das System ist mit einem Gang mit Glasboden ausgestattet, in dem die
Nagetiere von einem zum anderen Ende gehen können. Mit einer Ka-
mera, die sich unter dem Gehweg befindet, kann das System Videoauf-
nahmen erzeugen, die Informationen über die Kontaktpositionen der
Pfoten enthält. Basierend auf den aufgezeichneten Videodaten berech-
net dieses CatWalk-System mehrere Gangparameter.

Für die Ganganalyse werden Berechnungsmethoden entwickelt, die
die Quantifizierung der Gangcharakteristik, die Skalierung oder
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Zusammenfassung

Normalisierung der Gangparameter, die anfängliche Datenanalyse und
die Analyse mehrerer Gangparameter umfassen.

Die Gangparameter, die gemessen und quantifiziert werden, charak-
terisieren das wichtige Gangmuster. In der Studie von PD beim Men-
schen ist Schwanken eines der entscheidenden Gangmerkmale, da es
mit dem Sturzrisiko verbunden ist. Hier werden drei Methoden zur Be-
urteilung schwankungsrelevanter Charakteristiken bei Mäusen vorge-
stellt. Die Methoden wurden basierend auf den Informationen der Pfo-
tenposition unter Verwendung von Signalverarbeitungsansätzen, wie
der Fast Fourier-Transformation (FFT) und der Tiefpassfilterung (LPF)
aufgebaut. Die drei Methoden wurden auf CatWalk-Daten angewen-
det, die sowohl von allen Pfoten sowie von Vorder-/Hinterpfoten sepa-
rat entnommen wurden. Daraus ergaben sich insgesamt neun schwan-
kungsbezogene Parameter. Diese Methoden wurden angewandt, um
zwei verschiedene transgene PD-relevante Mausmodelle (α-synuclein
Mäuse) und deren Wildtyp-Verwandten zu unterschieden. Die schwin-
gungsbezogenenParameter zeigten bei den PD-relevantenMausmodel-
len eine höhere Schwankung im Vergleich zu ihren Wildtyp-Verwand-
ten. Eines der PD-relevanten Mausmodelle zeigte bei acht der neun
schwingungsbezogenenParameter eine signifikant höhere Schwankung
im Vergleich zu ihren Wildtyp-Verwandten.

Die Ganganalyse wird oft dadurch kompliziert, dass sich mehrere
Gangparameter auf die Körpergröße beziehen. EineNormalisierung der
Gangparameter für individuelle Körpergrößen kann daher die Reliabi-
lität der Analyse verbessern. Hier wird ein videogestütztes Verfahren
zur Längenberechnung der Körpersilhouette auf Basis von Bildverar-
beitungstechniken vorgestellt. DarauƢin wird eine Korrelationsstudie
zwischen mehreren Gangparametern und der berechneten Länge der
Körpersilhouette bei Wildtyp-Nagetieren über die Lebenszeit vorge-
stellt. Die Korrelationsstudie zeigt den Einfluss der Silhouettenlänge
zu Schrittlängen, Schwunggeschwindigkeiten und Körpergeschwindig-
keit derNagetiere. Daherwird eine Intra-Assay-Methode zur Skalierung
von Gangparametern basierend auf der Silhouettenlänge für Nagetiere
vorgestellt. Diese Skalierungsmethode wurde systematisch mit meh-
reren anderen Skalierungsmethoden verglichen. Zusätzlich wurde die
Skalierungsmethode auf Daten von HD-relevanten Mäusen und PD-
relevanten Ratten angewendet, was das Vorhandensein und die Wir-
kung von genotypbedingten Körpergrößenunterschieden identifiziert.
Im Allgemeinen verbessern die skalierten Gangparameter die
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Reliabilität der Ganganalyse insbesondere in Nagetier-Modellenmit ge-
notypbedingten Körpergrößenunterschieden und eignen sich daher als
Standard in der Ganganalyse von Nagetieren.

Komplikationen bei der Datenanalyse und dem Reporting von Cat-
Walk-Gang-parametern ergeben sich zusätzlich durch die große An-
zahl von Parametern. Die Komplikationen führen oft zu einer vorzeiti-
gen Parameterauswahl und zumWegfall der negativen Ergebnisbericht-
erstattung. Alternativ wird hier eine systematische Initialdatenanalyse
(IDA) zur Untersuchung aller Gangparameter, einschließlich eines Da-
tenberichtsansatzes unter Verwendung von Heat Mapping, vorgestellt.
Der Ansatz wird anhand von PD-relevanten Mäusen, PD-relevanten
Ratten und HD-relevanten Mäusen veranschaulicht. Die daraus resul-
tierendenHeatMaps ermöglichen eine Visualisierung derUnterschiede
zwischen Gangparametern in einem einzigen Chart, was bei der Her-
vorhebung wichtiger Parameter von Vorteil ist.

Da zudem mehrere Gangparameter gleichzeitig analysiert werden
müssen, ist die Analyse mehrerer Gangparameter sowie deren Clus-
terung oft eine Herausforderung. Eine Möglichkeit, damit umzugehen,
besteht darin, eine lineare Kombination der Parameter zu bilden, wel-
che den Krankheitsverlauf widerspiegeln kann. Daher wird ein Ver-
fahren zur Erstellung einer linearen Kombination der Gangparame-
ter entwickelt, das den motorischen Verlauf von Ratten mit SCI ba-
sierend auf der Linear Discriminant Analysis (LDA) widerspiegelt. Die
resultierende lineare Kombination wurde in CatWalk-Gangparametern
aus drei Ratten-Thorax-Kontusion-SCI-Studien, einer Ratten-Thorax-
Dorsalhämisektions-SCI-Studie und einer Ratten-Halswirbelsäule-Lä-
sion-SCI-Studie angewendet. Es wird hier gezeigt, dass diese Gang-
parameter-Linar-kombination den Gangsteigerung nach Verletzungen
der Ratten-Thorax-SCI-Studien darstellen kann. Daher ist diese Pa-
rameterkombination eine Alternative zur subjektiven Gangbewertung
mittels Basso-Beattie-Bresnahan (BBB)-Score.

In dieser Arbeit wird die Implementierung von Signalverarbeitung,
Bildverar-beitung, initialem Data Mining und Diskriminanzanalyse für
CatWalk Gangdaten vorgestellt. Diese Methoden erweitern der aktuel-
len Catwalk-Datenerfassung, indem sie Methoden zur Identifizierung
von Gangmustern im Zusammenhang mit PD, eine Intra-Assay Metho-
de zur Skalierung, ein anfängliches Datenanalyseverfahren und einen
parametrischen Gangwert für SCI-Rattenmodelle bereitstellen.
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1 Introduction

1.1 Overview and Motivation
Animals serve as models of humans in a wide range of studies [Eric 13]
and they are frequently used in biomedical research [Dutt 16]. The ani-
mals, used as human representations to investigate diseases, are often
called animal models of diseases. In a preclinical experiment, animal
modeling is especially useful to understand humans without risking an
actual human.

Among all animals, mice and rats are the most widely used living
experiment system [Dutt 16], because of sharing some similarity with
humans’ genes [Pete 07] [Wahl 11], physiology, and psychology, as well
as their relatively compact size, low cost, availability, and diminutive
lifespan (compared to humans) [Dutt 16]. Rodent models of humans
for several diseases are continually being developed [Anto 11] [Jack 12]
[Kjel 16] [Cher 14]. This includes the transgenic (genetically engineered)
mouse that was first created in 1974 [Jaen 74] [Vand 14].

Characterizing animal models of diseases is essential for understan-
ding the diseases and developing new therapies [Broo 09]. Therefore,
clinical tests including behavior tests, histology, and electrophysiolo-
gy are commonly performed. The behavior tests include a wide-range
of tests, such as exploration tests, anxiety tests, motor function tests,
gait tests, and learning tests [Wahl 11]. From all of the available behav-
ior tests, gait-related tests are especially important for the investigation
of disorders that are characterized by gait deficiencies, including neuro-
logical disorders such as Parkinson’s disease (PD), Huntington disease
(HD), and spinal cord injury (SCI). Moreover, gait test is one of the tests
that can be translated fromanimal to human studies [Broo 09]. Rodents’
gaits are commonly tested in an open field, on a runway, on a tread-
mill, or in a runningwheel. Several runway-based gait tests exist, namely
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1 Introduction

(a)Mouse

(b) Rat

Figure 1.1: Examples of CatWalk-based captured images: The detected paw con-
tacts are marked by the colored rectangles.

ink-based foot-print test, CatWalk, Walkway, MotoRater, GaitLab, and
MouseWalker.

The CatWalkTM gait analysis system was initially developed by Frank
Hamers [Hame01] [Hame06] and is now commercially available by
Noldus Information Technology (Wageningen, The Netherlands)
[Nold 12]. The system is designed to be used in a darkened room. It
comes with a glass floor walkway on which a rodent can walk from one
side to the other. Green light enters the long edge of this glass floor and
reflects internally. The light escapes and scatters at the point where
paws make contact with the glass floor. As a result, the paw contact
areas are illuminated. In addition, red light is illuminated from the ceil-
ing above the rodent. Therefore, the rodent’s body silhouette is visible,
which simplify the paw labeling. This visualization is then recorded by a
camera located beneath the walkway. Image samples captured by recor-
ded CatWalk videos are depicted in Figure 1.1, where the rodent’s body
silhouette is shown and the paw positions are marked. Accordingly,
this markerless video-based gait analysis system quantifies several gait
parameters based on the animal’s paw positions and body silhouette,
such as stride length, body speed, swing speed, duty cycle, regularity
index [Koop 05], and the number of paws supporting the body. Further
description regarding the CatWalk gait test system is given in Section
2.4.

Although the basis of gait analysis in rodents is similar to the gait
analysis in humans, quadrupedal gait varies from bipedal gait [Lake 16].
Therefore, data processing and analysis for quadrupedal gait pattern
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1.1 Overview and Motivation

Figure 1.2: The series of CatWalk-based data processing presented in this dis-
sertation

need to be uniquely designed. The data processing and analysis include
gait parameter generation, selection, scaling, and reporting, as well as
multiple gait parameter analysis. In this dissertation, several compu-
tational methods for CatWalk-based gait analysis are presented. The
methods can be grouped into four main categories as visualized in Fi-
gure 1.2.

The ability to quantify clinically relevant gait characteristics is essen-
tial for a parametric gait analysis system. Despite the large number of
CatWalk gait parameters, the rodent’s locomotion sway pattern had not
been assessed specifically in the CatWalk system. Sway, a body move-
ment in side-to-side mediolateral axis, is associated with body stabi-
lity and can be translated to balance in humans. Balance is related to
the interaction of the body center of mass (COM) and the body base of
support (BOS) [Luga 11]. In humans, a reduced balance during walking
contributes to a higher risk of falling [Mati 07]. For this reason, investi-
gating the balance-related characteristic in rodent models of humans’
diseases is interesting. As quadrupeds, rodents have larger total BOS,
and therefore they have a lower risk of falling caused by the unstable
COM sway. Nevertheless, locomotion sway descriptors in rodents can
reveal the walking stability, which is important to be assessed for the
reason that instability is one of the motor characteristics that appeared
in diseases such as PD [Jank 08] [Kluc 13] [Lope 10] [Morr 01] [Park 02]
[Stol 04]. Therefore, computational methods for assessing locomotion
sway in mice were designed by the author of this dissertation and are
described in Chapter 3. The methods were applied in α-synuclein (α-
Syn) transgenic mice with relevance for PD.

Moreover, as in humans [Hof 96], several rodents’ gait parameters
are corresponds to the rodents’ body size [Hegl 74] [Tayl 78] [Mach 15]
[Jaco 14]. This factor needs to be considered in the analysis. In most
cases, the body size difference arises due to animal growth. Therefore,
many researchers use adult rodents, in which body sizes are relatively
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stable [Hame01] [Wang 12] [Casa 14] [Cao 08] [Chen 14] [Ishi 14]. Alter-
natively, they use a same-age control group, which have similar body
size as the disease-relevant group [Vand 10] [Jaco 14]. However, body
size difference can also arise due to diseases, such as in animal mo-
dels of HD [Hors 03] [Clem 17] and PD [Kohl 16]. Therefore, even though
it is not yet common, body-size-scaled gait parameters are needed for
a reliable analysis. Several researchers use body weight information to
scale several gait parameters [Frah 18] [Mach 15]. Nonetheless, since the
body-height- or leg-length-based scaling method is applied in several
humans’ gait parameters [Hof 96], it is hypothesized that body-length-
based gait parameter scaling is more reliable for gait analysis compared
with the body-weight-based scaling. To make the body-length-based
scaling possible, body-length-related parameter need to be calculated.

The calculation of rodent’s body-length (nose-tip–to–anus or nose-
tip–to–base-of-tail) appeared in several research works, in which an-
esthesia was performed [Nove 07] [Chak 17] [Dunn09]. Anesthesia in
a preclinical study should as far as possible be avoided as it might af-
fect the overall results [Karw01]. Therefore, an intra-assay in-vivo body-
length-related parameter computation will enable body-length-based
gait-parameter normalization, that is necessary especially in a longitu-
dinal study and in a study involving genotype-related body-size differ-
ence. The CatWalk gait analysis system provides gait parameters and
silhouette information of the rodents walking above the glass walk-
way. By computing the length of this silhouette, an intra-assay CatWalk
gait parameter scaling can be developed. A computational method for
this intra-assay gait parameter scaling was developed by the author of
this dissertation and is presented in Chapter 4. In addition, a compari-
son study of the utilization of silhouette-length, silhouette-area-, body-
weight-, and age-based gait parameter scalingwas performed and is pre-
sented in Chapter 4. The body-silhouette-length-based scaling method
was exemplified in rodents with genotype-related body size difference,
i.e. human α-Syn overexpressing transgenic rats with relevance to PD
and transgenic mice expressing mutant human huntingtin (HTT) mo-
deling HD. As shown in Chapter 4, this gait parameter scaling improves
the reliability of gait analysis in rodents, especially in preclinical longi-
tudinal studies and in preclinical studies with genotype-related body
size difference.

Furthermore, the CatWalk gait analysis system computes a number
of gait parameters, which are often needed for describing a complex
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motion. The large number of gait parameters, the complication of for-
mal multivariate statistical analysis that come with the large number of
gait parameters, along with the attempt for condensing the published
manuscript often lead to the selection of reported gait parameters based
on previous research or expert’s presumption. In addition, it often lead
to the removal of reporting negative results, which associate with the
parameters that do not show any between-cohort significant difference
and are also important to be reported [Earp 17] [Kann 14a] [Mast 16]. For
instance, a set of CatWalk gait parameters was recommended for the
evaluation of nerve injured rat models [Chen 17] [Kapp 17], which dem-
onstrate a hypothesis-driven approach. Alternatively, an initial visual-
ization of all gait parameters can serve as a non-hypothesis-driven ap-
proach and in addition can avoid the practice of manipulation by selec-
ting the reported parameters [Head 15]. A method for systematic initial
data analysis (IDA) which includes visualizing the gait parameter differ-
ences in a single chart by heat mapping was formulated by the author
of this dissertation and is described in Chapter 5. The method is exem-
plified in α-Syn transgenic mice with relevance for PD, human α-Syn
overexpressing transgenic rats with relevance to PD, as well as transge-
nic mice expressing mutant human HTT modeling HD.

Generally, disorders affect multiple gait parameters and it is recom-
mended to analyze these parameters simultaneously. Observing gait
progression based on all these gait parameters is often challenging.
Therefore, it is valuable to develop a gait parameter linear combination,
which is able to express gait progression by a single score. For instance,
in preclinical studies of SCI, gait is commonly assessed using a non-
parametric (observation-based) locomotion scale, which is character-
ized by several gait characteristics [Bass 95][Bass 06][Ande 09][Sing 14].
For SCI preclinical studies, combining several CatWalk gait parameter
into a single score is an alternative to the standardized non-parametric
gait score, BBB score. Therefore, a method of gait parameter combina-
tion for assessing gait of rat SCI models was developed by the author of
this dissertation and is described in Chapter 6.

In this dissertation, computational methods for CatWalk-based gait
analysis are developed based on signal processing, image processing,
data visualization, and data analysis concepts. The computational me-
thods can be grouped into four main categories as visualized in Figu-
re 1.2 and can be briefly described as follows.
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• Gait characteristic quantificationMethods for quantifying lo-
comotor-sway-related characteristic in mice based on signal pro-
cessing approaches are presented in Chapter 3 and applied on PD-
relevant mouse models.

• Gait parameter scaling/normalization A method for the com-
putation of silhouette length based on image processing approach-
es is presented inChapter 4. Additionally, amethod for silhouette-
length-based gait parameter scaling is described and systemati-
cally compared with some other body-size-related scaling me-
thods. Subsequently, the silhouette-length-based scaling method
is applied to a PD-relevant rat model and a HD-relevant mouse
model.

• Initial data analysisA method of systematic initial data analysis
(IDA) using heat map for data visualization is presented in Chap-
ter 5 and exemplified in PD-relevantmousemodels, a PD-relevant
rat model, and a HD-relevant mouse model.

• Multiple parameter analysis A method for combining CatWalk
parameters based on linear discriminant analysis (LDA) for asses-
sing gait in rat SCI models is presented in Chapter 6.

1.2 Related Literature
This section describes the preceding works related to the contributions
of this thesis. The section starts with the overview of existing CatWalk-
based research studies and their additional data processing (Subsec-
tion 1.2.1). This subsection is then followed by the existing literatu-
re regarding gait characteristic quantification (Subsection 1.2.2), gait
parameter scaling and body length assessment (Subsection 1.2.3), initi-
al data analysis by heat mapping (Subsection 1.2.4), as well as multiple
gait parameter analysis (Subsection 1.2.5).

1.2.1 Gait Analysis for the CatWalk System
The CatWalk gait analysis system [Hame01] [Hame06] has been widely
used in many preclinical studies, as shown in Table 1.1. The CatWalk
system generates several gait parameters, that can be directly used for
analyzing gait in rodents [Nold 12]. Therefore, most of the researchers
analyze the parameters directly, without any additional data processing.
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As shown in Table 1.1, a limited number of researchers include addi-
tional data processing beyond the available CatWalk gait parameters.
Similarly, few have used the raw CatWalk video to develop computatio-
nal methods. Those who have developed additional data processing or
computational methods have done so to quantify new gait parameters,
scale/normalize gait parameter, perform between-parameter ratio and
averaging, as well as design a classifier.

In this dissertation, several additional data processing methods for
the CatWalk gait analysis system are presented, which include quanti-
fying a new clinically relevant gait parameter, gait parameter scaling/
normalization, initial data analysis, and multiple gait parameter analy-
ses. The description of the related literature regarding these aforemen-
tioned methods is explained in detail in the following subchapters.

1.2.2 Gait Characteristic Quantification: Sway
Assessment

In humans, sway-related gait characteristics are often assessed in cli-
nical studies, both while standing still [Manc 12a] [Rocc 04] and during
locomotion [Gago 15], [Manc 12b], [Rocc 14]. Sway characteristic in ro-
dents can be also assessed during both quite stance and locomotion. To
assess postural sway in mice, a center of pressure (CoP) assay was in-
troduced [Hutc 07]. The assessment of sway in mice during locomotion
was done by calculating the sway index [Geld 15]. This sway index, also
known as the sinuosity coefficient of a path, is computed by the ratio of
the horizontal path distance and straight-line displacement. Sway index
computation in the aforementioned research was based on an estima-
ted COM position, chosen from a point at the nose-tip to base-of-tail
line. This sway index was calculated based on experiments recorded in a
bright room from an apparatus with a white wooden trackway and a ca-
mera placed above [Geld 15]. Another sway assessment method is called
stance linearity index, which was applied to studies in mice [Mend 15]
and in drosophila [Mend 13]. The stance linearity index in mice was cal-
culated based on the average difference of the actual stance trace and
the trace’s smoothed version of a tracked body points recorded by an ap-
paratus namedMouseWalker [Mend 15]. A locomotion sway assessment
based on the mouse paw positions had not been previously proposed.
Therefore, in this dissertation (Chapter 3), several methods to assess
locomotion sway in mice based on their paw positions are presented.
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Table 1.1:Overview of literature on preclinical gait analysis using the CatWalk system and their additional data processing
methods

Article Disease Model Study Additional Data Processing

[Vlam07] PD: 6-OHDA rats Application of bilateral HFS –
with different stimulation
amplitudes to the STN

[Vand 10] PD: 6-OHDA rats, Motor impairment –
HD: transgenic rats
Stroke: photothrombotic rats

[West 12] PD: 6-OHDA rats, Role of levodopa (l-DOPA) –

[Saal 15] PD: 6-OHDA mice PBS, control-shRNA vs. –
ROCK2-shRNA

[Zhou 15] PD: 6-OHDA rats CPU, MFB vs. SNC –

[Boix 18] PD: 6-OHDA rats MFB vs. striatal lesion Scaled by the average of
speed

[Froh 18] PD: 6-OHDA & PFF mice Time points, brain lesions, Generating global features,
brain regions Step seq. align.: DTW-based

Classifier: Rand.For., EN, GBM

Continued on next page
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1.2
Related

Literature

Table 1.1 – continued from previous page

Article Disease Model Study Additional Data Processing

[Wang 12] PD: MPTP-induced mice Correlation of gait & –
neurochemical

[Tsik 14] PD: R1441C LRRK2 mice Effect of R1441C LRRK2 –

[Casa 14] PD: α-Syn transgenic mice Co-expression of synphilin-1 –

[Rote 14] PD: α-Syn transgenic mice Diet-induced obesity –

[Tate 16] PD: α-Syn transgenic mice Fasudil treatment –

[Frah 18] PD: α-Syn transgenic mice Accumulation of α-Syn Scaled by body weight
aggregation

[Abad 13] HD: BACHD mice Motor, gait, emotional –
& cognitive deficits

[Pluc 14] AD: hBACE1 knock-in mice Behavioral traits –

[Hero 16] MS: MOG-induced EAE Gait analysis and –
MPS treatment

[Bern 17] MS: EAE mice Treadmill exercise Scaled by basal value (%)

[Haas 16] LD: Ndufs−/− mice Motor impairment –

Continued on next page
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Table 1.1 – continued from previous page

Article Disease Model Study Additional Data Processing

[Maim 18] ALS: HB9::GFP mice Alterations in miR126-5p Scaled by the values from
the control animals

[Salv 14] Ataxia: EA2 mice Lentiviral based-vector –
RNA interference

[Hodg 15] Menkes disease: ATP7A mice Effect of ATP7A loss –

[Hame01] Th8 SCI rats Comparing contusion and –
transection injuries

[Kloo 05] Th8 contusive SCI rats Association of locomotor –
and sensory features
with lesion severity

[Koop 05] Th10 contusive SCI rats Introducing Regularity New parameter: Regularity
Index (RI) Index (RI)

[Cao 08] C4 lateral Motor, sensory & –
funiculotomy SCI rats immunohistochemistry

[Sedy 08] SCI rats Review paper –

[Hill 12] Th9 contusive SCI rats dPDN transplantation –

Continued on next page
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1.2
Related

Literature

Table 1.1 – continued from previous page

Article Disease Model Study Additional Data Processing

[Huna 13] Th10 contusive SCI rats Combination of ChABC –
and AAV-NT3

[Neck 13] C4–5 overhemisection SCI Gait analysis, Double-tap merging,
rats Velocity dependency Coordinate frame rotation, &

Gait parameter in body
coordinate frame.

[Garc 14] Th8 contusive SCI rats Progesterone treatment –

[Gorp 14] Th9 contusive SCI rats Different severity of SCI –

[Kann 14b] Th8 contusive SCI rats Transplantation of SC –

[Forg 14] C6 contusion- Model characterization –
compression SCI rats

[Mond 15] C4 hemi-contusive SCI Moderate & large disp., Scaled by the pre-injured
rats sham, control. value

[Haya 15] Th9 contusive SCI mice SCI treatment with Scaled by the average of
BDNF-expressing pDNA non-injured intact control

Continued on next page
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Table 1.1 – continued from previous page

Article Disease Model Study Additional Data Processing

[Datt 15] & Th8 contusive SCI rats Gender Change from baseline (%)
[Datt 16]

[Jala 17] Th10 contusive SCI rats Effects of early surgical –
decompression

[Tan 17] Th10 contusive SCI rats Local injection of –
Lenti-Olig2

[Slus 17] Th11 contusive SCI rats Gait –

[Bhim 17] Contusive SCI Review paper –

[Vida 17] C5–C6 DCM mice Effect of early and –
delayed decompression

[Biel 18] C4 transection SCI rats Sham, complete CST –
lesion & iDC-lesion

[Crow 18] Th11 contusive SCI mice Develop combination of Calculate the correlation of
CatWalk parameters based 104 CatWalk parameters with
on BMS scores the BMS scores. Then, combine

the 104 linear regression
equations according to R2.

Continued on next page
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1.2
Related

Literature

Table 1.1 – continued from previous page

Article Disease Model Study Additional Data Processing

[Miya 13] L5–L6 needle IVD Gait (compared –
injury rats with controls)

[Chen 14] Peripheral nerve injury rats, Hyaluronic acid effect Left-right ratio
Vessel clamp crushing on
the left sciatic nerve

[Fago 16] Cervical & thoracic Evaluating of five behavioral –
dorsal column transection tests

[Chen 17] Peripheral nerve injury rats, Standard data processing & Left-right ratio
sciatic nerve segment set of CatWalk parameter
removal formulation.

[Kapp 17] Central and peripheral nerve Recommendation on the choice –
injuries of CatWalk parameters

[Chia 14] CCI rats with ligature Different intensities –
on left sciatic nerve of nerve damage

[Parv 13] Arthritis: CFA-induced mice Gait (CFA vs. PBS contr.) Left-right ratio

[Lake 16] Arthritic disorders rodents Review paper –

Continued on next page
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Table 1.1 – continued from previous page

Article Disease Model Study Additional Data Processing

[Ferl 11] OA: ACLT-pMMx rats & Gait analysis & Change from baseline (%)
MIA rats pain response

[Ferr 12] OA: MIA-induced rats Effects of lidocaine, morphine Ratio of total intensity of the
& diclofenac on nociceptive ipsilateral hindpaw to the total
behavior intensity of both hind paws.

[Mura 14] OA: DMM mice Effect of IAI-HA Left-right ratio

[Ishi 14] OA: MIA-induced rats Effect of several drugs Scaled by the values from
the control animals,
Right-left subtraction

[Qin 14a] OA: ACLT-induced rats Low magnitude high –
frequency vibration

[Piel 14] OA animals Review paper –

[Adae 14] OA: rats with intra-articular The use of the rat model Calculation of the percentage
injections of 250 U & 500 U for nociception study of the total ipsilateral paw
of type II collagenase print intensity (%TIPPI)

Continued on next page
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Related

Literature

Table 1.1 – continued from previous page

Article Disease Model Study Additional Data Processing

[Adae 15] OA: rats with intra-articular Effect of sensory Calculation of %TIPPI
injections of 500 U of type II neurons injury
collagenase

[Miya 11] Myofascial Inflammation: Gait (compared –
rats with paraformaldehyde with controls)
buffer

[Ange 12] Inflammation: rats with Gait (compared New parameters: weight
FCA or carrageenan injection with controls) bearing, guarding index.

[Dupl 18] Bone pain at hind Effect of analgesic bone Scaled by pre-operative
limb of rats cement: unloaded, baseline (%)

ropivacaine-loaded, and
bupivacaine-loaded CPCs

[Kame 17] Lumber disc herniation: Gait analysis & mechanical –
NP applied rats withdrawal thresholds

[Liu 13] Unilateral ICH stroke rats: Gait analysis Left-right ratio
Type IV collagenase infusion

Continued on next page
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Table 1.1 – continued from previous page

Article Disease Model Study Additional Data Processing

[Hetz 12] Stroke: mice with MCAo Gait analysis Scale swing speed by
run speed

[Qin 14b] Stroke: mice contains Impact of BDNF SNP Scaled by pre-ischemic
human BDNF Val66Met baseline (%)

[Madi 14] Stroke: rats with PT Effect of enriched –
induction environment/housing

[Caba 17] Stroke: mice with dMCAO post-dMCAO gait assessment, –
correlation study between gait
parameters and body weight,
as well as body speed.

[Robi 12] Rett syndrome: MeCP2 mice Activation of a quiescent –
MeCP2 gene in adults

[Yoo 15] Brain structure: St3gal2- Sialoglycan function –
& St2gal3-null mice

[Stel 15] Obesity: mice Oleuropein supplementation –

Continued on next page
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1.2
Related

Literature

Table 1.1 – continued from previous page

Article Disease Model Study Additional Data Processing

[Zimp 18] Intact mice CatWalk version, gender PCA
weight, age & strain.
Investigating the
redundancy between tests.

[Koop 07] Intact rats Strain & Locomotor speed –
* The abbreviations are listed in List of Abbreviations on page 211.
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1.2.3 Gait Parameter Scaling and Body Length
Assessment

Aside from diseases, there are several factors that relates to animals’ gait
parameters, such as body size [Hegl 74] [Mach 15] [Tayl 78] [Jaco 14], wal-
king speed [Koop 07] [Neck 13] [Neck 15] [Mach 15] [Tayl 78], strain/breed
[Koop 07] [Webb03] [Hegl 74], and gender [Datt 16]. These factors need
to be included in the analysis. Gait parameter scaling/normalization is
one possible approach to handle this circumstance.

Parameter scaling in the study of gait in humans has become a com-
mon practice [Hof 96]. As shown in Table 1.1, CatWalk gait parameter
scaling appeared in several preclinical studies, i.e. scaling based on body
weight [Frah 18], by control/pre-injured/basal value [Bern 17] [Maim 18]
[Mond 15] [Haya 15] [Ishi 14] [Qin 14b], as well as based on the average of
speed [Boix 18]. In addition, body-weight-based scaling also appeared in
gait parameters measured by the LocoMouse assay in a non-darkened
room [Mach 15]. Since body-height or leg-length-based scaling is app-
lied in human gait studies [Hof 96], it is hypothesized in this disserta-
tion that body-length-based scaling is more suitable for the analysis of
several gait parameters than the other body-size-related parameters.

The body-length-related parameter has to be first calculated to imple-
ment a body-length-based scaling. Anesthesia-based body length calcu-
lation was performed in several preclinical studies [Chak 17] [Dunn09]
[Nove 07]. Additionally, after-death body length measurement was per-
formed in a preclinical study [Lang 05]. A marker-based body-length-
related parameter can be easily computed based on markers drawn on
rodent’s body recorded by the video in a bright room. However, an in-
vivo body-length-related parameter computed from a markerless gait
analysis system (such as the CatWalk system) as well as body-length-
based gait parameter scaling had not previously been studied and is
described in this dissertation (Chapter 4).

1.2.4 Initial Data Analysis (IDA) by Heat Mapping
Since CatWalk gait parameter selection is often unavoidable, research-
ers frequently report only a selected cluster of gait parameters [Haya 15]
[Ishi 14] [Salv 14] [Tate 16] [Fago 16], which leaves a query on how impor-
tant are the unselected gait parameters. The selection was common-
ly based on the previous publications or the expert presumption. For
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instance, a standard set of CatWalk gait parameters is suggested for as-
sessing gait in nerve injured rat models [Chen 17] [Kapp 17].

All of the CatWalk gait parameters can also be reported by using a
table/map, in which the presence of changes are reported [Caba 17]. Al-
ternatively, an approach of IDA of all gait parameters using heat map
visualization, in which colors are used to indicate the amounts of dif-
ferences, is presented in this dissertation (Chapter 5).

IDA was described by [Hueb 16] as a systematic data inspection ap-
proach performed before the formal statistical analysis. This approach
consists of data cleaning, data screening, and data reporting. Data clea-
ning [Demp71] [Broe 05] is practiced by identifying inconsistencies,
faulty or outlying data. Data screening is performed to describe the
data. Data reporting aims to depict information for the following ana-
lysis.

A heat map is defined as a two-dimensional color-shade matrix for
displaying data in many rows and columns simultaneously [Gehl 12]
[Wilk 09]. This heat map technique has been used for data visualiza-
tion in many study field, such as biology [Wein 08], behavioral science
[Ande 14] [Kas 11], social statistic [Loua 73], accounting, graphic design,
computer engineering, and others [Wilk 09]. In the field of gait analy-
sis, it is used for depicting principal components resulting from princi-
pal component analysis (PCA) algorithm [Cour 09] [Heik 15a] [Heik 15b]
[Mond 15] [Nurm 15] [Swee 15] [Zain 15] [Zimp 18], as well as to report
correlation coefficients [Mach 15] [Caba 17].

1.2.5 Multiple Gait Parameter Analysis
Multiple aspects of gait are affected by diseases. Therefore, in preclinical
studies of SCI, locomotor rating scales based on several gait characte-
ristics were developed for observing gait recovery progression. In the
study of middle/lower thoracic SCI in rats, gait is commonly evalua-
ted using the 21-point Basso, Beattie, and Bresnahan (BBB) locomotor
rating scale [Bass 95]. In the study of middle thoracic SCI in mice, ano-
ther non-parametric locomotion test is normally performed, known as
the Basso mouse scale (BMS) [Bass 06]. Furthermore, in the study of
cervical SCI in rats, the forelimb locomotor assessment scale (FLAS)
[Ande 09] or the forelimb locomotor scale (FLS) [Sing 14] is performed
to evaluate their gait.

The BBB test (which was also used to assess rat SCImodels in Chapter
6) is performed by experienced human observers who score the walk
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of a rat placed in a circular open field according to several characte-
ristics, such as hindlimb movement, joint movement, body–weight–
supported plantar stepping, forelimb (FL)–hindlimb (HL) coordination,
toe clearance, trunk stability, and tail placement. The BBB scoring sys-
tem is relatively easy to be learned by inexperienced observers and is
also relatively inexpensive. However, this scoring system relies on the
observation of how consistent specific gait characteristics occurred and
generates non-parametric scores [Bhim 17].

The CatWalk system [Hame01] [Hame06] provides an alternative of
movement assessment for rodent SCI models. The advantages of using
the CatWalk system are the objective computerized data generation and
the possibility of assessing FL-HL coordination by its ability to observe
four paws simultaneously [Hame06] [Koop 05] [Bhim 17].

In analyzing gait parameters obtained from the CatWalk system,
many studies (as listed in Table 1.1) observed several gait parameters in-
dividually. However, several approaches for parameter combination are
available to be used depending on the research goal, including taking
the ratio, difference, average, as well as making a linear combination. In
studies related to diseases that affect both the left and right sides of the
body with similar severity, it is reasonable to calculate the average of the
left and right parameters. On the contrary, in diseases which affect on-
ly one side of the body, it will be interesting to analyze the ratio or the
difference between left and right gait parameters [Chen 14] [Chen 17]
[Ishi 14] [Liu 13] [Mura 14] [Parv 13]. On the other hand, in studies where
uninjured data are available, the baseline/uninjured gait parameter ra-
tio is often applied [Datt 15] [Datt 16] [Haya 15] [Mond 15].

Often, ratio, difference, and average are insufficient for handling nu-
merous gait parameters. Therefore, some researchers have used linear
combinations based on principal component analysis (PCA) [Zimp 18]
or based on linear regression [Crow 18], and others have used approaches
based on machine learning [Froh 18]. PCA was used in a study involving
intact/uninjured mice [Zimp 18]. In a mice SCI study, the correlation
and linear regression of 104 CatWalk parameters with the BMS scores
were used to develop the CCI-score [Crow 18]. Approaches based onma-
chine learningwere used in a study involving PD-relevantmice to define
features from the recorded raw CatWalk data. These features were used
to classify an animal into the following groups: vehicle/sham, 6-OHDA,
murine PFFs, and non-lesioned [Froh 18].
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One approach of combining diverse parameters is by determining a
linear combination based on linear discriminant analysis (LDA). LDA is
a method, which attempts to form a linear function that discriminates
between two groups, introduced by R.A. Fisher in 1936 [Fish 36]. LDA,
to the best of the author’s knowledge, had not been applied to analyze
results obtained from the CatWalk system, including in the studies rela-
ting to SCI. Therefore, a method of combining CatWalk gait parameters
based on LDA for assessing gait in rat SCI models is presented in this
dissertation (Chapter 6).

1.3 Aims and Scientific Contributions
This dissertation aims to contribute computational methods that will
enrich the information extracted from the present CatWalk gait ana-
lysis system, with a possibility to be applied to other systems. The
main contributions of the dissertation are grouped into four main com-
ponents: gait characteristic quantification (Chapter 3), gait parameter
scaling/normalization (Chapter 4), initial data analysis (Chapter 5), and
multiple gait parameter analysis (Chapter 6).

1. Gait characteristic quantification.As described in Section 1.2.2,
locomotion sway was previously assessed based on the estimated
COM position [Geld 15] or some tracked body points [Mend 15].
In this dissertation (Chapter 3), locomotion sway-related gait pa-
rameters are quantified based on the paw positions recorded by
the CatWalk gait analysis system. Three computational methods
in assessing locomotion sway based on mouse paw positions in
the CatWalk gait analysis system are presented. The methods are
based on signal processing approaches, i.e. fast Fourier transform
(FFT) and low pass filter (LPF). These methods are applied on
CatWalk data taken from two PD-relevant transgenic mouse mo-
dels and their wild-type mates. This research work was published
in the Journal of Neuroscience Methods [Timo 18b] and the re-
lated data was published in the journal Data in Brief [Timo 18c].
The computational methods and the analysis described in these
publications were originally developed by the author of this dis-
sertation. In addition, the publications were substantially written
by the author of this dissertation in a collaboration with the co-
authors of the publications.
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2. Gait parameter scaling/normalization. As described in Sec-
tion 1.2.3, computational methods for CatWalk-based body-
length-related parameters had not been proposed. Moreover, a
body-length-based CatWalk gait parameter scaling had not been
studied. In addition to the various paw-position-based gait pa-
rameters, the Catwalk system provides body-silhouette informa-
tion. Therefore, CatWalk body-silhouette length can serve as a
body-length-related parameter andhence could promote an intra-
assay silhouette-length-based scaling in several gait parameters.
Accordingly, the following contributions are presented and ana-
lyzed (Chapter 4).

• Image-processing-based silhouette-length and -area com-
putation methods.

• Correlation analysis between silhouette length and several
gait parameters (i.e. stride lengths, temporal gait parame-
ters, and speed-related gait parameters).

• Gait-parameter scaling method based on silhouette length.

• Comparison study of silhouette-length-, silhouette-area-,
age-, as well as body-weight-based gait- parameter scaling.

• Application of the silhouette-length-based scaling method
in longitudinal data obtained from wild-type rats and mice,
as well as PD-relevant rats and HD-relevant mice.

The part of this research work was presented at the Measuring
Behavior Conference 2018 [Timo 18d]. The complete study is pu-
blished in the journal eNeuro [Timo 19b]. The computational me-
thods, implementation as well as the analysis in these publicati-
ons were performed by the author of the dissertation. The manu-
script writing was performed by the author of the dissertation in
a collaboration with the coauthors of the publication.

3. Initial data analysis. As described in Section 1.2.4, often only a
selection of gait parameters is reported. Negative results are often
not reported. Alternatively, a non-hypothesis-driven approach of
IDA using heat mapping for gait parameter reporting is presented
in this dissertation (Chapter 5). Heat mapping used in this ap-
proach is able to present between-group differences in one single
chart. This IDA approach is exemplified in an intervention study
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inmicemodeling PD, as well as longitudinal studies in rats mode-
ling PD and mice modeling HD. This contribution was presented
at the Measuring Behavior Conference 2018 [Timo 18a] and pu-
blished in the Special Issue of Measuring Behavior in the Journal
of Neuroscience Methods [Timo 19a]. The publications were writ-
ten mainly by the author of this dissertation in a collaboration
with the coauthors of the publications.

4. Multiple parameter analysis.As described in Section 1.2.5, LDA
had not been used for combining CatWalk parameters. Moreover,
the CatWalk gait parameters of rat SCI models are often observed
individually. In this dissertation (Chapter 6), a linear combination
of several CatWalk gait parameter is presented. The parameter
combination is developed based on LDA and is designed for ob-
serving gait recovery progression in rat SCI models objectively.
This parameter combination approach was applied in the analysis
of CatWalk data taken from three thoracic contusion SCI models,
a thoracic dorsal hemisection SCI model, and a cervical dorsal
column lesion SCI model. The manuscript based on this research
work is expected to be submitted to a journal in 2020 [Timo 19c].

1.4 Structure of this Dissertation
The remainder of this dissertation is structured as follows:

• Chapter 2 covers the fundamentals relevant to the topic and me-
thods described in the dissertation.

• Chapter 3 describes the study related to gait characteristic quanti-
fication, which focuses on several dynamic-footprint-based loco-
motion-sway assessment methods. These methods are applied to
CatWalk data collected from PD-relevant mouse models.

• Chapter 4 covers the study related to parameter scaling/
normalization. In this chapter, silhouette-length and -area com-
putation methods are described. The results were then used in a
correlation study between silhouette-length and several gait pa-
rameters. This chapter also covers a comparison study of several
body-size-based gait parameter scaling. The application of silhou-
ette-length-based scaling on CatWalk data obtained from PD-
relevant rats and HD-relevant mice is then described.
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• Chapter 5 describes the use of heatmapping for the gait parameter
difference reporting in initial data analysis (IDA). The approach
is exemplified in PD-relevant mouse models, a PD-relevant rat
model, and a HD-relevant mouse model.

• Chapter 6 reports themultiple-parameter-analysis study, inwhich
the linear gait parameter combination resulted from LDA is ap-
plied to describe gait recovery progression in several rat SCI mo-
dels.

• Chapter 7 summarized the studies presented in this dissertation.
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2 Fundamentals

Here the fundamentals for the understanding of the subsequent chap-
ters are presented. This chapter starts with a brief introduction of labo-
ratory rodents (Section 2.1), followed by a brief overview of several exis-
ting behavior tests (Section 2.2), including gait tests (Section 2.3) and
particularly the CatWalk gait test (Section 2.4). The basics of several
central nervous system (CNS) disorders are described in Section 2.5. Fi-
nally, the fundamentals of the computational methods used in this dis-
sertation are described in Section 2.6, 2.7, and 2.8, which include digi-
tal image processing, signal processing, and linear discriminant analysis
(LDA).

2.1 Rodents as Models of Humans
Animals have been used as models of humans since 600 BCE, their
use increasing substantially at the beginning of the twentieth century
[Eric 13]. Rodents (mice and rats) are the most widely used animals for
representing (modeling) humans in scientific research [Eric 13] [Dutt 16].

The main ancestors of mice used in the scientific research are the
Mus musculus domesticus, the Mus musculus musculus, the Mus mus-
culus castaneus, and the Mus musculus molossinus [Wahl 11]. They are
all often referred as the laboratory mice (the Mus musculus laboratori-
us) [Wahl 11].

Based on the types of animal breeding, the laboratory mice can be
grouped into outcross, backcross, intercross, and incross animals
[Silv 95]. An outcross or outbred animal is a result of the mating bet-
ween two animals that are considered unrelated [Silv 95]. An incross
or inbred animal is a result of the mating between two animals ha-
ving a close genetic relation (commonly between two siblings). A back-
cross animal is a result of the mating between an animal with one of its
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parents or an animal genetically similar to its parents [Silv 95]. An in-
tercross animal is a result of the mating between two incross animals
or between outcross siblings [Silv 95].

An inbred mouse strain is normally named by its strain and sub-
strain. The strain name is given in capital letters and integers before
a slash (‘/’) and the sub-strain is given after the slash [Wahl 11]. The
C57BL/6 (C57 black 6) mouse is the most widely used inbred strain
[Meka 09]. The C57BL/6 sub-strain developed by the Jackson Labora-
tory is named C57BL/6J. The one developed by National Institute of
Health (NIH) is namedC57BL/6N,whichwas established fromC57BL/6J
mice sent to NIH.

The laboratory or Norway rats (Rattus norvegicus) includes several
strains, such as the Wistar rats (first developed by the Wistar Institute),
the Sprague-Dawley rats, the Long-Evans rats, the Fischer rats, and the
Lewis rats [Lind 06].

In this dissertation, C57BL/6N mice, Sprague-Dawley rats, Fischer
rats, and Wistar rats are used as animal subjects in Chapter 3, 4, 5, and
6.

2.2 BehaviorAssessmentMethods inRodents
The study of animal behavior has started as early as humans began
to hunt [Vale 07]. Behavior-related studies are especially interesting
for neuroscientists due to the relationship between the brain and be-
havior [Krak 17] [Staa 06] as well as the relationship between the ge-
notype (genetic composition) and phenotype (observed physical and
behavioral characteristics) [Vale 07]. Traditionally, behaviors are identi-
fied through careful human observation and are described accordingly.
Nonetheless, objective quantification of behavior is needed for inter-
preting and characterizing behavior [Brow 18] [Gris 17].

In studies involving rodents, several standardized behavior assess-
ment methods were developed (Table 2.1). These assessment methods
are essential for characterizing rodent models, especially for the under-
standing of behavior-affecting diseases and the effect of their therapies.

In a preclinical study, rodent models usually undergo several behav-
ior tests. The tests can be arranged according to a designed test proto-
col (series of tests), such as SHIRPA (an assessment protocol designed
by SmithKline Beecham, Harwell, Imperial College, and Royal London
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Hospital) [Roge 97] [Roge 01], test protocol for HD rat model [Manf 17],
and other self-designed protocols.

The varieties of behavior tests for rodents are continuously being de-
veloped. Technologies have been incorporated in the test design to gain
more information, such as

• The utilization of 3D-imaging in a circular-open-field test, a squa-
re-open-field test, or above a cage [Wilt 15] [Naka 15] [Hong 15].

• The utilization of motion capture systems (VICON or SIMI) for
kinematic analysis in rats [Cour 09].

• The utilization of virtual reality for visual simulation in the study
of mice [Stow 17].

• The utilization of robotics in an interaction study involving rats
[Wile 12].

• The utilization of head-mounted camera system for observing
eye movement, whisker pad movement, and head accelerometry
[Meye 18].

• The utilization of head accelerometry, intranasal pressure, ultra-
sonic vocalization, and video tracking in observing freely beha-
ving rat [Alve 16].

For analysis, the information collected from behavior tests often needs
further data processing. In extracting information resulting from those
behavior tests, computational methods can be used. The computatio-
nal methods include signal processing (Section 2.7), image processing
[Bell 18] [Robi 17] [Mazu 11] [Reev 16] [Pere 14] [Ben 17] (Section 2.6), da-
ta analysis methods, andmachine learning approaches [Vall 17] [Puri 18]
[Robi 17] [Roia 16] [Arac 19].

In preclinical studies, gait tests are one type of the existing behavior
assessment methods, which are often used in studies related to neuro-
logical disorders. The following section (Section 2.3) will focus on the
existing gait tests for rodents, which is used for assessing the characte-
ristics of animals during walking.
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Table 2.1: Examples of rodents’ behavior assessment methods

Category Examples

Exploration tests (tests for measuring rodents’
surrounding exploratory behavior) [Belz 99]
[Wahl 11] [Broo 09] [Sedy 08] [Sous 06]

Squared and circular open field, cylinder test, nose poke
hole board, home cage activity, symmetrical Y-maze,
Y-maze with foot-shock reinforcement [Ried 94].

Anxiety-related behavior tests (most of the
anxiety-related behavior tests measure the
time of avoiding places that entail risk)
[Wahl 11] [Sous 06] [Bail 09]

Light-dark box, elevated plus maze, elevated zero maze,
elevated square maze, the Vogel conflict test, the Geller
conflict test, social interaction, ultrasonic vocalization,
freezing, startle response, shock-probe test, light spot
test [Aart 15].

Motor function and gait tests (tests for
characterizing motor-related ability or
movement) [Wahl 11] [Broo 09] [Sedy 08]
[Sous 06]

Motor observation in an open field (SCI observation: the
BBB scale [Bass 95], the BMS scale [Bass 06], the FLAS
scale [Ande 09], the FLS scale [Sing 14]; knee arthritis
observation [Lake 16]; PD-relevant observation: the AIMs
scale [Lund 04]; Ataxia-relevant observation [Mett 04]),
the BLG scale [Pajo 10], grip strength test, wire hang test,
isometric pull test [Hays 13], inverted grid test [Niew 16],
rotarod, gait test (foot print test, runway locomotion test,
treadmill locomotion test [Wool 09], wheel walk test),
swim test, climbing test (vertical-pole, inclined pole or grid,

Continued on next page
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Table 2.1 – continued from previous page

Category Examples

rope or string climbing, coat hanger), the CoP assay
[Hutc 07], dynamic weight bearing test, kinematic test,
thoracolumbar height test, forelimb asymmetry test,
rearing test in a cylinder place.

Skilled limb use tests (assessing the use of
limbs for a task)

Pellet reaching test [Broo 09], the Collins test [Coll 68],
staircase reaching test [Broo 09].

Sensory tests (assessing hyper- and
hypo-activities of the sense of touch, cold,
heat, or pain) [Sedy 08] [Sous 06]

Plantar hot plate-based test, tail-flick test, cold sensitivity-
based test, Von Frey filaments, paw compression test
(analgesia meter or Randall-Selitto test), withdrawal
reflexes test.

Sensory-motor tests (assessing the sensory
and motor functions, as well as their
relation)[Sedy 08]

Rope walking test, balanced beam [Broo 09] or raised beam
test, grid test (horizontal grid, ladder rung task [Metz 02]
or foot slip test), inclined rolling ladder [Fago 16],
grooming test.

Reflex response-based tests (detecting absent,
normal, or abnormal reflex
responses)[Sedy 08]

Toe spread reflex test, contact placing response test,
static reflex test, acoustic startle response test [Broo 09]
[Sous 06].

Continued on next page
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Table 2.1 – continued from previous page

Category Examples

Learning tests (assessing learning and
memory processes)[Wahl 11] [Sous 06]

Operant learning (Skinner box [Skin 38], nine-hole box
[Humb99], five-choice serial reaction time test, sequence
learning), mazes, spatial memory (Barnes maze, 8-arm radial
maze, morris water maze [Morr 84], visual learning water
maze [Robi 01]).

Behavior information in their housing/a cage
(observing cage activities or disease-related
activities)

PhenoTyper (Noldus), IntelliCage and PhenoMaster (TSE
Systems), IVC-RackScan (CleverSys), magnetic-coil-based
system [Krem 10], floor-movement-based system,
RFID-based system [Rich 15].

Movement tracking (track the positions of
animals)

Observation [Nold 91], joy-stick-based locomotion tracking
[Brod 95], Ethovision [Nold 01], VideoMot2 (TSE Systems),
3D-imaging-based tracking [Naka 15].

Social behavior observation (assessing the
interaction between animals) [Sous 06]

Reproduction activity, aggressive behavior, submissive
behavior, avoidance behavior.

Autonomic tests (behavioral assessments of
autonomic system disturbance) [Sedy 08]

Urinary bladder function tests, erection-based tests,
autonomic dysreflexia (hyperreflexia) tests.
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2.3 Gait Tests in Rodents
Conventionally, gait is assessed subjectively by observers. Manuscripts
relating to gait analysis by human observation can be traced to before
the modern computer era [Bake 07]. Subsection 2.3.1 introduces a com-
mon observation-based gait test in SCI studies, namely the BBB test
[Bass 95]. For assessing gait objectively, several methods and tools were
developed. These methods and tools are designed to quantify walking
patterns and generate corresponding gait parameters. Therefore, several
parametric gait tests are introduced in Subsection 2.3.2.

2.3.1 Non-Parametric (Observation-based) Gait Tests
Visual examinations (sometimes together with a video recording) are
traditionally used in identifying gait abnormalities [Whit 96]. There-
fore, observation without any exact measurement is still common in
describing gait.

Unlike in PD and HD, there are standard non-parametric gait tests
used in SCI studies depending on the species and placement of the inju-
ry. In these tests, human observers match gait characteristic of rodents
according to a standardized scale. The Basso, Beattie, and Bresnahan
(BBB) test [Bass 95] is used to assess gait in rat middle/lower-thoracic
SCImodels. The Bassomouse scale (BMS) test [Bass 06] is used to assess
gait in mouse thoracic SCI models. The forelimb locomotor assessment
scale FLAS test [Ande 09] or the forelimb locomotor scale (FLS) [Sing 14]
is used to assess gait in rat cervical SCI models.

The 21-point BBB locomotor rating scale [Bass 95] is the most com-
mon method used for evaluating locomotor recovery in middle/lower
thoracic SCI rats. This scale is therefore also used to assess gait of the
rats described in Chapter 6. This scale is divided into three major ca-
tegories of recovery: early (0–7), intermediate (8–13), and late (14–21).
In this locomotion evaluation, rats are placed in an open field environ-
ment. The locomotor assessment is then performed by two examiners
positioned across to each other. The examiners score the locomotion re-
covery according to the description given in Table 2.2. This BBB scoring
system can be learned quickly. However, experience is needed to assure
the reliability and the consistency of scoring [Bass 96].
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Table 2.2: The BBB locomotor scale [Bass 95]

Score Description

0 No observable hindlimb (HL) movement
1 Slight movement of one or two joines, usually hip and/or

knee
2 Extensive movement of one joint, or

Extensive movement of one joint and slight movement of
other joint

3 Extensive movement of two joints
4 Slight movement of all three joints of the HL
5 Slight movement of two joints and extensive movement of

the third
6 Extensive movement of two joints and slight movement of

the third
7 Extensive movement of all three joints of the HL
8 Sweeping with no weight support, or

plantar placement of the paw with no weight support
9 Plantar placement of the paw with weight support in

stance only (i.e., when stationary), or
occasional, frequent, or consistent weight supported
dorsal stepping and no plantar stepping

10 Occasional weight supported plantar steps,
no forelimb (FL) - HL coordination

11 Frequent to consistent weight supported plantar step
and no FL - HL coordination

12 Frequent to consistent weight supported plantar step
and occasional FL - HL coordination

13 Frequent to consistent weight supported plantar step
and frequent FL - HL coordination

14 Consistent weight supported plantar step,
consistent FL - HL coordination; and
predominant paw position during locomotion is rotated
(internally or externally) when it makes initial contact
with the surface as well as just before it is lifted off at
the end of the stance, or

Continued on next page
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Table 2.2 – continued from previous page

Score Description

frequent plantar stepping, consistent FL - HL
coordination, and occasional dorsal stepping

15 Consistent plantar stepping and consistent FL - HL
coordination; and
no toe clearance or occasional toe clearance during
forward limb advancement;
predominant paw position is parallel to the body at
initial contact

16 Consistent plantar stepping and consistent FL - HL
coordination during gait; and
toe clearance occurs frequently during forward
limb advancement;
predominant paw position is parallel at initial contact
and rotated at lift off

17 Consistent plantar stepping and consistent FL - HL
coordination during gait; and
toe clearance occurs frequently during forward
limb advancement;
predominant paw position is parallel at initial contact
and lift off

18 Consistent plantar stepping and consistent FL - HL
coordination during gait; and
toe clearance occurs consistently during forward
limb advancement;
predominant paw position is parallel at initial contact
and rotated at lift off

19 Consistent plantar stepping and consistent FL - HL
coordination during gait; and
toe clearance occurs consistently during forward
limb advancement;
predominant paw position is parallel at initial contact
and lift off; and
tail is down part or all of the time

20 Consistent plantar stepping and consistent coordination
gait; consistent toe clearance;

Continued on next page
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Table 2.2 – continued from previous page

Score Description

predominant paw position is parallel at initial contact
and lift off; tail consistently up; and trunk instability

21 Consistent plantar stepping and coordination gait
consistent toe clearance;
predominant paw position is parallel throughout stance,
consistent trunk instability, tail consistently up

Definitions
Slight: partial joint movement through less than half the range of
joint motion
Extensive: movement through more than half of the range of joint
motion
Sweeping: rhythmic movement of HL in which all three joints are
extended, then fully flex and extend again; animal is usually side-
lying, the plantar surface of paw may or may not contact the
ground; no weight support across the HL is evident
NoWeight Support: no contraction of the extensor muscles of the
HL during plantar placement of the paw, or no elevation of the
hindquarter
Weight Support: contraction of the extensor muscles of the HL du-
ring plantar placement of the paw, or elevation of the hindquarter
Plantar Stepping: the paw is in plantar contact with weight support
then the HL is advanced forward and plantar contact with weight
support is reestablished
Dorsal Stepping: weight is supported through the dorsal surface of
the paw at some point in the step cycle
FL–HL Coordination: for every FL step, an HL step is taken and the
HLs alternate
Occasional: less than or equal to half; ≤ 50%
Frequent: more than half but not always; 51–94%
Consistent: nearly always of always; 95–100%
Trunk Instability: lateral weight shifts that cause waddling from
side to side or a partial collapse of the trunk
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2.3.2 Parametric Gait Tests
A classical method in quantifying rodent’s gait is by using a footprint
test [Broo 09], where the positions of paws are documented by dyes on
a paper. In this test, the rodent’s paws are dyed in different colors, then
they walk in a narrow corridor over an absorbent paper. Then, the ro-
dent’s stride lengths, base width, overlap between front-hind paws, and
finger splay can be analyzed.

Gait analysis tools for rodents are continuously being developed.
Several existing spatio-temporal/kinematic gait analysis systems for ro-
dents are listed in Table 2.3, some of which are described by several
review works [Lake 16] [Jaco 14].

The following section (Section 2.4) will describe the CatWalk gait test
system, which is one of the runway-based markerless parametric gait
tests for rodents.
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Table 2.3: Several gait analysis systems for rodents

Gait Analysis System Company/References Specification

Ink-based foot-print test – Paw print analysis, paper.

CatWalk Noldus, Netherlands Paw print and silhouette analysis, camera,
markerless, runway, glass floor, ventral view,
darkened room.

Walkway TekScan, USA Paw print analysis, pressure sensor mat,
markerless.

DigiGait Mouse Specifics, USA Paw print analysis, camera, markerless,
treadmill or overground, transparent belt,
ventral view, bright room.

TreadScan CleverSys, USA Paw print and body analysis, camera,
markerless, treadmill, transparent belt,
ventral view, bright room.

GaitScan CleverSys, USA Paw print and body analysis, camera,
markerless, runway or treadmill, transparent
floor/belt, ventral view, bright room.

Continued on next page
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Table 2.3 – continued from previous page

Gait Analysis System Company/References Specification

KinemaScan CleverSys, USA Paw print, body and kinematic analysis,
camera, treadmill, transparent belt, ventral
and sagittal view, bright room.

MotoRater TSE System, Germany Paw print, body and kinematic analysis,
camera, runway, transparent floor, ventral
and sagittal view, bright room.

Gait Noveltec Inc., Japan Transparent running wheel with speed
controller, camera, ventral view, bright room.

GaitLab ViewPoint, France Paw print and silhouette analysis, camera,
markerless, runway, glass floor, ventral and
sagittal view, bright room.

MouseWalker [Mend 15] Paw print and body analysis, camera,
markerless, runway, glass floor, ventral view.

Gaitor: Agatha & Edgar [Kloe 17] [Jaco 17] Paw print and body analysis, camera,
[Jaco 18] markerless, runway, transparent floor,

ventral and sagittal view.

Continued on next page
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Table 2.3 – continued from previous page

Gait Analysis System Company/References Specification

LocoMouse [Mach 15] Paw print and kinematic analysis, camera,
markerless, runway, transparent floor,
ventral and sagittal view.

Transparent-runway-based [Chen 97] Paw Print analysis, runway, transparent floor
system with lined transparent film, video recording,

ventral view, semidark room.

White wooden trackway-based [Geld 15] Body analysis, camera, white wooden runway,
system dorsal and sagittal view, bright room.

Inverted U-shaped [Clar 99] [Coul 02] Paw print analysis, 2 cameras, markerless,
tunnel-based system [Clar 95] [Clar 91] [Clar 86] runway, glass floor, ventral view.

Treadmill-based system [Magh 16] [Magh 15] Kinematic analysis, 4 side-cameras,
markerless, treadmill, bright room

Force-sensing exercise wheel [Smit 15] Footfall analysis with force sensors, kinematic
analysis with camera, exercise wheel.

Depth-sensor-based [Naka 15] Foot print tracker, square open field,
foot-print tracking 3D imaging, markerless.

Continued on next page
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Table 2.3 – continued from previous page

Gait Analysis System Company/References Specification

Open-arena gait analysis [Alle 09] [Alle 12] Paw print, camera, markerless, open field,
[Alle 11] [Kloe 15] transparent floor, ventral and sagittal view.

Treadmill & running wheel [Cost 10] Camera, ventral and sagittal view, wheel or
-based system treadmill

* Rodents do not walk in the same way on overground/on a runway, on a treadmill [Guil 08], as well as in a wheel [Smit 15].
Rodents tends to have lower anxiety in dark environment [Aart 15] [Leza 17].
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2.4 CatWalk Gait Test System

The CatWalkTM system (Noldus, Wageningen, The Netherlands) is a
paw-position-based assessment system for rodents, which was first de-
veloped by Frank Hamers [Hame01] [Hame06]. The development idea
of the CatWalk system was raised by the difficulty of observing FL-HL
coordination in the well-known BBB test [Bass 95], because an observer
is only able to see a maximum of three paws simultaneously [Nold 12].
Compared with other available gait tests, the CatWalk gait test has the
advantage of evaluating gait in a darkened room without any mark on
the rodent body needed.

The CatWalk gait test system consists of a glass walkway where ro-
dents can traverse from one end to the other in a darkened room. Since
it uses the Illuminated Footprints TechnologyTM, footprints are illumi-
nated at the actual location where the pawsmake contact with the glass
walkway. The operation principle of the Illuminated Footprints techno-
logy in the CatWalk system is illustrated in Figure 2.1. Similar with the
principle of optical fiber, green light is sent into the long edge of a glass
plate and radiates inside the plate. Since the light rays strike the sur-
face below the critical angle, they reflect internally. The light escapes
only at the areas where the animal paws touch the plate. Therefore, the
footprints become visible.

From the ceiling above the walking rodent, red light is illuminated
(as illustrated in Figure 2.1). As a result, the rodent’s body silhouette is
visible from beneath the walkway. This body silhouette is used to facili-
tate the labeling of the footprints (designate if they originated from RF,
LF, RH, or LH paws).

The footprints and body silhouette information is recorded by a ca-
mera with a sampling rate (fs) of 100 Hz placed underneath the walk-
way. CatWalk-based captured image samples are shown in Figure 1.1.
This recorded video is processed by the CatWalk software [Nold 12].
First, the CatWalk software automatically checks the compliance of the
rodent’s run based on the walking speed and its variation. The walking-
speed maximum and minimum thresholds for this compliance check
can be selected by the researchers. The same applies to the walking-
speed variation thresholds. Typically, researchers select these thres-
holds to assure that the rodents walk in the walking speed range and
not performing any other activity. The footprint information recorded
by the videos is then labeled automatically by the software and can be
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Figure 2.1: An illustration of the operation principle of the Illuminated Foot-
prints technology and the placement of red light source in the CatWalk gait
test system.

revised manually by an experienced observer. Based on labeled foot-
prints in a video, several gait parameters are computed. Part of the Cat-
Walk gait parameters [Nold 12] are:

• Stride length (cm) is calculated by the distance between the cen-
ter points of two consecutive positions of the same paw.

• Stand time (s) is calculated by the contact duration with the walk-
way of a specific paw.

• Swing time (s) is calculated by the non-contact duration with the
walkway of a specific paw.

• Step cycle (s) is calculated by the duration of two consecutive in-
itial contacts of a specific paw (step cycle = stand time + swing
time).

• Body speed (cm/s) is calculated from each paw by dividing the
distance to the time of two consecutive initial contacts.

• Swing speed (cm/s) is calculated from each paw by dividing the
distance to the time during swing (swing speed = stride length/
swing time).
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• Duty cycle (%) is the ratio of stand time to step cycle (duty cycle
= stand time/step cycle). This is calculated from each paw.

• ‘Max contact at (%)’ is the ratio of ‘max contact at (s)’ to the stand
time (s), where ‘max contact at (s)’ is the time when maximum
paw-intensity is measured. This is calculated from each paw.

• Base of support (BOS) (cm) is calculated by averaging the width
on the y-axis between either front paws or hind paws (BOS front
paws = ȳRF − ȳLF ; BOS hind paws = ȳRH − ȳLH).

• Sequence AB (%) is the percentage of a specific LF–RH–RF–LH
paw sequence.

• Regularity index (RI) (%) is the ratio of the number of normal
step sequence pattern (NSSP) times four and the total number of
paw placement (PP) [Koop 05] (RI = NSSP×4/PP). There are six
patterns that are considered as NSSP [Chen 97]: cruciate (CA: RF–
LF–RH–LH; CB: LF–RF–LH–RH), alternate (AA: RF–RH–LF–LH;
AB: LF–RH–RF–LH), and rotary (RA: RF–LF–LH–RH; RB: LF–RF–
RH–LH).

• ‘Print position (cm)’ is the distance between the position of a hind
paw and the previously placed front paw on the same side of the
body calculated on the x-axis. If a rodent walks from left to the
right, this print position is equal to xF − xH.

All CatWalk gait parameters, including parameters calculated fromeach
paw (also known as paw statistics), are individually reported in expor-
ted output files, namely ’Run Statistics’ and ’Trial Statistics’. In addition,
paw position information from all video frames (also known as the dy-
namic paw placements or footfalls) can be accessed from a exported
output file, namely ’Run Data’.

2.5 Central Nervous System (CNS) Disorders
The brain and the spinal cord collectively form the central nervous sys-
tem (CNS), which integrates and coordinates the information received
from and sent to all parts of the body. The CNS influences body move-
ment and activities. Therefore, damage in the brain or spinal cord often
results inmovement disorders. The CNS disorders are part of the neuro-
logical disorders, which includes Parkinson’s disease (PD), Huntington
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disease (HD), and spinal cord injuries (SCI). In this dissertation, com-
putational methods were applied in rodents modeling PD, HD, an SCI.
Therefore, this section is continued by the fundamentals of these dis-
orders and their rodent models.

2.5.1 Parkinson’s Disease (PD)
PD in humans, first described by James Parkinson in 1817 [Park 02],
is a neurodegenerative disorder that is characterized by typical motor
symptoms called parkinsonism, which includes resting tremor, brady-
kinesia, muscular rigidity, and postural instability [Mcca 14] [Beit 14]
[Jank 08] [Tolo 06]. Other motor symptoms of PD include shuffling
gait, freezing, festination, flexed posture, gait instability, reduced stride
length, reduced gait speed, and poor balance [Jank 08] [Kluc 13]. Besi-
des these motor symptoms, some non-motor symptoms also appear in
PD such as hallucinations, depression, dementia, sleep disorder, speech
disorder, pain, constipation, and olfactory disturbance [Mcca 14].

A validated biomarker such as a blood test is not yet available for as-
sessing the progression of PD in humans [Haus 18] [Jank 08]. The pro-
gression assessment and the disease staging of PD in humans is scored
commonly based on the observed symptoms by standardized scores,
such as the unified Parkinson’s disease rating scale (UPDRS) as well as
the Hoehn & Yahr (H&Y) scale [Jank 08] [Kluc 13] [Goet 03].

The cause of PD is still unknown [Kali 15] [Macp 01]. However, it can
be related to Lewy bodies as well as the loss of dopaminergic neurons in
substantia nigra compact (SNC), which might be developed from gene-
tic or environmental factors [Macp 01] [Lees 09] [Kluc 12]. Lewy bodies
are abnormal aggregates ofα-synuclein (α-Syn) protein inside the nerve
cell [Mcca 14] [Spil 97]. This protein formed by 140 amino acids and is
encoded by the SNCA gene.

Several animal models are utilized in experiments related to PD. Ide-
ally, PD-relevant animal models should closely match human patho-
logy, especially in their motor symptoms, non-motor symptoms, Lewy
body formation (abnormal formation of protein in the nerve cells), neu-
ronal cell loss in the basal ganglia, and disease progression. However,
none of the current PD-relevant models can replicate all of the criteria
[Anto 11]. The currently existing neurotoxin (nerve tissue destructive
toxin)-based animal models of PD include the 6-hydroxydopamine (6-
OHDA)model, themethyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
model, the rotenone model, and the paraquat model [Bove 12]. The
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currently existing PD-relevant transgenic (genetically engineered) mo-
dels include the α-Syn models, the DJ-1 model, the Parkin model, the
PTEN-induced putative kinase 1 (PINK1) model, and the MitoPark mo-
del [Harv 08] [Mage 10].

In this dissertation, PD-relevant transgenic rodent models (α-Syn
models [Kohl 16] [Nube 13] [Wass 18]) are used in the studies described
in Chapter 3, 4, and 5.

2.5.2 Huntington Disease (HD)
In humans, HD, also known as chorea, is a neurodegenerative disorder
caused by an expansion of the cytosine, adenine, and guanine (CAG)
trinucleotide repeat within the Huntingtin (HTT) gene, which leads to
an abnormal protein called the HTT protein [McCo 18]. This HTT mu-
tation is mostly inherited from one generation to the next.

The early descriptions of HD-relevant disease in humans appeared
in some research works and reports particularly by Paracelsus, Thomas
Sydenham, Charcot, Mitchell, Osler, Gowers, Charles Waters, George
Huntington and Americo Negrette [Vale 15] [Roos 10]. HD is character-
ized by some motor symptoms such as choreatic involuntary move-
ment, lack of coordination, and unsteady gait, as well as non-motor
symptoms such as cognitive impairment, emotional problems, depres-
sion, irritability, abnormal facial expression, abnormal posturing, sleep
disturbance, and trouble in speaking [Roos 10] [Hunt 96]. The stride
lengths of HD patients are usually shorter compared with healthy con-
trols [Dano 14]. The progression of HD in humans is normally assessed
using a standardized scale, namely the unified Huntington disease ra-
ting scale (UHDRS) [Hunt 96].

Several animals are utilized to the HD-relevant experimental studies
including worms (Caenorhabditis elegans), fruitflies (Drosophilamelan-
gaster), mice, rats, sheep, pigs, and monkeys [Poul 13]. Before the deve-
lopment of transgenic models, HD-relevant animal models were based
on neurotoxins (nerve tissue destructive toxin), such as ibotenic acid or
kainic acid [Poul 13]. The first transgenic HD-relevantmousemodel was
described by Mangiarini et al. [Mang 96] [Bate 05]. There are currently
over 20 different HD-relevant rodent models, including truncated N-
terminal fragment of mutant HTT (mHTT) models (such as R6/1, R6/2,
and N171-Q82) and full-length mHTT models (such as knock-in mo-
dels, as well as transgenicmodels created using YAC or BAC technology)
[Poul 13].
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In this dissertation, a HD-relevant transgenic rodent model (BACHD
[Gray 08]) is used in the studies described in Chapter 4 and 5.

2.5.3 Spinal Cord Injury (SCI)
Approximately 291.000 persons suffered from SCI in the US in 2018
[Nati 19]. This injury occurs mostly due to vehicle crashes, falls, vio-
lence, and sport-related incidents [Nati 19] [Silv 14] [Ahuj 17] [Kjel 16].

The spinal cord sends information between the brain and peripheral
nerves. Therefore, an injury in the spinal cord affects the patient’s mo-
tor control and sensory capabilities. Injury is often followed by infec-
tions [Silv 14] and affects the quality of life of both patients and careta-
kers/family. The motor and sensory impairments of an SCI patient are
strongly influenced by the position and severity of the injury. The qua-
lity of life in SCI patients is mostly assessed using a subjective measure
called the satisfaction with life scale (SWLS), which is defined by the
patients’ independence [Ahuj 17].

For developing therapies to repair injured spinal cords, animal mo-
dels are often used. The most common animal SCI model are rats due
to their low cost, accessibility, handling, and the availability of well-
established analysis techniques [Silv 14] [Ahuj 17] [Kjel 16] [Cher 14]. In
addition, rats develop similar SCI-related symptoms as seen in humans.
As in humans, gait recovery in rats is a visible indicator of post-SCI re-
covery [Kjel 16].

The rat’s spinal cord is surrounded by three meninges (the pia ma-
ter, arachnoida mater, and dura mater) [Kjel 16] and by a bony structu-
re/vertebrae (a part of this bony structure is called lamina and a sur-
gery removing this part is called a laminectomy). This rat’s spinal cord
consists of the white matter and the gray matter, which surround the
central canal. A sketch of cross sectional views of a spinal cord is shown
in Figure 2.2a. The white matter is the location of the sensory (ascen-
ding) and motor (descending) nerve tracts/axons as shown in Figure
2.2b. Ascending nerve tracts in spinal cord include the dorsal columns,
spinothalamic, and spinocerebellar tracts [Kjel 16]. Descending nerve
tracts in spinal cord include the corticospinal, rubrospinal, reticulospi-
nal, vestibulospinal, raphespinal tracts [Kjel 16]. The location of these
nerve tracts in rats differs from the location in humans [Kjel 16].

The locomotion assessment of animal SCI models needs to be adjus-
ted according to the animal strain/breed and, in some cases, to the
location of injuries (cervical, thoracic, lumbar, sacral, or coccygeal).
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Figure 2.2: Sketch of cross sectional views of a rat spinal cord: (a) The white
matter, gray matter, and central canal (b) Approximate locations of ascending
(sensory) and descending (motor) nerve tracts.

For assessing locomotion of rat middle/lower-thoracic SCI models, the
21-point subjective BBB scale is commonly used [Bass 95] (as described
in Section 2.3.1). For analyzing locomotion of rat cervical SCI models,
the subjective forelimb locomotor assessment scale (FLAS) [Ande 09]
or the 17-point subjective forelimb locomotor scale (FLS) can be used
[Sing 14]. The locomotion of mousemiddle-thoracic SCImodels is com-
monly assessed by using the 9-point subjective Bassomouse scale (BMS)
[Bass 06] or the 30-point subjective Toyamamouse score (TMS) [Shig 14].
The BMS can be combined with the results from other motor tests to
form a combined motor function score, BLG [Pajo 10].

The injuries/lesions of a spinal cord can be generated in animal mo-
dels by contusion (by using a weight-drop device), transection (by using
knives or scissors), and compression (by using a clip, forceps, or bal-
loon) [Rose 04] [Silv 14] [Kjel 16]. The method of generating the lesion
will correspond to the affected nerve tracts, as well as to the motor and
sensory impairments. A transection will typically generate a precise le-
sion [Kjel 16], such as dorsal column lesions (Figure 2.3a), dorsal he-
misection lesions (Figure 2.3b), and lesions of specific nerve tracts. A
contusion will typically generate a non-nerve-tract-specific lesion as il-
lustrated in Figure 2.3c.

In this dissertation, rat SCImodels (contusion or transection,middle/
lower-thoracic or cervical) are used in the studies described in Chapter
6.
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Figure 2.3: Illustrations of the area affected by the spinal cord injury, lesion (a)
Dorsal column lesion (b) Dorsal hemisection lesion (c) Contusion lesion.

2.6 Digital Image Processing
Due to the ability to replay movement slowly, the innovation of mo-
tion image (video) recording brings a breakthrough in gait observa-
tion of both animals [Hild 89] [Muyb 99] as well as humans [Whit 96]
[Cout 99]. The information from the recorded video can be extracted
by using video and image processing approaches. In this dissertation,
the concepts of digital image processing were used to extract informati-
on (specifically morphological image processing approaches and back-
ground subtraction) from the recorded CatWalk videos (Chapter 4).

A digital video is a three-dimensional function fvideo(x, y, t), compo-
sed of a sequence of digital images fimage(x, y). The images structuring
a video are often referred as frames. The rate or frequency at which the
frames are displayed or recorded is expressed in frames per second (fps)
or in Hz.

An image is a two-dimensional function fimage(x, y), where x and
y are spatial coordinates, and fimage is the intensity of the image at
that point [Gonz 08]. When fimage, x, and y are discrete quantities, the
image is referred as a digital image. This digital image is composed of
picture elements (pixels). A digital gray-scale image commonly uses 8
bits to store the light intensity of each pixel. A binary image has only two
possible intensities (black and white, b/w) for each pixel, and therefore
the pixel can be stored as a single bit. In addition, a digital color image
includes color information by representing each pixel in three layers
(24-bit pixel depth). A color image can be represented in different color
spaces (also known as color models or color systems). Red-green-blue
(RGB) color space is a hardware-oriented most-commonly-used color
space [Gonz 08], in which pixels are represented in red, green, and blue
layers.
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The term digital image processing refers to the use of computer al-
gorithms in processing digital images. One of the techniques in digi-
tal image processing is morphological image processing, which aims to
change the shape or morphology of image components. Here an object
in a binary image can be represented as a set of pixels, e.g. in a binary
image, the coordinates of all white pixels are members of a set Ai. A
connected area or object in a binary image is called a binary large ob-
ject (blob). The area or the size of a blob often refers to the number of
pixels in the blob. In performingmorphological operations of an image,
a small binary object called structuring element Se is often used. By ap-
plying morphological image processing on an image, a new objectAr is
generated. The techniques of morphological image processing include
but are not limited to [Gonz 08]:

• Translation: Translates the origin of Ai by a point/vector z.

(Ai)z = {ar|ar = ai + z, for ai ∈ Ai} (2.1)

• Reflection: Reflects all elements of Ai about the origin of this set.

Âi = {ar|ar = −ai, for ai ∈ Ai} (2.2)

• Complement: Selects set of points, that are not in Ai.

Ac = {ar|ar /∈ Ai} (2.3)

• Dilation: Expands the boundary of Ai by Se.

Ai ⊕ Se = {z|[(Ŝe)z ∩Ai] ̸= ∅} (2.4)

• Erosion: Contracts the boundary of Ai by Se.

Ai ⊖ Se = {z|(Se)z ⊆ Ai} (2.5)

• Opening: Smooths contours, eliminates small islands, and sharp
peaks of Ai by Se.

Ai ◦ Se = (Ai ⊖ Se)⊕ Se (2.6)
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• Hole/region filling: Fills a region inAi bySe, given a starting point
X0 = p inside the region.

Xk = (Xk−1 ⊕B) ∩Ac k = 1, 2, 3, . . .

Afilled = A ∪Xk

(2.7)

The iteration in Eq. 2.7 stops at k (number of iterations), where
Xk = Xk−1.

Another technique in digital image processing is called background
subtraction, which aims to detect changes (foreground) from a back-
ground image. A simple approach to implement this in a gray-scale
image is by subtracting the pixel intensity of an image Iframe by its cor-
responding background image Ibackground, which yields the following
equation:

IFB = |Iframe − Ibackground| (2.8)

The pixels in IFB that have non-zero intensity are appointed as the fo-
reground area. A threshold is often used to decrease the over-sensitivity
of the approach. This yields:

Iforeground,area = |Iframe − Ibackground| > Threshold (2.9)

The foreground image Iforeground is the collection of pixels from the
original image Iframe in the foreground area Iforeground,area.

2.7 Signal Processing
Signal processing approaches were used in developing computational
methods described in Chapter 3. Therefore, this section starts with the
fundamentals regarding signals and different types of signals. This sec-
tion is continued by the fundamentals regarding signal processing ap-
proaches, specifically regarding the low pas filter (LPF) and the Fourier
transform.

A signal is generally described as a function (or a clue, a message,
an indicator) that expresses information [Oppe 14], which also could be
behavior-related information. When a signal is described as a function,
the independent variable(s) can be continuous or discrete. Continuous-
time signals or analog signals refer to signals defined along continuous
independent variable(s). An example of an one-dimensional continuous-
time signal is shown in Figure 2.4a. Discrete-time signals refer to signals
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Figure 2.4: Examples of signals (a) Continuous-time signal (b) Discrete-time
signal, can be also represented as a sequence of numerical values, [0, 0.07, 0,
-0.09, 0, 0.13, ...] (c) Digital signal

defined at discrete independent variable(s), commonly integer varia-
ble(s). Discrete-time signals are often represented by sequences of nu-
merical values. A discrete-time signal can be generated from a continu-
ous-time signal by the approach of sampling. An one-dimensional dis-
crete-time signal example is given in Figure 2.4b. The amplitude or the
dependent variable of a signal can be also continuous or discrete. Digi-
tal signals are signals, which both independent variable(s) and depen-
dent variable(s) are discrete. A digital signal can be generated from a
discrete-time signal by the approach of quantization as shown in Figure
2.4c.

The term signal processing refers to the representation, transfor-
mation, manipulation, analysis, and synthesis of signals [Oppe 14]. A
transformation that maps an input sequence x[n] into an output se-
quence y[n] is often referred to a discrete-time system. In this disserta-
tion, two approaches in discrete-time signal processing are introduced,
namely the discrete-time LPF and the short time fast Fourier transform
(STFFT).
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2.7.1 Low Pass Filter (LPF)
The approach of Hamming windowing is used in Chapter 3 as a LPF.
The Hamming window is a discrete-time finite impulse response (FIR)
system, that is often used as a filter. Therefore, this subsection starts
with the fundamental regarding filters, FIR filters, and the Hamming
windowing.

Filters are linear time-invariant systems that select or modify sig-
nals according to their frequency components. Specifically, the LPF
passes the low-frequency component of a signal and attenuates the
high-frequency components of the signal. As discrete-time systems can
be categorized into infinite impulse response (IIR) and finite impul-
se response (FIR), discrete-time filters can be also categorized by IIR
filters and FIR filters. IIR filters are designed commonly by applying
transformation from continuous-time filters into discrete-time IIR fil-
ters, whereas FIR filters are designed commonly by approximating the
desired frequency response and impulse response [Oppe 14].

The simplest FIR filter designing method is based on windowing.
The rectangular window, the Bartlett (triangular) window, the Hanning
window, the Hamming window, and the Blackman window are win-
dows that are frequently used as filters [Oppe 14]. The rectangular win-
dow, Hanning window, and Hamming window with a length of Mw +1
can be expressed as Eq.2.10, Eq.2.11 and Eq. 2.12, respectively.

wrectangular[n] =
{
1, 0 ≤ n ≤ Mw

0, otherwise (2.10)

wHanning[n] =
{0.5− 0.5 cos(2πn/Mw), 0 ≤ n ≤ Mw

0, otherwise (2.11)

wHamming[n] =
{0.54− 0.46 cos(2πn/Mw), 0 ≤ n ≤ Mw

0, otherwise (2.12)

Compared with the rectangular window, the Hamming and Hanning
windows have lower side lobes in the frequency-domain and a smoother
transition in the time-domain [Oppe 14] [Blac 58]. The Hamming win-
dowdoes not touch zero at the end point in the time-domain such as the
Hanning window. The representations of these windows in the time-
and frequency-domains are illustrated in Figure 2.5.
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Figure 2.5: The rectangular, Hanning, and Hamming windows in the time and
frequency domains with Mw = 23.

2.7.2 Fourier Transform
The approach of short time fast Fourier transform (STFFT) is used in
Chapter 3. The Fourier analysis is typically used to convert a signal or a
system from the time-domain to the frequency-domain. The use of the
Fourier analysis in discrete-time systems is affected by the sampling ap-
proach (the approach of obtaining a discrete-time signal/system from a
continuous-time signal/system). Therefore, this subsection starts with
the fundamental of the Nyquist frequency, which is the maximum fre-
quency that can be described by a discrete-time signal. It is followed
by the fundamentals of several Fourier analysis, including the discrete-
time Fourier transform (DTFT), the discrete Fourier transform (DFT),
the fast Fourier transform (FFT) as well as the short time fast Fourier
transform (STFFT).

As introduced in Figure 2.4, a discrete-time sequence x[n] can be ob-
tained by sampling a continuous-time signal x(t) according to
x[n] = x(nTs), where Ts represents the sampling period, fs = 1/Ts

is the sampling frequency in Hz, and ωs = 2π/Ts is the sampling
frequency in rad/s. In case that x(t) is a band-limited signal with a
maximum frequency of |ω| = ωM , the sampling theorem describes that
x(t) is uniquely determined by its samples x[n] = x(nTs) if ωs > 2ωM
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[Nyqu 28] [Oppe 96]. The frequency 2ωM is often referred as the Ny-
quist rate and the frequency ωM is often referred as the Nyquist fre-
quency.

The discrete-time Fourier transform (DTFT) of a sequence x[n] provi-
des information about the composition of various-frequency complex-
exponentials. This DTFT is often referred as spectrum and is described
in Eq.2.13 [Oppe 96]. The resulting Fourier transform X(ejω) is a pe-
riodic function with a period of 2π. The high-frequency components of
x[n] are represented by the values of X(ejω) with ω near the odd mul-
tiplies of π. When x[n] is real, ||X(ejω)|| = ||X(e−jω)||. Moreover, the
energy-density spectrum of x[n] is defined by ||X(ejω)||2.

X(ejω) =

+∞∑
n=−∞

x[n]e−jωn (2.13)

A DTFT version of finite-length signals is represented by the discre-
te Fourier transform (DFT). The DFT of an Nl-length sequence is de-
scribed in Eq. 2.14 [Oppe 14]. The spacing between DFT frequencies is
2π/Nl, and therefore the frequencies related to those frequencies are
ωk = 2πk/Nl. The computation of all the values of X[k] requires N2

l

complex multiplications and Nl(Nl − 1) complex additions.

X[k] =

Nl−1∑
n=0

x[n]W kn
N , 0 ≤ k ≤ Nl − 1

WN = e−j(2π/Nl)

(2.14)

The fast Fourier transform (FFT) is an efficient computational algorithm
to compute the DFT. By exploiting its symmetry and periodicity pro-
perties, the computation of the FFT requires roughly Nl log2 Nl com-
plex multiplication. One of the FFT algorithms is the Cooley-Tukey al-
gorithm [Cool 65] [Duha 90], which has several variations, such as the
decimation in time and the decimation in frequency [Oppe 14].

The time-varying Fourier transform was introduced by considering
that the Fourier transform is not directly applicable for the analysis of
a signal, which has properties that change as a function of time. For
example, in the analysis of speech processing, short-time analysis prin-
ciple is seen as a valid approach [Rabi 78]. Here, the temporal proper-
ties are assumed fixed over a short time and the spectral properties are
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assumed to change relatively slowly. The time-varying Fourier trans-
form is described by Eq. 2.15, where w[m] is a real window sequence
and n is a particular time index. The length of the windoww[m] is often
finite [Rabi 78]. Ifw[m] is a rectangular windowwith a length ofMw+1,
the time-varying Fourier transform can be described by Eq. 2.16

Xn(e
jω) =

+∞∑
m=−∞

w[m− n]x[m]e−jωm (2.15)

Xn,r(e
jω) =

n+Mw∑
m=n

x[m]e−jωm (2.16)

The efficient computation algorithm to compute a time-varying Fourier
transform is called short time fast Fourier transform (STFFT).

2.8 Linear Discriminant Analysis (LDA)
The linear discriminant analysis (LDA), also known as the Fisher discri-
minant analysis (FDA), was first designed by Fisher [Fish 36] to find a
linear function that best discriminates between two groups. In addition
to the use in data analysis, the LDA is also applied for extracting features
and for reducing dimensionality [Li 05].

Given samples with a number of independent parameters, the LDA
generates a linear combination of the parameters, which yields the
largest differences between the two groups [Mart 01]. To achieve this,
two different measures are defined:

• Within-class scatter matrix

Sw =

c∑
j=1

Nj∑
i=1

(xji − µj)(xji − µj)
T (2.17)

• Between-class scatter matrix

Sb =

c∑
j=1

(µj − µ)(µj − µ)T (2.18)

54



2.8 Linear Discriminant Analysis (LDA)

Figure 2.6: An illustration of the LDA principle.

In Eq. 2.17 and Eq. 2.18, xji ∈ Rk is the i–th sample of group j, µj is the
mean of group j, c = 2 is the number of groups, Nj is the number of
samples in the groups j, µ represents the mean of all groups, and k is
the number of parameters.

The LDA aims to maximize the between-class scatter and minimize
the within-class scatter, which can be done by maximizing the ratio
(det |Sb|/det |Sw|). This can be achieved by solving the eigen-value pro-
blem as stated in Eq. 2.19, wherew represents the eigen-vector and λ re-
presents the eigen-value. The eigen-vector with the highest eigen-value
w1 ∈ Rk will typically represent the vector that best discriminates the
two groups (illustrated in Figure 2.6). For a new unseen data z ∈ Rk, its
projection to the resulting eigen-vector is equal to the linear combina-
tion of parameters as expressed in Eq. 2.20.

S−1
w Sbw = λw (2.19)

|w1||z|cosθ = w1 · z =

k∑
i=1

w1,izi (2.20)

In this dissertation (Chapter 6), the LDA is used as the basis of develo-
ping a linear combination of gait parameters.
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3 Dynamic-Footprint-basedLocomotion
Sway Assessment in Mice

This chapter presents computational methods designed for quantify-
ing sway-related gait parameters in mice. The material, methods, re-
sults, and discussion of this chapter are closely based on manuscripts
published in the Journal of Neuroscience Methods [Timo 18b] and the
journalData in Brief [Timo 18c], whichwerewritten by the author of this
dissertation in collaboration with the coauthors of the manuscripts.

The CatWalk data used in this chapter were collected primarily by
the coauthors, Fabio Canneva and Georgia Minakaki. The author of this
dissertation subsequently developed computational methods through
which the data were evaluated. The samemousemodels were also invol-
ved in an intervention study published in the journal Behavioral Brain
Research [Mina 19], where the author of this dissertation is a coauthor
of the publication. In addition, thismousemodels is also used in a study
described in Chapter 5, presented in the proceeding of the Measuring
Behavior Conference 2018 [Timo 18a], and published in the Journal of
Neuroscience Methods [Timo 19a].

The author of this dissertation implemented signal processing ap-
proaches for assessing sway and applied the methods to CatWalk data
of PD-relevant mice. The fundamentals relating to this chapter are gi-
ven in Section 2.5.1 (PD) and Section 2.7 (signal processing).

3.1 Overview
Sway during locomotion is one of the gait characteristics related to PD.
Therefore, assessing sway during gait tests is valuable for the obser-
vation of gait progression in preclinical studies related to PD. Three
computational methods for assessing locomotion sway based on the re-
corded paw positions are described here. The methods were applied to
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Figure 3.1: Graphical overview: Dynamic-footprint-based locomotion sway as-
sessment in mice. Three computational methods are presented in this chap-
ter: (i) FFT-based sway parameter (ii) FFT-based intensity sway parameter (iii)
LPF-based sway parameter or sway index. This image was reproduced from
[Timo 18b] with permission.

the CatWalk dynamic footprint data collected from two α-synuclein (α-
Syn) mouse models and their wild-type littermates.

The CatWalk dynamic footprint data provide the temporal and spa-
tial information of the paw contacts to the transparent walkway. Using
signal processing approaches based on the FFT and the LPF, three com-
putational methods for generating sway-related gait parameters were
developed: (i) FFT-based sway parameter (ii) FFT-based intensity sway
parameter (iii) LPF-based sway parameter or sway index. An overview
of the methodological pipeline is depicted in Figure 3.1.

The three methods were applied to dynamic footprint data recorded
from all paws as well as from front-/hind-paws separately, resulting in
total nine sway-related parameters. These parameters were used to dif-
ferentiate the mouse models, α-Syn mouse models and their wild-type
littermates. Higher sway-related parameters were observed in the α-Syn
mouse models compared with the wild-type mice.

The computational methods presented here quantify sway-related
characteristic during walking. These methods add new gait informa-
tion, which was obtained from data collected from the standard gait
analysis system, CatWalk.
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3.2 Material and Methods

3.2.1 Animals and Data Acquisition
A total of 33 male mice, all backcrossed on to C57BL/6N genetic back-
ground, were used at 7months of age. Themice were grouped into three
cohorts:

• 12 non-transgenic mice (wild-type, “WT” mice).

• 13 mice bearing a knock-out for the endogenous murine α-Syn
(“KO” mice, described in [Abel 00]).

• 8 double transgenic mice, with compensatory expression of hu-
man α-synuclein (α-Syn) protein, under the control of a bacteri-
al artificial chromosome (BAC) construct (described in [Kohl 16]
[Nube 13] [Wass 18]), on the mouse α-Syn knock-out background
(“huWT/KO” mice).

These α-Syn mouse models were generated by mating male huWT/KO
with female α-Syn knock-out mice [Mina 19]. There were no signifi-
cant body weight differences across the three cohorts (31 ± 2.47 g,
mean ± SD). These same mice were involved in an intervention stu-
dy published in [Mina 19].

The mice were kept under the standard specific-pathogen-free (SPF)
laboratory conditions on a 12h:12h light:dark cycle, where food and wa-
ter were available ad libitum. All procedures were approved by the local
Animal Welfare and Ethics committee of Bavaria, Germany
(RegUFr#55.2-2532-2-218).

Each mouse can explore and walk freely above the CatWalk walkway.
Experimental sessions typically lasted 5–10min, after which eachmouse
was returned to its own home-cage, in order to reduce habituation of
the mice to the environment and the appearance of unwanted behav-
iors (e.g. sniffing, rearing, sitting). All runs were recorded in the dark
at a minimum level of external disturbing factors and 2–4 compliant
runs were recorded from each mouse. A total of 34, 32, and 24 com-
pliant runs were collected for this study, from WT, KO, and huWT/KO
mice, respectively. In this chapter, the information of paw positions and
their intensities in each frame of the CatWalk videos is used to describe
locomotion sway of each mouse.
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3.2.2 FFT–based Locomotion Sway Descriptors
The first two methods describe sway based on the recorded paw positi-
ons in lateral (y-axis) as a function of time. Examples of these recorded
paw positions from all paws (RF, RH, LF, and LH) are depicted in Fi-
gure 3.2. Subsequently, the mean of the paw positions in every frame is
computed, resulting the center of paw positions xc0[n] (black lines in
Figure 3.2), with n = 1, 2,…, N , where N is the number of frames with
labeled paws in the captured video. The values ofN were 112 and 234 for
the WT mouse in Figure 3.2a and the huWT/KO mouse in Figure 3.2b,
respectively.

The center position xc0[n] was subtracted by its mean value. This
mean value of xc0[n] reflects the walkingmiddle path and does not con-
vey any sway-related information. Therefore, it is eliminated and the
resulting function is then denoted by xc[n].

xc[n] = xc0[n]− xc0[n] (3.1)

In these methods, sway is characterized by the lateral movement at
a specific frequency range. The frequency content of xc[n] was analy-
zed by using the short time fast Fourier transform (STFFT) [Rabi 78],
which was computed for every shift NS samples of NW window size
(NS : the amount of window shift; NW : the size of window), resulting
the frequency-domain function XW [f,m], with f = 0, 1, 2,…, Nw − 1
and m = 1, 2,…,M , where M = ⌊(N −NW )/NS⌋ is the number of the
windowed signal.

XW [f,m] = STFFT(xc[n]) (3.2)

The spectrum information, Xc[f ], of the complete signal, xc[n], was
computed by averaging the absolute value of XW [f,m] over all m.

Xc[f ] = ∥XW [f,m]∥ (3.3)

This spectrum information is used to examine normal gait cycle and
sway associated signals. The frequency content associated with a nor-
mal gait cycle was chosen by analyzing the mean of WT step cycle,
which is 0.28 ± 0.05 second (mean ± SD) and leads to 3.60 ± 0.66
step/sec (mean ± SD). The frequency contents, lower than this normal
gait cycle (3.60± 0.66 step/sec), are considered associated with the bo-
dy locomotion sway. This assumption is based on knowledge that the
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Figure 3.2: Examples of paw positions and their center positions as functions
of time (blue: RF; magenta: LF; red: RH; and green: LH). (a) a WT mouse
(b) a huWT/KOmouse. The SD of the center and paw positions were also shown
in the figure and serves as additional information, which were impacted by the
mouse movement. This image was reproduced from [Timo 18b] with permissi-
on.

postural sway components are typically concentrated at the lower spec-
trum (0–1 Hz) [Morr 08]. A shift ofNS = 5 samples was used and a win-
dow size ofNW = 64was chosen concerning the normal step frequency
range and the limitation of labeled frame numbers, N . Thus, with a vi-
deo sampling rate (fs) of 100 Hz, each sample in the frequency domain
is separated by 1.56 Hz. Using the information given by the resulting
Xc[f ], the normal gait cycle was associated with f = 2, 3 (frequency
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Figure 3.3: Examples of frequency contents, Xc[f ] for f = 0, 1, 2,…, NW /2,
computed from the signal in Figure 3.2 (a) a WT mouse (b) a huWT/KO mouse.
This image was reproduced from [Timo 18b] with permission.

bin center of 3.13 and 4.69 Hz, respectively) and the locomotion body
sway is associated with f = 0, 1 (frequency bin center of 0 and 1.56 Hz,
respectively). Since the step frequency averages for KO and huWT/KO
are respectively 3.1 and 2.7 step/sec, it can be expected that the normal
gait cycle for KO and huWT/KO is expressed in Xc[f ] with f = 2, 3 as
well. The frequency content, Xc[f ] for f = 0, 1, 2,…, NW /2, as a func-
tion of frequency of the signals in Figure 3.2 are shown in Figure 3.3.
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The energy of these frequency components were then calculated as
follows:

En = sum(X2
c [f ]), with f = 2, 3 (3.4)

Es = sum(X2
c [f ]), with f = 0, 1 (3.5)

The locomotion sway was then described by the ratio of body sway en-
ergy, Es, and normal cycle energy, En:

Sp,FFT =
Es

En
(3.6)

In addition to the positions of the labeled paws, the CatWalk system
also provides information about the mean, the minimum and the max-
imum intensity of each labeled paw within a 0–255 range. The infor-
mation regarding the intensity corresponds to the amount of pressure
exerted by the paws over the glass surface. For developing the second
FFT-based locomotion sway descriptor, the same approach as described
above was also performed on the product of the paw positions and their
related intensity means on the y-axis, resulting on an intensity locomo-
tion sway parameter, S(i,FFT ). In this second locomotion sway descrip-
tor, the means of paw intensities were first scaled by the minimum in-
tensity to eliminate the effect of different minimum footprint intensity
thresholds.

Finally, the locomotion sway descriptors were calculated based on the
front paws and hind paws separately. Figure 3.4 shows the paw positions
and their center positions from front- and hind- paws of paw positions
of both WT and huWT/KO mice shown in Figure 3.2. The frequency
contents of those positions are shown in Figure 3.5. The FFT-based lo-
comotion sway parameters of the paw positions shown in Figure 3.2 are
also listed in Table 3.1.
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Figure 3.4: Examples of front- and hind- paw positions and their center posi-
tions as functions of time taken from the same paw positions as in Figure 3.2
(a) a WT mouse, front (b) a huWT/KO mouse, front (c) a WT mouse, hind
(d) a huWT/KO mouse, hind. This image was reproduced from [Timo 18b] with
permission.
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Figure 3.5: Examples of frequency contents, Xc[f ] for f = 0, 1, 2,…, NW /2, of
the front- and hind- paws as function of frequency taken from the same paw
positions as in Figure 3.2 (a) a WT mouse, front (b) a huWT/KO mouse, front
(c) aWTmouse, hind (d) a huWT/KOmouse, hind. This image was reproduced
from [Timo 18b] with permission.

65



3 Dynamic-Footprint-based Locomotion Sway Assessment in Mice

Table 3.1: The FFT-based locomotion sway parameters of the paw
positions shown in Figure 3.2

Algorithm WTmouse huWT/KOmouse

Sp,FFT 0.29 2.03
Si,FFT 0.22 1.45

Sp,FFT,front 0.24 0.55
Si,FFT,front 0.48 0.64
Sp,FFT,hind 0.10 0.37
Si,FFT,hind 0.10 0.42

Sp,FFT : FFT-based locomotion sway parameter
Si,FFT : FFT-based intensity locomotion sway parameter

3.2.3 Estimated Locomotion Sway Index
The third method describes sway in a straight walkway based on the
estimated path, which was calculated by employing a LPF on the paw
positions on both the x-axis and y-axis as a function of time. In this
method, the LPF is used mainly to reduce the effect of normal gait cycle
paw positions on the estimated path.

The locomotion sway index is defined as the ratio of the horizontal
path distance and the straight-line displacement [Geld 15]. In this work,
the path distance was estimated by the labeled paw positions. This me-
thod is based on the paw positions on the x-axis and the y-axis as a
function of time and it was implemented as follows.

First, the center point of the labeled paws for every frame, (x[n], y[n])
with n = 1, 2,…, N was computed (where N is the total number of
frames with labeled paws). Then, the mean of the center point posi-
tion on the y-axis y[n] was removed, because this mean only contain
the information of walking middle path.

(xp[n], yp[n]) = (x[n], y[n]− y[n]) (3.7)

The center paw position on the y-axis yp[n] was then filtered using a
symmetric low pass Hamming filter [Oppe 14] (20th order, cutoff fre-
quency of 1 Hz) to describe the walking path, yh[n].

The center paw position on the x-axis xp[n]was also filtered by a sym-
metric Hamming low pass filter (3rd order, cutoff frequency of 20 Hz)
to smooth the signal and eliminate high frequency fluctuations. The
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filtered signal of xp[n] is denoted by xh[n]. Figure 3.6 shows the fil-
tered signal (xh[n], yh[n]) and the labeled paw positions from the mice,
which paw positions were depicted in Figure 3.2. This filtered signal
(xh[n], yh[n]) is referred as the estimated path of the locomotion.

The horizontal path distance, p, from the signal (x[n], y[n]) was esti-
mated by calculating the Euclidean distance of the adjacent points
(Equation 3.8).

p =

N−
⌊

Ny
2

⌋∑
n=

⌊
Ny
2

⌋
+1

√
(xh[n]− xh[n− 1])2 + (yh[n]− yh[n− 1])2 (3.8)

The straight-line displacement was then estimated based on the mini-
mum and the maximum value of paw positions on the x-axis:

d = max(xh[n])−min(xh[n])

n =

⌊
Ny

2

⌋
+ 1, . . . , N −

⌊
Ny

2

⌋ (3.9)

The locomotion sway index was finally estimated by

Sindex =
p

d
(3.10)

The sway index was estimated for the front paws and hind paws, separ-
ately. The estimated path of the front- and hind-paws of the paw posi-
tions in Figure 3.2 are shown in Figure 3.7. The estimated sway indexes
of the paw positions in Figure 3.2 are also listed in Table 3.2.

Table 3.2: The estimated sway indexes of the paw positions
shown in Figure 3.2 and Figure 3.6

Algorithm WTmouse huWT/KOmouse

Sindex 1.03 1.17
Sindex,front 1.04 1.12
Sindex,hind 1.13 1.16
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Figure 3.6: Examples of paw positions taken from the same paw positions as
in Figure 3.2 and (a) their center of paw positions as a function of time, WT
(b) their estimated path, WT (c) their estimated path, huWT/KO. This image
was reproduced from [Timo 18b] with permission.
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Figure 3.7: Examples of paw positions and the estimated path of front- and
hind-paws taken from the same paw positions as in Figure 3.2 and Figure 3.6
(a) a WT mouse, front (b) a huWT/KO mouse, front (c) a WT mouse, hind
(d) a huWT/KO mouse, hind. This image was reproduced from [Timo 18b] with
permission.
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3.2.4 Analysis
For the purpose of the analysis, the sway parameters from the runs of
each mouse were averaged. The sway differences between these three
cohorts of mice were analyzed by using the one-way analysis of vari-
ance (ANOVA) [Arms 00] [Fish 21], [Mull 09] and the multiple compari-
son tests by Bonferroni correction in Matlab R2015a (8.5.0). These tests
return the p-values of the three-cohort-comparison as well as the pair-
wise comparison. Other comparison analyses were performed by using
the unpaired student’s t-test [Derr 16] between WT and the combina-
tion of KO and huWT/KO, as well as the F-tests. For the correlation
analysis of the sway parameters, the p-values as well as the coefficients
of determination, R2 [Nage 91] were computed.

3.3 Results
The mean, standard deviation (SD), and standard mean error (SEM)
values of all the locomotion sway parameters in each cohort are given
in Table 3.3 and Figure 3.8. By comparing the means of sway parameters
with the other cohorts, the WT mice have the lowest sway parameter
values and the huWT/KOmice have the highest sway parameter values.
A similar trend is shown by the SD values.

The p-values and f-values of the statistical analysis are given in Ta-
ble 3.4. The corresponding significant differences based on the resulted
p-values are also shown in Figure 3.8. Significant differences between
the three cohorts as well as significant differences between WT and
huWT/KO can be seen in all of the sway parameters, except for Si,FFT .
This exception is influenced by the relatively low mean values and high
SD values of the Si,FFT of huWT/KOmice. A significant difference bet-
ween WT and KO is only observed in Sindex,front. With the exception
of Si,FFT,front, significant differences between WT and non-WT are
observed in all of the sway parameters.

The p-values and the coefficients of determination (R2 values) are gi-
ven in Table 3.5. TheR2 values are mostly low, especially for the correla-
tion between the FFT-based and LPF-based parameters. HighR2 values
are observed between the FFT-based sway parameters calculated from
the front- and hind- paws. However, among all of the parameters, the
p-values show significant correlations (p < 0.05).
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Table 3.3: The mean ± SD of sway parameters in cohorts of mice

WT KO huWT/KO KO &
Algorithm huWT/KO

Sp,FFT 0.74 ± 0.36 1.25 ± 0.73 1.57 ± 0.79 1.37 ± 0.75
Si,FFT 0.70 ± 0.41 1.26 ± 0.85 1.46 ± 1.00 1.34 ± 0.89
Sindex 1.09 ± 0.05 1.15 ± 0.08 1.22 ± 0.14 1.17 ± 0.11

Sp,FFT,front 0.49 ± 0.53 0.96 ± 0.65 1.97 ± 1.90 1.35 ± 1.33
Si,FFT,front 0.62 ± 0.36 0.96 ± 0.60 1.91 ± 1.67 1.32 ± 1.19
Sindex,front 1.09 ± 0.02 1.14 ± 0.05 1.18 ± 0.07 1.15 ± 0.06
Sp,FFT,hind 0.19 ± 0.14 0.53 ± 0.42 0.97 ± 1.15 0.70 ± 0.79
Si,FFT,hind 0.19 ± 0.14 0.56 ± 0.44 0.91 ± 1.04 0.69 ± 0.73
Sindex,hind 1.21 ± 0.07 1.29 ± 0.09 1.38 ± 0.16 1.32 ± 0.13

Sp,FFT : FFT-based locomotion sway parameter
Si,FFT : FFT-based intensity locomotion sway parameter
Sindex: Locomotion sway index
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Figure 3.8: Locomotion sway parameters: Mean ± SEM and their signifi-
cant differences between cohorts (*p < 0.05, **p < 0.01, ***p < 0.001):
(a) S(p,FFT ) (FFT-based locomotion sway parameter) (b) S(i,FFT ) (FFT-
based intensity locomotion sway parameter) (c) Sindex (locomotion sway in-
dex) (d) S(p,FFT,front) (e) S(i,FFT,front) (f) S(index,front) (g) S(p,FFT,hind)

(h) S(i,FFT,hind) (i) S(index,hind). This image was reproduced from [Timo 18b]
with permission.
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Table 3.4: Statistical analysis results, p-value (f -value), of the comparison tests between the cohorts. The tests were
done using the one-way ANOVA, multiple comparison test by Bonferroni correction, unpaired t-test, and F-test.

ANOVA and Multiple Comparison Test Unpaired t–test
Algorithm 3 cohorts WT–KO WT–huWT/KO KO–huWT/KO WT–(KO & huWT/KO)

Sp,FFT 0.02 (4.3) 0.17 (4.7) 0.03 (10.1) 0.84 (0.9) 0.01 (7.3)
Si,FFT 0.07 (2.9) 0.23 (4.3) 0.11 (5.7) 1 (0.2) 0.03 (5.5)
Sindex 0.01 (5.2) 0.32 (5.1) 0.01 (9.2) 0.25 (2.3) 0.01 (6.8)

Sp,FFT,front 0.02 (4.8) 0.82 (3.9) 0.01 (6.7) 0.13 (3.2) 0.04 (4.5)
Si,FFT,front 0.02 (4.9) 1 (2.7) 0.01 (6.8) 0.08 (3.6) 0.06 (3.8)
Sindex,front 10−4 (9.8) 0.04 (11.5) 10−4 (18.5) 0.14 (3.0) 10−4 (13.8)
Sp,FFT,hind 0.03 (3.8) 0.53 (7.2) 0.03 (5.6) 0.38 (1.6) 0.03 (5.0)
Si,FFT,hind 0.04 (3.8) 0.36 (7.8) 0.03 (5.8) 0.57 (1.2) 0.02 (5.6)
Sindex,hind 10−3 (6.7) 0.25 (5.4) 10−3 (11.5) 0.13 (3.3) 10−3 (8.0)

Sp,FFT : FFT-based locomotion sway parameter
Si,FFT : FFT-based intensity locomotion sway parameter
Sindex: Locomotion sway index
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Table 3.5: Sway parameter correlations calculated by p-values and the coefficients of determination (R2 values)

Sp,FFT Si,FFT Sindex Sp,FFT,f Si,FFT,f Sindex,f Sp,FFT,h Si,FFT,h Sindex,h

Sp,FFT R2 1 – – – – – – – –
p 0 – – – – – – – –

Si,FFT R2 0.55 1 – – – – – – –
p 10−6 0 – – – – – – –

Sindex R2 0.42 0.45 1 – – – – – –
p 10−5 10−5 0 – – – – – –

Sp,FFT,f R2 0.52 0.36 0.67 1 – – – – –
p 10−6 10−4 10−8 0 – – – – –

Si,FFT,f R2 0.51 0.37 0.67 0.91 1 – – – –
p 10−6 10−4 10−8 10−17 0 – – – –

Sindex,f R2 0.26 0.33 0.75 0.44 0.48 1 – – –
p 0.002 10−4 10−10 10−5 10−5 0 – – –

Sp,FFT,h R2 0.55 0.56 0.74 0.77 0.86 0.54 1 – –
p 10−6 10−6 10−10 10−11 10−14 10−6 0 – –

Si,FFT,h R2 0.53 0.61 0.75 0.74 0.82 0.54 0.98 1 –
p 10−6 10−7 10−10 10−10 10−12 10−6 10−28 0 –

Continued on next page
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Table 3.5 – continued from previous page

Sp,FFT Si,FFT Sindex Sp,FFT,f Si,FFT,f Sindex,f Sp,FFT,h Si,FFT,h Sindex,h

Sindex,h R2 0.25 0.21 0.69 0.53 0.62 0.81 0.61 0.57 1
p 0.003 0.007 10−9 10−6 10−7 10−12 10−7 10−7 0

Sp,FFT : FFT-based locomotion sway parameter
Si,FFT : FFT-based intensity locomotion sway parameter
Sindex: Locomotion sway index
Sp,FFT,f = Sp,FFT,front: FFT-based locomotion sway parameter from the front paws
Si,FFT,f = Si,FFT,front: FFT-based intensity locomotion sway parameter from the front paws
Sindex,f = Sindex,front: Locomotion sway index from the front paws
Si,FFT,h = Si,FFT,hind: FFT-based intensity locomotion sway parameter from the hind paws
Sp,FFT,h = Sp,FFT,hind: FFT-based locomotion sway parameter from the hind paws
Sindex,h = Sindex,hind: Locomotion sway index from the hind paws
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3.4 Discussion
This study introduces three methods for assessing locomotion sway in
mice based on the labeled footprints. The methods were applied on the
gait data taken from WT mice and their α-Syn transgenic littermates,
which are used as positive controls. The first twomethodswere based on
the paw positions along the y-axis as a function of time and processed
based on the FFT, while the third method is based on the estimated
path and processed based on the LPF. These methods quantify higher
sway-related gait parameters in the α-Syn transgenic mouse models as
compared to the WT mice.

The results, presented in Table 3.3 and Figure 3.8, show higher sway-
related parameter mean values in the α-Syn transgenic mouse models
compared to their non-transgenic littermates. Significant differences
between the WT mice and the huWT/KO mice were observed in eight
of the nine sway parameters. These sway differences were observed and
matched with the recorded videos by the CatWalk system.

The LPF-based sway descriptors showed higher f-values and lower
p-values between the WT and huWT/KO mice compared with the FFT-
based sway descriptors due to the small SD value of the LPF-based sway
descriptors in each cohort. In addition, one of the LPF-based sway de-
scriptors, Sindex,front, can identify significant difference between the
KO and huWT/KO mice.

The sway-related gait parameters, described in this study, can also
be calculated only from the front- or hind-paws. The α-Syn transgenic
mice show higher front- and hind- paw sway-related parameters com-
pared to their non-transgenic littermates. The sway assessment from
the front- and hind- paws separately is valuable for obtaining additio-
nal information relating to the gait, such as the sway of part of the body.
Furthermore, it can be used in the circumstances, in which only front-
or hind-paws can be detected.

By comparing the test results of the with- andwithout- intensity FFT-
based sway parameters, shown in Table 3.3 and Figure 3.8, similar or
higher p-values are observed in the FFT-based sway parameters that in-
clude intensity information. This suggests that the intensity values do
not give additional sway-related information for C57BL/6Nα-Syn trans-
genic mouse models. Intensity values correspond to the weight that is
put on the glass surface, which depend on the paw pressure and the bo-
dy weight [Hend 06] [Nold 12]. This intensity might be also influenced
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by themoistness of the floor. Dry walkway floor is recommended for as-
sessing the asymmetries in paw loading [Hame01]. Since the intensity-
based locomotion sway parameter Si,FFT depends on the ratio of the
energy of different frequency components, the intensity values will in-
fluence the sway parameter if there is intensity imbalance between the
paws. Although this intensity-based parameter is not adding informati-
on for C57BL/6N α-Syn transgenic mouse models, it will be feasible for
the study in rodent models with paw loading asymmetries.

In addition, experiments by changing the size of the windows NW in
the FFT-based locomotion sway descriptors were performed. Changing
the value ofNW in the range from 55 to 70 shows similar differences bet-
ween classes, in which no change of the resulted asterisks is observed.
The higher value of NW , the finer frequency information is obtained
and the more frames with labeled paws are needed.

Since all of the parameters are related to sway, they significantly cor-
relate to each other (p < 0.05). The parameters generated based on the
FFT have a higher correlation to each other. However, the relatively low
R2 values for most of the pairwise correlation test indicate that the pa-
rameters could not be strongly estimated or explained by each other.
Thus, each method models the locomotion sway differently. High R2

values are observed between the FFT-based sway parameters calcula-
ted from the front- and hind-paws, due to the similarity of the method
and of the paw-center signal shapes.

A compact comparison of the described methods with the pre-ex-
isting method [Geld 15] is provided in Table 3.6. Since the pre-existing
method [Geld 15] used a different hardware setting (specifically regard-
ing the type of walkway, lighting, and camera placement), different
sway-related computer algorithm was developed. As the CatWalk sys-
tem provides information related the rodents’ body silhouette, it will be
possible to further develop a sway index calculation based on the body
silhouette. This possibility is briefly described in Table 3.6.

Overall, the described FFT- and LPF-based methods serves as quan-
titative descriptors of locomotion sway in mouse models, which is an
important step towards increasing the translational value of preclinical
studies aimed at modeling disease progression.
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Table 3.6:Method comparison

Geldenhuys’ Paw-position-based Silhouette-based
[Geld 15] Sp,FFT Si,FFT Sindex

Experi- • The walkway is CatWalk:
mental made from a • The walkway is made from a glass plate.
setting white wood. • The video is recorded in a dark room.

• The trackway is • The camera is placed below the trackway.
illuminated with • The video gives paw positions and body silhouette information.
a 250 Watt
quartz light.

• The camera is
placed overhead
to allow for a
dorsal view.

Algo- • The positions of The algorithm The algorithm The algorithm The silhouette is
rithm the nose tip and is based on the is similar to is based on the extracted based on

tail base are deter- paw positions in Sp,FFT with estimated path image processing,
mined by a video lateral position an addition and processed then two possible
analysis software, as a function of of intensities based on LPF. methods can be
but no informa- time and information. implemented:
tion about the processed based • Estimating COM

Continued on next page
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Table 3.6 – continued from previous page

Geldenhuys’ Paw-position-based Silhouette-based
[Geld 15] Sp,FFT Si,FFT Sindex

algorithm is given on FFT. by the center
in [Geld 15]. of silhouette.

• The positions are • Tail removal
smoothed by a algorithm,
quantic spline followed by
function. estimating

• The COM position COM by the
is determined 41.5%/45.5% of
by 41.5%/45.5% estimated nose-
(male/female) of tip to tail line.
nose-tip to tail-
base length.

Discus- The publication The CatWalk system provides the information of The algorithm
sion [Geld 15] did not the paw positions. Therefore, the algorithms are will probably be

give enough not influenced by a slight head movement. very sensitive to
information for head movements
reproduction. The The limitation The results compared with

implementation is similar to depend on the the paw-position-
on rodents with the Sp,FFT . chosen filter based methods.

Continued on next page79
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Table 3.6 – continued from previous page

Geldenhuys’ Paw-position-based Silhouette-based
[Geld 15] Sp,FFT Si,FFT Sindex

low step The Si,FFT parameters.
frequency is is based on
challenging since information
the normal step about paw
cycle and sway pressure, which
share the same might be
spectrum. influenced by

the paw moist.
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4 Silhouette-Length-basedGaitParameter
Scaling in Rodents

This chapter presents a computational method, developed by the au-
thor of this dissertation, which scales gait parameters based on rodents’
body silhouette length. The material, datasets, methods, results, and
discussion of this chapter are closely based on themanuscript published
in the journal eNeuro [Timo 19b], whichwaswritten substantially by the
author of this dissertation in collaboration with the coauthors of the
manuscript. Part of this chapter, i.e. the correlation between rodents’
stride lengths and body-size (body silhouette length and body weight),
was published in the proceeding of the Measuring Behavior Conference
2018 [Timo 18d].

The CatWalk data used in this chapter were collected primarily by
the coauthors, Sandra Moceri and Anne-Christine Plank. The author of
this dissertation subsequently developed a method through which the
CatWalk data can be scaled. These CatWalk data were also involved in a
study presented in Chapter 5, which was published in the proceeding of
the Measuring Behavior Conference 2018 [Timo 18a] and in the Journal
of Neuroscience Methods [Timo 19a]. The rat model appeared in this
chapter were also involved in a longitudinal study presented in the AAT-
AD/PDConference 2018 [Moce 18], where the author of this dissertation
is a coauthor of the presented poster.

The author of this dissertation implemented image processing ap-
proaches for calculating rodents’ silhouette-length. Subsequently, a
scalingmethod was developed and exemplified in rodents modeling PD
and HD. The fundamentals relating to this chapter are given in Section
2.5.1 (PD), Section 2.5.2 (HD), and Section 2.6 (image processing).
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4 Silhouette-Length-based Gait Parameter Scaling in Rodents

Figure 4.1: Graphical overview: Silhouette-length-based gait parameter
scaling/normalization in rodents. Compared with the non-scaled gait parame-
ters, the scaled gait parameters displayed less differences between the trans-
genic and wild-type animals. This image was reproduced from [Timo 19b] with
permission.

4.1 Overview
Motor functional analysis of rodents often suffers from the fact that
those models exhibit body size differences. The body size affects gait
parameters, and therefore scaling by a body-size-related parameter is
able to improve the reliability of gait analysis allowing normalization
for individual differences.

Here, body-silhouette-length and -area computation methods based
on image-processing techniques on data recorded by the Catwalk sys-
tem are presented. The silhouette length computation method was ap-
plied to data recorded from wild-type rats and mice, where it is shown
that both differ in silhouette length across age. This silhouette-length
relates to their stride lengths and speed-related gait parameters (body
speed and swing speed), but not their duration-related gait parameters
(stand time, swing time, and step cycle).

The silhouette length and silhouette area, as well as the body weight
and age, were used to scale several gait parameters of mice and rats
taken from several age-points. These different scaling approaches were
then compared by using correlation studies, which depict the better sui-
tability of the silhouette-length-based scaling approach compared with
the other approaches.

82



4.2 Material and Methods

Additionally, the silhouette-length-based gait parameter scaling me-
thod is applied to an HD-relevant transgenic mouse model and a PD-
relevant transgenic rat model. The differences of the silhouette-length
and the gait parameters between the transgenic animals and their wild-
type littermates are then reported in heat-maps. An overview of the use
of this silhouette-length-based scaling on a longitudinal study involving
a transgenic rat model is shown in Figure 4.1, where it is displayed that
thewild-type and transgenic animals show less differences in scaled gait
parameters compared to the non-scaled gait parameters. Overall, this
emphasizes the need for silhouette-length-based intra-assay scaling as
an improved standard approach in gait analysis.

4.2 Material and Methods

4.2.1 Animals and Data Acquisition
Two neurodegenerative rodent models were involved in this study, i.e.

• male BAC α-synuclein (α-Syn) transgenic rats, with overexpres-
sion of human α-Syn protein [Kohl 16] [Nube 13] [Wass 18]
[Moce 18], as a PD-relevant transgenic (TG) model and their cor-
responding wild-type (WT) littermates.

• BAC of mutant Huntingtin (HTT) gene (BACHD) mice [Gray 08],
backcrossed to C57BL/6N mice, as an HD-relevant transgenic
(TG) model and their corresponding wild-type (WT) littermates.

The number of rodents involved in the study are given in Figure 4.2. Ad-
ditionally, for the purpose of comparing the video-based measured sil-
houette length and the corresponding manually measured body length,
10 additional BAC α-Syn rats were used in this study.

The rodentsweremaintained under specific-pathogen-free (SPF) con-
ditions with a 12h:12h light:dark cycle, where food and water were avail-
able ad libitum. All research and animal care procedures were per-
formed in compliance with international animal welfare standards and
approved by the district of Lower Franconia, Würzburg, Bavaria, Ger-
many (RegUFr#55.2-2532-2-218 / 54-2532.1-49/12).

4.2.2 Data Acquisition
During the data collection process, the rodents were free to walk from
one to the opposite end above the CatWalk walkway with no physical
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4 Silhouette-Length-based Gait Parameter Scaling in Rodents

Figure 4.2: Scheme of the experimental design. The timeline displays the num-
ber of rodents and run videos analyzed within a longitudinal repeated experi-
mental design spanning five age-points for rats and three age-points for mice.
This image was reproduced from [Timo 19b] with permission.

restrictions or rewards. The walking speeds were 30.7 ± 6.7 cm/s for
rats and 30.3 ± 7.7 cm/s for mice (mean ± SD). All runs were recor-
ded in the dark at a minimum level of external disturbing factors. Data
were acquired between their young and advanced age at five different
age points for rats and three different age points for mice, over several
acquisition days for each age point. The number of animals and runs
for each age point are given in Figure 4.2. The minimum number of in-
dividual repeated measures across ages are 16 for rats and 9 for mice.

For the comparison of the different scaling methods, the body weight
information of wild-type rodents was measured at ±1 week from the
CatWalk gait data acquisition. The number of rats with body weight
information are 22, 27, 17, and 16 assessed at the age of 10–12, 26–29, 55–
56, and 62–63 weeks, respectively. In addition, the number of mice with
body weight information are 13, 13, and 12 assessed at the age of 21, 32,
and 46 weeks, respectively.

Manual measurement of the body length for the additional 10 BAC
α-Syn rats was performed on isoflurane anesthetized rats by a physical-
ly measurement of the nose-tip to tail-base length. All measurements
were performed on the consecutive day after the recording of the Cat-
Walk video files for in total 67 runs of these animals.

Based on human motor functional analysis studies [Hof 96], human’s
gait parameters related to length, duration, frequency, speed/velocity,
moment, energy, power, angular velocity, angular acceleration, as well
as the moment of inertia should be scaled by the human’s leg length
or height. Not all of these gait parameters are provided in the Catwalk
rodent gait analysis system. Therefore, the following parameters pg were
chosen from the CatWalk-derived parameters for this study:
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4.2 Material and Methods

1. Stride lengths:

a) Front-Paw Stride Length (cm)

b) Hind-Paw Stride Length (cm)

2. Parameters relating to duration:

a) Front-Paw Stand Time (s)

b) Front-Paw Swing Time (s)

c) Front-Paw Step Cycle (s)

d) Hind-Paw Stand Time (s)

e) Hind-Paw Swing Time (s)

f) Hind-Paw Step Cycle (s)

3. Speed parameters:

a) Body Speed (cm/s)

b) Front-Paw Swing Speed (cm/s)

c) Hind-Paw Swing Speed (cm/s)

Because of their similarity, the parameters obtained from the left and
right paws were averaged, with the exception of the body speed, which
was averaged over all four paws.

4.2.3 Silhouette-Length and Silhouette-Area
Computation

The silhouette length and silhouette area were computed based on the
unlabeled video and its corresponding background image. Representa-
tive images are shown in Figure 4.3a-d. The silhouette length compu-
tation begins at the first image frame where all paws are detected on
the walkway and ends at the image frame where the first paw disap-
pears from the recording area. These start and end points were obtained
based on the information given by the CatWalk run data. This run data
provides information on the labeled paw positions in each video-frame.
Given fRH , fLH , fRF , fLF are vectors containing the frame number in
ascending order of video-frames with detected right-hind-, left-hind-,
right-front-, and left-front-paws, respectively, fRH(1) and fLH(1) refer
to the first appearance of the corresponding paws as well as fRF (last)
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4 Silhouette-Length-based Gait Parameter Scaling in Rodents

Figure 4.3: Scheme of image-flow analysis. (a)-(b) Images captured from the
unlabeled CatWalk videos; (c)-(d) Background images; (e)-(f) Background sub-
traction results IFG; (g)-(h) Binary largest objects IR; (i)-(j) Silhouette length
illustration: a rat with a silhouette length of 23.9 cm and a mouse with a silhou-
ette length of 9 cm. This image was reproduced from [Timo 19b] with permissi-
on.

and fLF (last) refer to the last appearance of the corresponding paws.
The start and end frames were therefore obtained as follows:

fstart = max{fRH(1), fLH(1)} (4.1)

fstop = min{fRF (last), fLF (last)} (4.2)

For each frame between the start (fstart) and end (fstop) points, the
methods of silhouette extraction and tail removal were based on image
processing techniques (the fundamentals are described in Section 2.6),
are depicted in Figure 4.4, and explained as follows:

1. Background subtraction: this technique was performed in order
to extract the rodent’s body (foreground IFG) from the back-
ground IBG. The foreground IFG of each image frame IO was
extracted by choosing the image pixels, which have pixel value
difference more than a threshold Th = 10 in at least one of the
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color layers (IL,R, IL,G or IL,B) compared with the background
image IBG. The value of the threshold Th was chosen to avoid
noise oversensitivity. Some examples of the resulting images af-
ter background subtraction are shown in Figure 4.3e and 4.3f.

IL = ∥IO − IBG∥ > Th (4.3)

IFG = IL,R OR IL,G OR IL,B (4.4)

2. Morphological image opening [Gonz 08]: removal of the tail part
from the image IFG was performed via morphological opening
using a diamond structuring element ISE . This diamond shape
was chosen to best preserve the without tail body shape. The di-
stance rd from the structuring element origin to the points of the
diamond was adjusted to the tail size of the rodents, which were
rd = 9mm (corresponding to 9 pixels with image resolution, xmm

and ymm, 1 mm/pixel) for rats and rd = 5 mm (corresponding to
7 pixels with image resolution, xmm and ymm, 0.7 mm/pixel) for
mice. The resulting image is denoted by IT .

3. Hole Filling [Gonz 08]: this operation filled any hole in the object
of the image IT . The resulting image is denoted by IH .

4. Retaining the largest object: the largest object in the image IH is
then the body silhouette. Examples from the resulting image IR
are shown in Figure 4.3g and 4.3h.

The length of the silhouette was then calculated by first detecting the
positions of the leftmost and rightmost pixels of the body silhouette
that is retained in IR: (x1, y1), (x2, y2). Then, the Euclidean distance
between these two points was calculated:

lsil =
√

{(x1 − x2 − rd)× xmm}2 + {(y1 − y2)× ymm}2 (4.5)

The image resolution, xmm and ymm, is indicated by the exported Cat-
Walk data. The subtraction of rd in Equation 4.5 was performed since
in most cases half of the structure element area ISE belongs to the tail
area. Illustrations of the length are shown in Figure 4.3i – 4.3j, where
the image resolutions for these specific videos are 1 mm/pixel for the
rats and 0.7 mm/pixel for the mice.
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Figure 4.4: The block diagram of the silhouette extraction, tail removal, and
silhouette parameters. This image was reproduced from [Timo 19b] with per-
mission.

The area of the silhouette was calculated by counting the number of
pixels in the silhouette that is retained in IR, followed by multiplying
it with the image resolution, xmm and ymm. Noteworthy, the silhouette
area can be calculated from the silhouette (blob) including the tail, IFG,
or excluding the tail, IR, according to the application needs. After the
silhouette length and areawere calculated for each frame, the silhouette
length and area of the whole run video were finally determined by the
maximum length and area values from all the calculated lengths and
areas of the video frames. By doing this, a value of silhouette length and
a value of silhouette area were specified for every run video.

For each animal, where body weight information w was available, a
body-weight silhouette-length index IWSL can also be calculated. As
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silhouette length is related to body length, this index resembles the
body-mass index [Nove 07].

IWSL =
w

l2sil
(4.6)

4.2.4 Gait Parameter Scaling Methods
The gait parameters pg were scaled by dividing their values by the sil-
houette length as indicated in Equation 4.7. This yields the silhouette-
length-scaled gait parameters p̂g.

p̂g =
pg
lsil

(4.7)

For the parameters related to speed, an additional scaling method was
also tested. This additional scaling method was adapted from human
gait analysis [Hof 96] [Zijl 96]. It is given in Equation 4.8, where g is the
acceleration of gravity (= 9.81 m/s2 on earth). This yields other variation
of the silhouette-length-scaled gait parameters p̂a.

p̂a =
pg√

g
lsil

(4.8)

For the comparison of the different scaling methods, the parameters pg
were also scaled based on silhouette area asil, body weight w, and age
a. The scaling method was performed in the same way as Equation 4.7,
by simply replacing silhouette length with silhouette area, body weight,
or age. This yields the scaled gait parameters p̂g.

p̂g =
pg
asil

(4.9)

p̂g =
pg
w

(4.10)

p̂g =
pg
a

(4.11)
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4.2.5 Analysis
Silhouette length values were computed for all runs or videos of each
animal in accordance with the description in Section 4.2.3. The silhou-
ette length, gait parameters, as well as the scaled gait parameters com-
puted from all run videos were subsequently averaged for each animal.
The gait parameter scaling was performed for all the parameters listed
in Section 4.2.2. Scaled parameters were calculated for each run and
averaged for each animal. The sample Pearson correlation coefficient
[Pear 95] r, coefficient of determination r2 [Nage 91], and the p-value
between the silhouette length and gait parameters were computed. The
r and p-values before and after scaling were compared. For all gait para-
meters showing higher p-values (and lower correlation coefficient, r) on
their scaled version, a repeated analysis of variance (ANOVA) [Arms 00]
[Fish 21] [Mull 09] was performed based on animals which were tested
consecutively at all age points. This repeatedmeasures ANOVAwas also
performed on the silhouette parameters (length and area) to investigate
age-related effects.

The computed silhouette length values were compared with the phy-
sicallymeasured body length values. This comparison was performed in
the small cohort of rats by observing the correlation and the difference
between the silhouette length and body length.

The comparison study between the scaling approaches based on sil-
houette length, silhouette area, body weight, and age was done in ac-
cordance with the scaling method in Equation 4.7, by simply replacing
the silhouette length with the silhouette area, body weight, or age as
shown in Equation 4.9–4.11. Then, both the r and p-values of the correla-
tion between the gait parameters and silhouette-area/weight/age were
evaluated. The body-weight-based scaling was done by utilizing the ani-
mals with corresponding body weight information.

The genotype-related differences were investigated via the mixed
ANOVA (occasionally also called the two-way repeated measures ANO-
VA) and multiple comparison tests by Bonferroni correction in Matlab
R2015a (8.5.0). The p-values with lower bound adjustment were used
to detect the presence of significant differences and reported by using
heat-maps, as described in Chapter 5 [Timo 18a].
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4.3 Results

4.3.1 Silhouette Length and Silhouette-Length-based
Gait Parameter Scaling in Wild-Type Rodents

The scatter plots of several gait parameters as a function of silhouette
length for rats andmice are depicted in Figure 4.5. The color in the scat-
ter plots denotes the age of the animals, with young rodents showing
smaller silhouette lengths compared to older ones. The correlation co-
efficients between the gait parameters and silhouette length are given
in Table 4.1. No significant correlation with the silhouette length was
shown for the gait parameters relating to duration. Significant correla-
tions (p < 0.05) were observed between the stride length and silhouette
length in rats as well as mice. Significant correlations in rats were also
shown between the parameters related to speed and silhouette length,
where only moderate correlation was shown in mice.

The scaling approaches were performed for all listed parameters in
Section 4.2.2. For the stride lengths and the parameters relating to
speed, the scaled parameters showed lower correlation coefficients, r
(and higher p-values) comparedwith non-scaled parameters. The speed
parameters, which were scaled using Equation 4.7, displayed lower cor-
relation coefficients compared with the parameters scaled using Equa-
tion 4.8.

The relation between silhouette length and measured body length
calculated from the small cohort of rats is depicted in Figure 4.6b. The
body length was measured from the nose-tip to tail-base as shown in
Figure 4.6a. Significant correlation between the silhouette length and
body length was shown (p < 0.01). The mean and SD of the absolute
difference between the silhouette length and body length |∆| were 0.49
± 0.39 cm (mean ± SD).

The age analysis of the wild-type animals using repeated ANOVA is
given in Table 4.2. This analysis was conducted for the gait parame-
ters that show significant correlations in Table 4.1 and for the silhou-
ette parameters. In rats, significant effects of age were shown for sil-
houette parameters and gait parameters, excluding the body speed. In
mice, a significant effect of age was shown for silhouette parameters
and swing speeds. All of the scaled gait parameters listed in Table 4.2
showed higher p–values compared with their corresponding non-scaled
parameters.
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Figure 4.5: Scatter plots for the correlation between the non-scaled and scaled
gait parameters with the silhouette length of the wild-type rodents. The num-
ber of animals and the number of run videos are given in Figure 4.2. The animal
data are the averaging results from their respective CatWalk run data. The sam-
ple Pearson correlation coefficient r, coefficient of determination r2, p-value p,
and the regression line were calculated from the animal data. This image was
reproduced from [Timo 19b] with permission.
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Table 4.1:The sample Pearson correlation coefficients (r) and p-values of the silhouette length and CatWalk gait parameters.
The scaled parameters which show higher p-values compared with their non-scaled versions are highlighted.

Rats Mice
Gait Parameters non-scaled scaled non-scaled scaled

r p r p r p r p

Stride Lengths:
Front-Paw Stride Length 0.72 <0.0001 0.03 0.75 0.35 0.03 -0.07 0.69
Hind-Paw Stride Length 0.72 <0.0001 0.02 0.81 0.35 0.03 -0.05 0.76

Parameters relating to duration:
Front-Paw Stand Time 0.02 0.81 -0.34 <0.001 <0.01 0.97 -0.18 0.28
Front-Paw Swing Time -0.20 0.05 -0.58 <0.0001 -0.12 0.48 -0.38 0.02
Front-Paw Step Cycle -0.04 0.72 -0.45 <0.0001 -0.05 0.79 -0.27 0.10
Hind-Paw Stand Time -0.05 0.59 -0.36 <0.001 <0.01 0.97 -0.16 0.33
Hind-Paw Swing Time 0.07 0.51 -0.57 <0.0001 -0.10 0.56 -0.42 <0.01
Hind-Paw Step Cycle -0.04 0.70 -0.46 <0.0001 -0.03 0.85 -0.26 0.12

Speed Parameters:

Body Speed 0.31 <0.01 (i)-0.06 (i) 0.54 0.18 0.29 (i)<0.01 (i) 0.98
(ii)0.13 (ii) 0.20 (ii) 0.09 (ii)0.58

Continued on next page
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Table 4.1 – continued from previous page

Rats Mice
Gait Parameters non-scaled scaled non-scaled scaled

r p r p r p r p

Front-Paw Swing Speed 0.49 <0.0001 (i)0.09 (i) 0.40 0.22 0.18 (i) 0.02 (i) 0.90
(ii)0.31 (ii)<0.01 (ii) 0.12 (ii)0.46

Hind-Paw Swing Speed 0.51 <0.0001 (i)-0.08 (i) 0.43 0.30 0.07 (i) 0.04 (i) 0.80
(ii)0.25 (ii) 0.01 (ii) 0.18 (ii)0.29

(i) Scaling method: p̂g = pg/lsil
(ii) Scaling method: p̂g = pg/

√
g/lsil
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Figure 4.6: (a) The diagram of the body length (nose-tip to tail-base) measure-
ment. (b) The scatter plot for the correlation between the body length and sil-
houette length of the small cohort of rats. This image was reproduced from
[Timo 19b] with permission.
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Table 4.2: The effect of age on the silhouette and gait parameters: repeated
measures ANOVA (p-values)

Parameters Rats Mice
non- scaled* non- scaled*
scaled scaled

Stride Lengths:
Front-Paw Stride Length <0.001 0.69 0.13 0.20
Hind-Paw Stride Length <0.0001 0.64 0.12 0.18

Speed Parameters:
Body Speed 0.11 0.24 0.11 0.15
Front-Paw Swing Speed 0.03 0.35 0.04 0.07
Hind-Paw Swing Speed 0.04 0.24 0.04 0.06

Silhouette Parameters:
Sil. Length <0.0001 <0.01
Sil. Area without Tail <0.0001 <0.001
Sil. Area with Tail <0.0001 <0.001

*Scaling method: p̂g = pg/lsil
Sil.: Silhouette

4.3.2 Silhouette-Area-, Body-Weight- and Age-based
Gait Parameter Scaling in Wild-Type Rodents

As rodents grow, it is reasonable to expect that the body silhouette
length, body silhouette area, and the body weight also increase. Corre-
spondingly, high correlation between them, as well as age, were found
(Table 4.3). The relationship between the body weight and silhouette
length for rats and mice are also reported as scatter plots shown in Fi-
gure 4.7.

The correlation coefficients between the silhouette area (asil) and the
CatWalk gait parameters are given in Table 4.4. The parameter scaling
in Table 4.4 was performed based on the silhouette area. In rats, signif-
icant correlations (p < 0.05) with the silhouette area were shown for the
gait parameters relating to stride length or speed, but not for the para-
meters relating to duration. All silhouette-area-based scaled gait para-
meters showed significant correlationswith the silhouette area. Inmice,
most of the silhouette-area-scaled gait parameters gave lower p-values
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Figure 4.7: The scatter plots for correlation between the body weight with the
silhouette length of the wild-type animals: (a) rats (b) mice. This image was
reproduced from [Timo 19b] with permission.

compared with the non-scaled parameters. Some exceptions were re-
vealed for the stand time parameters, where both of the non-scaled and
scaled gait parameters showed no significant correlation with the sil-
houette area.

The correlation coefficients between the body weight (w) and the
CatWalk gait parameters are given in Table 4.5. The scaling method in
Table 4.5 was based on the body weight. Both in rats and mice, sig-
nificant correlations were found between the body weight and body-
weight-scaled gait parameters.

The correlation coefficients and p-values between age and the Cat-
Walk gait parameters are given in Table 4.6. Significant correlations
were found between the age and age-scaled gait parameters.
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Table 4.3: The correlation between the silhouette length, silhouette area (with tail), body weight, and age: the p-values,
sample Pearson correlation coefficients (r), and coefficient of determination (r2)

Silhouette Length Silhouette Area Body Weight Age
rats mice rats mice rats mice rats mice

Silhouette
Length

p = 0
r = 1 – – – – – –
r2 = 1

Silhouette
Area

p < 0.0001 p < 0.0001 p = 0
r = 0.93 r = 0.84 r = 1 – – – –
r2 = 0.87 r2 = 0.70 r2 = 1

Body Weight
p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001 p = 0
r = 0.90 r = 0.75 r = 0.98 r = 0.89 r = 1 – –
r2 = 0.81 r2 = 0.57 r2 = 0.96 r2 = 0.79 r2 = 1

Age
p < 0.0001 p < 0.01 p < 0.0001 p < 0.01 p < 0.0001 p<0.0001 p = 0
r = 0.74 r = 0.49 r = 0.88 r = 0.50 r = 0.90 r = 0.61 r = 1
r2 = 0.55 r2 = 0.24 r2 = 0.77 r2 = 0.25 r2 = 0.81 r2 = 0.37 r2 = 1
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Table 4.4: The sample Pearson correlation coefficients (r) and p-values of the silhouette area (asil) and CatWalk gait para-
meters (scaling method: p̂g = pg/asil ). The scaled parameters which show higher p-values compared with their non-scaled
versions are highlighted.

Rats Mice
Gait Parameters non-scaled scaled non-scaled scaled

r p r p r p r p

Stride Lengths:
Front-Paw Stride Length 0.59 <0.0001 -0.80 <0.0001 0.31 0.06 -0.37 0.02
Hind-Paw Stride Length 0.59 <0.0001 -0.81 <0.0001 0.31 0.06 -0.35 0.03

Parameters relating to duration:
Front-Paw Stand Time 0.06 0.57 -0.66 <0.0001 0.19 0.25 -0.14 0.41
Front-Paw Swing Time -0.14 0.17 -0.80 <0.0001 <0.001 0.99 -0.45 <0.01
Front-Paw Step Cycle 0.01 0.88 -0.74 <0.0001 0.11 0.49 -0.29 0.08
Hind-Paw Stand Time <0.01 0.94 -0.62 <0.0001 0.15 0.37 -0.13 0.43
Hind-Paw Swing Time 0.02 0.81 -0.88 <0.0001 0.06 0.71 -0.49 <0.01
Hind-Paw Step Cycle <0.01 0.99 -0.76 <0.0001 0.13 0.44 -0.27 0.10

Speed Parameters:
Body Speed 0.27 0.02 -0.55 <0.0001 0.03 0.85 -0.24 0.15
Front-Paw Swing Speed 0.38 <0.0001 -0.54 <0.0001 0.13 0.45 -0.20 0.22
Hind-Paw Swing Speed 0.44 <0.0001 -0.72 <0.0001 0.15 0.36 -0.26 0.11
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Table 4.5: The sample Pearson correlation coefficients (r) and p-values of the body-weight (w) and CatWalk gait parameters
(scaling method: p̂g = pg/w)

Rats Mice
Gait Parameters non-scaled scaled non-scaled scaled

r p r p r p r p

Stride Lengths:
Front-Paw Stride Length 0.54 <0.0001 -0.95 <0.0001 0.36 0.03 -0.69 <0.0001
Hind-Paw Stride Length 0.54 <0.0001 -0.95 <0.0001 0.37 0.02 -0.67 <0.0001

Parameters relating to duration:
Front-Paw Stand Time 0.04 0.70 -0.87 <0.0001 0.06 0.73 -0.47 <0.01
Front-Paw Swing Time -0.11 0.35 -0.92 <0.0001 -0.01 0.95 -0.67 <0.0001
Front-Paw Step Cycle 0.01 0.92 -0.90 <0.0001 0.02 0.88 -0.58 <0.001
Hind-Paw Stand Time 0.01 0.91 -0.84 <0.0001 0.04 0.81 -0.42 <0.01
Hind-Paw Swing Time -0.01 0.90 -0.95 <0.0001 0.02 0.88 -0.74 <0.0001
Hind-Paw Step Cycle <0.01 0.98 -0.91 <0.0001 0.03 0.86 -0.57 <0.001

Speed Parameters:
Body Speed 0.20 0.08 -0.81 <0.0001 0.10 0.54 -0.39 0.02
Front-Paw Swing Speed 0.32 <0.01 -0.83 <0.0001 0.14 0.39 -0.43 <0.01
Hind-Paw Swing Speed 0.41 <0.001 -0.90 <0.0001 0.21 0.21 -0.50 <0.01
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Table 4.6: The sample Pearson correlation coefficients (r) and p-values of the age (a) and CatWalk gait parameters (scaling
method: p̂g = pg/a)

Rats Mice
Gait Parameters non-scaled scaled non-scaled scaled

r p r p r p r p

Stride Lengths:
Front-Paw Stride Length 0.55 <0.0001 -0.89 <0.0001 0.33 0.046 -0.93 <0.0001
Hind-Paw Stride Length 0.57 <0.0001 -0.89 <0.0001 0.33 0.044 -0.93 <0.0001

Parameters relating to duration:
Front-Paw Stand Time -0.05 0.62 -0.88 <0.0001 -0.24 0.14 -0.84 <0.0001
Front-Paw Swing Time -0.14 0.16 -0.88 <0.0001 -0.33 0.04 -0.91 <0.0001
Front-Paw Step Cycle -0.07 0.50 -0.89 <0.0001 -0.31 0.06 -0.89 <0.0001
Hind-Paw Stand Time -0.08 0.44 -0.88 <0.0001 -0.21 0.20 -0.81 <0.0001
Hind-Paw Swing Time 0.08 0.41 -0.89 <0.0001 -0.35 0.03 -0.93 <0.0001
Hind-Paw Step Cycle -0.08 0.45 -0.89 <0.0001 -0.29 0.07 -0.88 <0.0001

Speed Parameters:
Body Speed 0.28 <0.01 -0.85 <0.0001 0.32 0.047 -0.74 <0.0001
Front-Paw Swing Speed 0.36 <0.001 -0.86 <0.0001 0.38 0.02 -0.81 <0.0001
Hind-Paw Swing Speed 0.37 <0.001 -0.88 <0.0001 0.44 <0.01 -0.87 <0.0001
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4.3.3 Genotype-related Differences in Silhouette
Length-based Scaled Gait Parameters in Rodent
Models of Neurodegenerative Diseases

As a proof of concept for this scaling approach, genotype-related differ-
ences for BACα-Syn transgenic and BACHD animals as well as the effect
of age and their interaction were examined and shown in Table 4.7. The
mean and SEM of the silhouette lengths and several gait parameters are
depicted in Figure 4.8. In addition, the p-values of the multiple compa-
rison tests are depicted by heat-maps [Timo 18a] in Figure 4.9. The color
blue in the heat maps represents lower parameter value of the transge-
nic rodents compared to their corresponding wild-type rodents, where-
as the color red in the heat maps represents higher parameter value of
the transgenic rodents compared to their corresponding wild-type ro-
dents.

As shown in Table 4.7, all non-scaled gait parameters (stride lengths
and speed-related gait parameters) and silhouette parameters showed
significant effects of age (p < 0.05). In rats, the silhouette-length-based
scaled gait parameters did not show any significant effect of age.Where-
as in mice, reduced age effects were observed in the scaled gait parame-
ters. No interaction between age and genotype in any gait parameter
was observed. The genotype effects shown by the scaled gait parameters
were lower comparedwith their corresponding non-scaled gait parame-
ters. Besides the silhouette parameters, significant differences between
genotypes were observed in the scaled front stride length, scaled hind
stride length, and scaled hind swing speed.

Significant genotype-related differences in the scaled front stride
length were observed in 42-week-old rats. The scaled hind stride length
showed significant differences between genotypes in the young rats un-
til they were 42 weeks old. Furthermore, the scaled hind swing speed
showed significant genotype-related differences for 10-week-old and
26-week-old rats. In mice, significant difference of the scaled gait para-
meters was only shown in the scaled hind swing speed at 32 weeks of
age.
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Table 4.7: The effect of age, the genotype-age interaction, and the effect of genotype on the silhouette parameters and gait
parameters: mixed ANOVA andmultiple comparison tests by Bonferroni correction (p-values with lower bound adjustment)

Parameters Rats Mice
Age Interaction Genotype Age Interaction Genotype

Stride Lengths:
Front-Paw Stride Length (cm) <0.0001 0.46 0.01 0.005 0.25 0.03
Hind-Paw Stride Length (cm) <0.0001 0.54 <0.01 0.004 0.24 0.03
Scaled Front-Paw Stride Length* 0.60 0.58 0.046 0.013 0.17 0.90
Scaled Hind-Paw Stride Length* 0.53 0.67 0.02 0.01 0.17 0.94

Speed Parameters:
Body Speed (cm/s) 0.01 0.55 0.26 0.004 0.25 0.03
Front-Paw Swing Speed (cm/s) <0.001 0.43 0.35 0.004 0.43 <0.01
Hind-Paw Swing Speed (cm/s) <0.001 0.59 <0.01 0.003 0.47 <0.001
Scaled Body Speed (1/s)* 0.16 0.51 0.47 0.007 0.25 0.18
Scaled Front-Paw Swing Speed (1/s)* 0.13 0.41 0.65 0.007 0.45 0.11
Scaled Hind-Paw Swing Speed (1/s)* 0.11 0.60 0.01 0.007 0.47 <0.01

Body Parameters:
Silhouette Length (mm) <0.0001 0.23 0.03 0.012 0.10 <0.0001
Silhouette Area without Tail (mm2) <0.0001 0.15 <0.001 <0.001 0.26 <0.0001

Continued on next page103
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Table 4.7 – continued from previous page

Parameters Rats Mice
Age Interaction Genotype Age Interaction Genotype

Silhouette Area with Tail (mm2) <0.0001 0.26 <0.01 <0.01 0.14 <0.0001
Body Weight (g) <0.0001 0.20 0.03 <0.0001 0.35 <0.0001
Weight Sil.-Length Index (g/cm2) <0.0001 0.17 0.29 <0.001 0.55 <0.001

*scaled based on the silhouette length (scaling method: p̂g = pg/lsil)
Sil.: Silhouette
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Figure 4.8: Genotype-related differences in the unscaled and scaled hind stride
length, the unscaled and scaled hind swing speed, as well as the silhouette
lengths along the age: (a)–(e) α-Syn rats, (f)–(j) BACHD mice. Each data point
represents mean ± SEM. The p-values were calculated from the multiple com-
parison tests by Bonferroni correction: *p < 0.05, **p < 0.01, ***p < 0.001.
This image was reproduced from [Timo 19b] with permission.
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Figure 4.9: Differences between the wild-type and transgenic animal models
observed by their unscaled and scaled gait parameters individually by the mul-
tiple comparison tests and reported in heat maps. The use of heat maps is de-
scribed in Chapter 5. This image was reproduced from [Timo 19b] with permis-
sion.

4.4 Discussion
As in humans, several rodent gait parameters are correlated with their
body size. This study presents a body silhouette length computation
method for rodents based on the recorded CatWalk videos. A correla-
tional study was performed to investigate the relationship between the
computed silhouette length and several CatWalk gait parameters. Ac-
cordingly, a silhouette-length-based scaling method on stride lengths
and speed-related gait parameters is presented, which is able to redu-
ce their correlation with the body size. This silhouette-length-based
scaling method cannot be directly replaced by silhouette-area-, body-
weight-, or age-based scaling methods. As proof of concept, two ro-
dent models of neurodegenerative disorders were investigated based on
their scaled gait parameters. The results show smaller genotype-related
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differences compared with the non-scaled gait parameters due to the
genotype-related body size difference.

The computed silhouette parameters, stride lengths, and speed-
related gait parameters were found to change with advancing age. Sig-
nificant effects of age on the silhouette length and silhouette area,
both with and without tail area, were observed in both rats and mice.
Correlations between the body silhouette length and stride lengths
were significant for both rats and mice. The silhouette-length-based
scaling/normalization reduced this correlation. The effect of age on
the stride lengths was significant in rats, but not in mice. However, in
both species, the scaled parameters gave higher p-values in the repeated
measures ANOVA compared with the non-scaled parameters. The ef-
fect of age on the silhouette and gait parameters, as well as the effect of
scaling on the gait parameters, was more visible in rats compared with
mice since the rats’ age range was broader than the mice’. There was
no significant effect of age on the scaled stride lengths. This suggests
that the scaled stride lengths were better tools for a longitudinal study
compared with the non-scaled stride lengths.

Significant correlations between the silhouette length and speed (or
velocity) parameterswere observed in rats, but not inmice.Nevertheless,
in rats andmice, both scalingmethods the gave scaled speed parameters
higher p-values compared with the non-scaled version. The first scaling
method, in accordance with Equation 4.7, was more suitable for the
scaling of the speed-related gait parameters. As speed is proportional
to length and is inversely proportional to time, along with considering
the non-significant correlation of the duration-related gait parameter
to the silhouette length, it is reasonable that the scaling method of the
length-related gait parameters was also suitable for the speed-related
gait parameters. The walking speed is a gait parameter that is affected
by many factors [Batk 14]. Therefore, it is reasonable that the correla-
tions of silhouette length to the speed-related gait parameters were not
as strong as to the length-related gait parameters.

No significant correlation was found in the gait parameters relating
to duration. The silhouette length scaling on the duration-related gait
parameters produces scaled gait parameters, which are more correla-
ted with the silhouette length as compared to the non-scaled version.
This suggests that no silhouette-length-based scaling is needed for the
duration-related gait parameters.
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In human gait analysis, gait parameters are typically evaluated by pre-
senting data in the form of non-dimensional numbers [Hof 96] [Zijl 96].
The scaling method suggested for human’s gait is not relevant to the
practice in rodents. The silhouette-length-based scaling is recommend-
ed in rodent’s stride lengths and speed parameters, but not in the dura-
tion-related gait parameters since the duration-related gait parameters
in rodents do not significantly correlate with the silhouette length.

The measured body lengths of anesthetized rats showed significant
correlation with the silhouette lengths. The measured body lengths
were similar to the silhouette lengths with an absolute difference of
0.49 ± 0.39 cm (mean ± SD). Most of the measured body lengths were
higher compared to the silhouette length. This difference occurredmost
likely because of the different body curve while lying on the plain sur-
face versus walking.

Since the silhouette length, silhouette area, and body weight are all
related to the body size, they were all correlated to each other. Howev-
er, replacing the silhouette length with the silhouette area for scaling is
not recommended since the silhouette-area-based-scaled stride lengths
and speed parameters were significantly correlated with the silhou-
ette area. The same can also be noticed in the body-weight-based gait
parameter scaling. The duration-related gait parameters did not display
significant correlation with the silhouette length or body weight.

Even though body size changes with advancing age of the animal,
the silhouette-length-based gait parameter scaling should not be repla-
ced by the age-based parameter scaling. This due to the fact that the
age-based scaled gait parameters have significant correlations with age,
that in all likelihood happened because the animals grow faster in their
early life [Lui 11]. Therefore, the age and body size do not have a linear
correlation.

Because rodents do not grow linearly [Lui 11], the wild-type rats in this
study grew over the months and reached the greatest silhouette length
by the age of 10 months. Afterward, their silhouette length decreased
slightly, possibly due to postural changes (hunched-back). The wild-
type mice showed an increase in silhouette length with advancing age.

In the animal models with genotype-related body size differences,
gait parameters can be directly and indirectly (through body size) re-
lated to the genotype. In the analysis of the genotype-related differ-
ences as described in Subsection 4.3.3, the effect of age was observed
on all body parameters and the non-scaled gait parameters. The geno-
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type and age of the animals had lower effects on the scaled gait para-
meters compared to the non-scaled gait parameters for rodent models
with genotype-related body size differences. No significant genotype-
age interaction was observed. Considering the results shown in Figure
4.8 and Figure 4.9, significant genotype-driven silhouette-length dif-
ferences were observed. Additionally, less genotype-related differences
were detected by the scaled gait parameters. Gait analysis in preclini-
cal studies is mostly aimed at the development of new treatment stra-
tegies for specific diseases. Observing the effect of diseases and treat-
ments on gait is often more important than observing the effect of bo-
dy size on gait. Therefore, gait parameters used in the analysis of gait
should have minimal relation with body size. Accordingly, the results
in Figure 4.8 and Figure 4.9 depict an analytic value improvement, as
the scaling/normalizing approach reduces the effect of the body size.
Therefore, it can be confirmed that the gait-parameter scaling is recom-
mended in a study involving rodent models with significant genotype-
related silhouette length differences.

Significant genotype-related differences in the α-Syn rat model were
detected on the scaled stride lengths, scaled hind-paw swing speed, sil-
houette length, silhouette area, and body weight. By observing the sil-
houette length, area, and body weight, the α-Syn rats were smaller as
compared to their wild-type littermates. Genotype-related differences
in the α-Syn rat model were more pronounced in young animals than
in the geriatric animals.

In the BACHD mouse model, a genotype-related difference was ob-
served on the scaled hind-paw swing speed, specifically in 32-weeks-old
mice. The body parameters show that the BACHD mice were bigger as
compared to their wild-type mates.

In summary, a method of calculating body silhouette length is de-
scribed in this chapter. This silhouette length information is benefici-
al for the scaling of stride lengths and speed-related gait parameters.
This gait parameter scaling is suggested to be an important tool for
augmenting the reliability of motor function analyses in rodent mo-
dels, especially in studies involving young animals or rodent models
with genotype-related silhouette length differences, as well as in longi-
tudinal studies.
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This chapter presents a systematic initial data analysis (IDA) for Cat-
Walk gait parameters. The material, methods, results, and discussion
of this chapter are closely based on the manuscript published in the
Journal of Neuroscience Methods [Timo 19a] and the proceeding of the
Measuring Behavior Conference 2018 [Timo 18a], which were written by
the author of this dissertation jointly with the coauthors of the manu-
scripts.

The CatWalk data used in this chapter were collected primarily by
the coauthors: Fabio Canneva, Georgia Minakaki, Sandra Moceri, and
Anne-Christine Plank. The author of this dissertation subsequently
uses the data to exemplify a systematic IDA. The PD-relevant mouse
models were involved in a study published in the journal Behavioral
Brain Research [Mina 19], where the author of this dissertation is a co-
author of the publication. Additionally, these PD-relevant mouse mo-
dels were used in a study reported in Chapter 3, which was published in
the Journal of Neuroscience Methods [Timo 18b] and the journal Data
in Brief [Timo 18c]. The PD-relevant rat model and HD-relevant mouse
model were involved in the study described in Chapter 4 and published
in the eNeuro journal [Timo 19b]. The data from the PD-relevant rat
model were also involved in a study presented in the AAT-AD/PD Con-
ference 2018 [Moce 18], where the author of this dissertation is a coau-
thor of the presented poster.

The fundamentals relating to this chapter are given in Section 2.5.1
(PD), Section 2.5.2 (HD), and Section 2.4 (CatWalk gait parameters).
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Figure 5.1: Graphical overview: Systematic initial gait data analysis by heatmap-
ping. This image was reproduced from [Timo 19a] with permission.

5.1 Overview
The CatWalk system computes an extensive number of gait parameters
that needs to be analyzed by experts and needs to be reported accord-
ingly. The number of parameters often raises complication, which leads
to a premature parameter selection and an elimination of reporting ne-
gative results.

An initial data analysis (IDA), including a visualization of all gait pa-
rameters, will enable researchers to initially explore gait parameters.
In addition, the visualization will prevent the practice of p-hacking
(manipulatively selecting reported parameters [Head 15]) and help re-
searchers to report negative results, which are also essential to be re-
ported [Earp 17] [Kann 14a] [Mast 16]. This chapter presents a systematic
approach of IDA using a clustered heat map for data visualization. This
IDA is exemplified in an intervention study of PD-relevant transgenic
mouse models, as well as longitudinal studies of a PD-relevant transge-
nic rat model and a HD-relevant transgenic mouse model. An overview
of the use of the approach in a longitudinal study involving a transgenic
mouse model is depicted in Figure 5.1. The resulting heat map from an
IDA is able to report clustered gait parameter differences in one single
chart, which is advantageous especially for exploring gait parameters.
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5.2 Material and Methods

5.2.1 Animals and Data Acquisition
In this work, the assessment of gait was performed on several neuro-
degenerative-disease-relevant rodent models. For all disease models,
each rodent can explore and walk freely above the walkway without any
rewards. Typically, an experimental session lasts for 5-15 minutes. No
dedicated session for habituation to the CatWalk apparatus was per-
formed.

All of the animals were kept under standard laboratory conditions
under specific-pathogen-free (SPF) conditions throughout all testing
phases, on a 12h:12h light:dark cycle, as well as food and water were
available ad libitum. All procedures were approved by the local animal
welfare and ethics committee of Bavaria, Germany (RegUFr#55.2-2532-
2-218, RegUFr#55.2-2532.1-37/13, and RegUFr#54-2532.1-49/ 12) and per-
formed according to the international guidelines.

Alpha-synuclein (α-Syn) transgenic mice with relevance for PD

Adultmalemice (C57BL/6N background) which were wild type (“WT”),
or transgenic knock-outs for the murine endogenous α-Syn (“KO Syn”
or “KO”) ([Abel 00]), or exclusively expressing human α-Syn (“huWT
Syn” or “HU”) using a bacterial artificial chromosome (BAC) ([Kohl 16]
[Nube 13] [Wass 18]) were included at 7–8 months of age. The mouse
models are described in detail in [Mina 19].

The CatWalk data acquisition was performed before (T0; baseline)
and after 4-weeks of treadmill intervention (T1; final) (paradigm de-
scribed in [Mina 19]). Approximately 10-15 videos (trials) were recorded
per animal at each time point with the aim of collecting three com-
pliant runs, defined as runs during which the mouse completed an un-
forced and uninterrupted walk along the full length of the walkway. The
mean and SD of collected compliant runs were 2.9 ± 0.7 for each animal
at each time point. Specifically, at T0, CatWalk data from 12 WT (34
runs), 14 KO (34 runs), and 8 HU (23 runs) were collected. Following
T0 recording, mice were randomly assigned to treated and non-treated
cohorts. The number of animals involved in data acquisition at T1 are
8 non-treated WT (“WN”, 24 runs), 4 treated WT (“WE”, 16 runs), 6
non-treated KO Syn (“KN”, 17 runs), 7 treated KO Syn (“KE”, 25 runs),
4 non-treated huWT Syn (“HN”, 11 runs), and 5 treated huWT Syn (“HE”,
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16 runs). The different number of animals at T0 and T1 are attributed
to the reluctance of performing a voluntary traversal along the CatWalk
walkway at either time point.

Human alpha-synuclein (α-Syn) overexpressing rats with
relevance to PD

A total of 27 wild-type rats (“WT rats”) and 32 BAC-(α-Syn) transgenic
rats (“TG rats”) ([Kohl 16] [Nube 13] [Moce 18]) were included in this
study. The CatWalk data were collected at five different age points,
i.e. 10–12 weeks, 26–29 weeks, 42–45 weeks, 55–56 weeks, and 62–64
weeks. At these age points, the number of animals (and the number of
runs) included in the data acquisition are respectively 22 rats (170 runs),
27 rats (152 runs), 18 rats (120 runs), 17 rats (110 runs), 16 rats (126 runs)
forWT and 24 rats (171 runs), 32 rats (193 runs), 22 rats (160 runs), 19 rats
(138 runs), 19 rats (146 runs) for TG. A mean and SD of 6.9 ± 2.7 com-
pliant runs were recorded for each animal at each time point.

Transgenic mice expressing mutant human huntingtin modeling
HD

A longitudinal study in an HD-relevant mouse model was included
here. BACHD transgenic mice (“BACHD-TG”) ([Gray 08]), backcrossed
on the C57BL/6N background, as well as their wild-type littermates
(“BACHD-WT”) were included. The CatWalk data were collected at
three age-points, i.e. 20 weeks (11 BACHD-TG mice and 13 BACHD-WT
mice), 32-33 weeks (10 BACHD-TG mice and 13 BACHD-WT mice), and
47 weeks (9 BACHD-TG mice and 12 BACHD-WT mice). A mean and
SD of 2.7 ± 0.7 compliant runs were recorded for each animal at each
time point.

5.2.2 Initial Data Analysis (IDA) of CatWalk Gait
Parameters

The data cleaning in IDA [Demp71] [Broe 05] is performed to identi-
fy inconsistencies and faulty data. The data cleaning of CatWalk gait
data is carried out by first selecting the videos with a compliant run
from all recording videos. This compliance examination is performed
automatically by the CatWalk software according to the duration of the
run and the variation of the speed [Hame01] [Nold 12]. An experienced
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observer should subsequently clean the data by discarding runs contai-
ning non-walking behaviors, such as rearing, sniffing, exploring, groo-
ming, sitting, stopping, and turning. Since the intention of performing
CatWalk test is to analyze gait, the data cleaning should only be used
to exclude non-walking or interrupted-walking recording and should
not be used to manipulate the end results nor to practice p-hacking
[Head 15] [Raj 17].

The data screening in IDA aims to describe data. Data screening of
CatWalk data is performed by analyzing differences between cohorts.
Here, several computations of the differences can be applied, including:

1. Significance tests, e.g. p-value of a t-test, which compares two
group means [Mcdo 08].

2. Between-group effect size, which computes themagnitude of bet-
ween-group difference [Ferg 09] [Sull 12], e.g. f-value, which
depends on the between-group and within-group variability
[Arms 00] [Fish 21], D-value, which is the mean difference and
SD ratio [Fest 02], estimated arithmetic means, which depends
on the groups’ means and SD [Timo 13a] [Timo 13b].

The computation of the difference can be chosen based on the follow-
ing formal data analysis. A signed computation of difference might be
applied when the change direction information is essential. To decide
if a parameter is different, a threshold Th needs to be determined.

The data reporting of CatWalk parameters is visualized by heat maps.
Since the CatWalk gait test often aims to study the differences between
cohorts, the colors in the heat maps should also represent these differ-
ences. To make the heat map understandable, clustering the rows and
columns is important [Gehl 12]. In generating the heat map, all gait pa-
rameters showing no between-cohort differences or negative results can
be clustered together.

5.2.3 Study Designs
The CatWalk gait acquisitions were conducted in three study designs as
described below, involving mice and rats transgenic for α-Syn (models
with relevance for PD) as well as mice transgenic for mutant HTT (mo-
del with relevance for HD). All animals were repeatedly recruited to the
CatWalk gait analysis. The acquired CatWalk data runs were averaged
for each animal at each time point.
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α-Syn transgenic mice with relevance for PD

The gait parameter were screened individually based on the signed f-
values (with a threshold Th = 4.5) of (a) the parameters for characteri-
zing the disorder observed at T0 (KO vs. WT and HU vs. WT) (b) the
parameters which at T1 had improved by the four-week treadmill treat-
ment compared to T0 (KE vs. KO and HE vs. HU) (c) the parameters
which improved naturally without any treatment (KN vs KO and HN
vs. HU) (d) the parameters at T1 which specifically improved due to the
treadmill treatment (KE vs. KN and HE vs. HN).

Human α-Syn overexpressing rats with relevance to PD

From the longitudinal CatWalk data, the first appearance of gait para-
meter differences between wild-type and transgenic rats was screened.
The data screening was conducted based on the p-value of a t-test (with
a threshold of Th = 0.05).

Transgenic mice expressing mutant human huntingtin modeling
HD

Similar to the longitudinal study in PD-relevant rats, the first appear-
ance of gait parameter differences between the BACHD-TG and their
wild-type littermates (BACHD-WT) was screened. The screening was
based on the p-value of a t-test (with a threshold of Th = 0.05).

5.3 Results and Discussion: Study Designs
The columns in heat maps were organized according to the study de-
signs described in Section 5.2.3. The shaded color red in the heat map
depicts an increase, whereas the shaded color blue depicts a decrease.
Additionally, the color white represents a non-observable difference.
The heat maps are accompanied by tables of the essential parameter
names.

5.3.1 Heat map illustrating differences in PD-relevant
mice

To avoid complication, the gait parameters in the heat map were first
categorized. Then, the gait parameters were arranged according to the
research main interests, such as group-wise comparisons. Here, the gait
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Figure 5.2: The heat map for reporting CatWalk gait parameters from a before-
after intervention study in the PD-relevant mouse models. The gait parameters
were clustered and arranged according to the researcher’s main interests. This
image was reproduced from [Timo 19a] with permission.

parameters relating to speed, time, regularity (or step sequence), num-
ber of paws supporting the body, base of support, and print positions
(total of 121 parameters) were placed on the top of the heat map. All gait
parameters, which show no differences between cohorts, were clustered
together. Some gait parameters depend on the intensity and software
setting, i.e. print size, paw angle, toe spread, intensity parameter, and
others. Therefore, they serve as additional information and were placed
in the lower part of the heat map. The resulting heat map is shown in
Figure 5.2. The parameter names that showed differences between the
cohorts at T0, and showed differences between the treated and non-
treated group at T1 for both models, are listed in Table 5.1.
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Table 5.1: The gait parameters, which indicate differences between the cohorts
at T0 (38 gait parameters in the KO cohort and 84 gait parameters in the HU
cohort) and show differences between the treated and non-treated cohort at T1
in the PD-relevant mouse models.

No. Parameter names Signed f-value

KO cohort (KE vs. KN)
34 LH Step Cycle (s) Mean -4.66
68 RH Swing (s) SD -6.95
70 LF Swing (s) SD -4.55

HU cohort (HE vs. HN)
46 LH Stand Index Mean -7.49
49 RH Swing Speed (cm/s) Mean 4.75
56 LF Swing (s) Mean -8.64
59 RF Single Stance (s) Mean -8.83

Discussion: PD-relevant mice

In this before-after intervention study, the aim is to screen the in-
fluential gait parameters in the study. As shown in Figure 5.2, from
the first 121 parameters, a total of 38 parameters showed differences
(f-value > 4.5) at T0 for KO Syn (KO vs. WT, the first column in the
heat map in Figure 5.2). For the huWT Syn at T0 (HU vs. WT, the fifth
column in the heat map in Figure 5.2), a total of 84 parameters showed
differences (f-value > 4.5). From the 38 gait parameters that showed
significant differences at T0 in the KO cohort, there were more parame-
ters that improved in the treated group (the second column in the heat
map on Figure 5.2) compared to the non-treated group (the third col-
umn in the heat map on Figure 5.2). The same can be concluded from
the 84 gait parameters in the HU cohort by comparing the sixth and
the seventh columns in the heat map in Figure 5.2.

In the KO Syn cohort, not all body speed parameters depicted differ-
ences at T0. Specifically, several body speed parameters calculated from
the body silhouette showed group differences, whereas the body speed
parameters calculated from the labeled paw positions did not show any
significant between-group differences. Overall, this suggests that there
was no significant difference in body speed in the selected range of
walkway of the KO Syn cohort. In the huWT Syn cohort, all body speed
parameters depicted significant group differences at T0. This suggests
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that a significant difference in body speed was observed in the huWT
Syn cohort. Especially in time-related parameters, the differences at T0
were more obvious in the huWT Syn than the KO Syn cohort.

The treadmill treatment in the intervention study affected a few gait
parameters as listed in Table 5.1, i.e. three gait parameters in the KO Syn
cohort (related to step cycle time and swing variation: the fourth col-
umn in the heat map on Figure 5.2) and four parameters in the huWT
Syn cohort (related to stand index, swing speed, swing time, and sin-
gle stand time: the eighth column in the heat map on Figure 5.2). Note
that there were several gait parameters showing significant differences
between the treated and non-treated cohort, but did not show any sig-
nificant difference between cohorts at T0.

5.3.2 Heat map illustrating differences in a rat model
with relevance to PD

In this study, the gait parameters which are directly connected to in-
tensity, were placed in the lower part of the heat map due to their de-
pendency on the software setting. The other 288 gait parameters were
placed according to their first appearance of significant differences bet-
ween the transgenic rats and their wild-type mates (p < 0.05). The re-
sulting heat map is shown in Figure 5.3, and part of the corresponding
parameters is listed in Table 5.2.

Discussion: PD-relevant rats

Some gait parameter differences appeared in the early stage of the disea-
se. At 10–12 weeks of age, 28 gait parameters showed significant differ-
ences. These include parameters related to stride length, swing speed,
swing time, body speed variation, hind body of support (BOS), and print
size. According to the number of gait parameters that showed signifi-
cant differences, the differences between the old transgenic rats and old
wild-type rats were not as obvious as at their young age.
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5 Systematic Initial Gait Data Analysis by Heat Mapping

Figure 5.3: The heat map for reporting CatWalk gait parameters from the lon-
gitudinal study in PD-relevant rat model. The gait parameters were arranged
according to the appearance of differences. This image was reproduced from
[Timo 19a] with permission.
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Table 5.2: Part of gait parameters together with their first appearance of differ-
ences between the PD-relevant transgenic rats and their wild-type littermates

First
No. Parameter names appear- Starting

ance p-value
(weeks)

...
...

...
...

10 RH Body Speed Variation (%) SD 10–12 < 0.01
11 LH Body Speed (cm/s) SD 10–12 0.01
12 BOS Hind Paws Mean (cm) 10–12 < 0.01
13 RH Stand Index SD 10–12 0.03
14 LF Print Length (cm) Mean 10–12 0.03
...

...
...

...
38 Step Sequence CA (%) 26–29 0.02
39 RF Initial Dual Stance (s) Mean 26–29 < 0.01
40 LF Terminal Dual Stance (s) Mean 26–29 0.01
41 RF Duty Cycle (%) Mean 26–29 < 0.01
...

...
...

...
55 RF Stride Length (cm) Mean 42–45 < 0.01
56 RF Swing Speed (cm/s) Mean 42–45 0.02
...

...
...

...
72 LF Swing (s) Mean 55–56 0.04
73 RF Swing (s) SD 55–56 < 0.01
...

...
...

...
79 Couplings RF → LF Mean 62–64 < 0.01
80 Couplings RF → LF CCStat Mean 62–64 < 0.01

5.3.3 Heat map illustrating differences in an
HD-relevant mouse model

Similar to the PD-relevant rat model, the intensity-related gait parame-
ters in the HD-relevant mouse model were placed at the lower part of
the heat map. The other 288 gait parameters were ordered according to
their appearance of significant differences (p < 0.05). The resulting heat
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Figure 5.4: The heat map for reporting CatWalk gait parameter differences
from the longitudinal study in the HD-relevant mouse model. The gait para-
meters were ordered according to their appearance of significant differences.
This image was reproduced from [Timo 19a] with permission.

map is depicted in Figure 5.4, and part of the corresponding parameter
names are listed in Table 5.3.
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Table 5.3: Part of the gait parameters, which show differences between the
BACHD-TG mice and BACHD-WT mice, as well as their first appearance

First
No. Parameter names appear- Starting

ance p-value
(weeks)

1 Left Hind Single Stance (s) Mean 20 < 0.01
2 Right Hind Single Stance (s) Mean 20 < 0.01
3 Right Hind Swing (s) Mean 20 < 0.01
4 Left Hind Swing (s) Mean 20 < 0.01
5 Left Front Swing (s) Mean 20 0.04
...

...
...

...
37 Left Front Swing Speed (cm/s) Mean 32 - 33 0.03
38 Left Front Swing Speed (cm/s) SD 32 - 33 0.03
39 Right Front Swing Speed (cm/s) Mean 32 - 33 0.02
40 Right Hind Swing Speed (cm/s) SD 32 - 33 0.03
41 Left Front Stand Index SD 32 - 33 0.02
...

...
...

...
52 Step Sequence Regularity Index (%) 47 0.03
53 Left Hind Duty Cycle (%) SD 47 < 0.01
54 Left Front Body Speed (cm/s) SD 47 0.01
55 Right Hind Body Speed (cm/s) SD 47 0.03
56 Left Front Print Width (cm) Mean 47 0.047

Discussion: HD-relevant mice

In this longitudinal study in the HD-relevant mouse model, 36 gait pa-
rameters showed significant differences between the BACHD-TG and
BACHD-WT. There were more gait parameters showing significant dif-
ferences in early age (20 weeks) than at older age points (47 weeks). The
gait parameters that significantly differ between the HD mouse model
and their wild-type littermates were, among others, related to single
stance time, swing time, swing speed, swing speed variation, hind body
of support (BOS), and footprint size.
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5.4 Discussion: Heat Maps in IDA
This study introduces the utilization of clustered heatmaps in a system-
atic initial gait parameter analysis. The approach is exemplified to an
intervention study in a PD-relevant mouse models, a longitudinal stu-
dy of a PD-relevant rat model and a longitudinal study of a HD-relevant
mouse model. It is demonstrated that this systematic IDA is applicable
to avoid purely hypothesis-driven parameter selection. Hence, presen-
ting gait parameters in heatmaps is advantageous for datamining, since
the comprehensive visualization of all parameters in a visually clear way
is innovative and includes presentation of negative findings as a part of
an initial screening process.

By using a heat map, CatWalk parameter differences, together with
the negative results, can be reported in a single chart with many rows
and columns. For ease of understanding, heatmaps need to be designed
according to the aim of the studies and the gait parameter similarities.

Applying heat-mapping to the intervention study in the PD-relevant
mice demonstrated that categorization and arrangement according to
group-wise comparisons represent a meaningful approach: the IDA re-
quirements for ease of understanding and comprehensive display of all
data were met.

In both of the longitudinal studies of the PD-relevant rat model and
the HD-relevant mouse model, the aim is to observe the occurrence
of gait parameter differences between the disease models compared to
their wild-type littermates. Therefore, it is apparent to cluster gait pa-
rameters according to the time-points of the appearance of differences.
Thus, the heat-mapping approach presented here appears to be excel-
lently suitable for depicting time-dependent differences.

The reporting of negative results in the heat map was performed by
grouping the gait parameters, which show no difference between co-
horts. Therefore, heat-mapping approach in IDA is able to display both
positive and negative results.

In previous studies involving α-Syn transgenic mice, a limited num-
ber of CatWalk gait parameters were reported (Table 5.4). In the initial
analysis of the treadmill intervention study in α-Syn transgenic mice,
38 gait parameters in the KO cohort and 84 gait parameters in the HU
cohort showed differences compared with the wild-type mice at T0.

In previous studies involving PD-relevant (6-OHDA) rats, various
CatWalk gait parameterswere reported (Table 5.4),mostly include stride
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length, stand time, swing time, and swing speed. In the initial observa-
tion of the CatWalk parameter generated from the PD-relevant (α-Syn
overexpression) rats used in this chapter, 80 gait parameters showed
differences in at least one age-point.

Previously, in a study involving HD-relevant mice [Abad 13], several
CatWalk gait parameters were evaluated (5.4). From these gait para-
meters, significant differences between the transgenic and wild-type
animals (aged between 9–10 months) were observed in CA-, CB-, and
AB- sequences, forelimb BOS, hindlimb max contact at (%), phase di-
spersion for RH-LH and LF-LH phases. In the initial observation of the
CatWalk parameters recorded from the HD-relevant mice used in this
chapter, differences between cohorts (aged 47 weeks) appeared in dif-
ferent set of gait parameters, including LH-, RH-, and RF- single stance
(s) mean, LH-, RH-, and LF- swing speed (cm/s) mean, LH swing speed
SD, LH duty cycle SD, body speed SD, LF print area mean, as well as
regularity index (RI).

Preceding studies reported a variety of CatWalk gait parameter sets.
This variety is reasonable since gait characteristic differences might oc-
cur due to animal gender [Datt 16], strain/breed [Koop 07], or disease
model. This variety also suggests the importance of being cautious in
using a parameter set from other studies and emphasizes the import-
ance of observing all CatWalk gait parameters. The use of heat-mapping
in IDA is, therefore, valuable to report both the possible gait differences
and the negative results.

The described IDA is designed to initially explore gait parameters,
it should be followed by a formal statistical analysis. Though it only
served as initial analysis, it is useful for avoiding premature parameter
selection. Moreover, the heat map reporting helps researchers to depict
the gait parameter differences and the negative results in a single chart.
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Table 5.4: The reported CatWalk gait parameters in previous studies of α-Syn
transgenic mice, PD-relevant (6-OHDA) rats, and HD-relevant mice

Rodent Study Reported CatWalk Gait Parameters
model

α-Syn
transgenic
mice

[Casa 14] number of steps, stand time.

[Rote 14] stride length, mean intensity, print
length.

[Tate 16] stride length, average speed, swing
speed, print area, print position,
regularity index (RI).

[Frah 18] front paw stride length

PD-relevant
(6-OHDA)
rats

[Vlam07] stride length, stand time, swing time,
swing speed, run duration, base of
support (BOS), cruciate sequences
(CA, CB), alternate sequences (AA, AB),
rotary sequences (RA, RB), regularity
index (RI), maximum contact area,
maximum paw intensity, phase disper-
sion/lag (girdle, diagonal, ipsilateral),
phase dispersion/lag variability.

[Vand 10] stand time, swing time, swing speed,
stand index, intensity.

[West 12] stride length, stand time, swing time,
swing speed, step cycle, duty cycle,
base of support (BOS), print position,
regularity index (RI).

[Zhou 15] stride length, stand time, swing speed,
step cycle, duty cycle, base of support
(BOS), max contact area, mean
intensity, terminal dual stance.

Continued on next page
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Table 5.4 – continued from previous page

Rodent Study Reported CatWalk Gait Parameters
model

[Boix 18] stride length, stand time, swing time,
average speed, step cycle, cadence,
stand index, print position, print
length, print area, initial dual stance,
phase dispersion.

HD-relevant
mice

[Abad 13] stride length, stand time, swing time,
walking speed, cruciate sequence
(CA, CB), alternate sequence (AB),
regularity index (RI), base of support
(BOS), print position, max contact
at (%), intensity, phase dispersion.

The most reported parameters, shown in the listed previous
studies, are written in italics
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6 GaitParameterCombination inSpinal
Cord Injured Rats

This chapter presents a computational method of combining CatWalk
gait parameters for predicting gait alteration in rat spinal cord injury
(SCI) models. The material, method, datasets, and results of this chap-
ter are closely based on a manuscript prepared for submission to a jour-
nal [Timo 19c], written by the author of this dissertation in collaboration
with the coauthors of the manuscript. The CatWalk data collection was
primarily done by the coauthors: Radhika Puttagunta, Beatrice Sand-
ner, Daniel Garcia-Ovejero, Lara Bieler, and Veronica Estrada. Subse-
quently, the author of this dissertation developed the computational
method for combining parameters and applied it to the collected Cat-
Walk data.

The method of linear discriminant analysis (LDA) was used to form
this gait parameter combination relating to spinal cord injury (SCI). The
fundamentals relating to this chapter are given in Section 2.5.3 (SCI),
Section 2.3.1 (BBB) and Section 2.8 (LDA).

6.1 Overview
A long term assessment of gait is essential for evaluating and deve-
loping new treatments in SCI. The most common approach used for
evaluating gait in middle/lower rat thoracic SCI models is based on a
non-parametric 21-point scale, named the BBB Locomotor Rating Scale
[Bass 95]. As described in Section 2.3.1, this BBB scoring system de-
pends on how often specific gait characteristics occurred [Bhim 17]. A
paw-position-based gait analysis system for rodents, namely the Cat-
Walk system [Hame01] [Hame06], generates gait parameters objec-
tively. Therefore, this system is valuable in providing further gait infor-
mation for the studies of SCI.
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Figure 6.1: Graphical overview: Gait parameter combination in spinal cord in-
jured rats.

Although the CatWalk system generates hundreds of gait parameters,
many pre-clinical studies in SCI (as listed in Table 1.1 and explained in
Section 1.2.5) observed the CatWalk parameter individually. No single
CatWalk gait parameter is enough in representing the whole gait move-
ment of an injured animal. Similarly, the need of observing several gait
characteristics is also reflected in the BBB scale, which is determined by
observing several gait characteristics simultaneously.

For this reason, this chapter describes a method to combine CatWalk
gait parameters into a single gait score, which aims to represent the gait
recovery progression of rat SCI models and give an alternative to the
non-parametric (observation-based) locomotion score for rat thoracic
SCI models (BBB score). The most distinctive CatWalk parameters bet-
ween the uninjured and the severely spinal cord injured animals were
chosen to be included for developing the parameter combination. Sub-
sequently, the parameter linear combination was developed based on
LDA and was applied to assess several SCI studies: three thoracic con-
tusion studies, a thoracic dorsal hemisection study, and a cervical dorsal
column lesion study. An overview of the use of this parameter combi-
nation method is depicted in Figure 6.1. Using this parameter combina-
tion, gait recovery progression can be represented in the thoracic con-
tusion lesions and the thoracic dorsal hemisection lesions, including in
cases when differences were not detectable by the BBB score.
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6.2 Material and Methods

6.2.1 Animals and Data Acquisition
The gait recovery progression assessment method was applied to three
rat Th8/9 contusion SCI studies, one rat Th8/9 dorsal hemisection tran-
section SCI study, and one rat C4 bilateral dorsal column transection
SCI study, which are summarized in Table 6.1. The studies were con-
ducted using two different versions of CatWalk system, which have dif-
ferent camera frame rate (50 fps for CatWalk 7.1 and 100 fps for CatWalk
XT).

Study 1

This study was performed as published previously [Sand 18] and briefly
explained here. Experiments were carried out in accordance with the
European Union Directive (2010/63/EU) and institutional guidelines.
Th8/9 contusion SCI model: Adult female Fischer rats weighing

160–180 g were used. For all surgical procedures, rats were anesthe-
tized. The rats received a spinal cord contusion injury at mid-thoracic
level Th9 using the Infinite Horizon (IH) Impactor SCI device with an
impact force of 150 kDyn without any additional dwell time as previous-
ly described [Sche 03]. Rats received either intraperitoneal (i.p.) injec-
tions of Epothilone (Epo) D (Abcam, Cambridge, UK, cat. no.: ab143616)
(1.5 mg/kg body-weight) dissolved in dimethylsulfoxid (DMSO)
(3 mg/ml) and diluted 1:1 with pre-warmed saline immediately prior
to injections (Epo D group) or vehicle (1:1 mixture of DMSO and sali-
ne, control group) on day 1 and 15 post-injury (at an equivalent time of
the day as the SCI surgery was performed) by a blinded unbiased ex-
perimenter. A rat in each cohort was excluded due to inadequate force
impact curves upon spinal cord contusion. Based on the variability in
spinal cord displacement, rats were divided into 2 groups dependent
upon the injury-induced spinal displacement prior to EpoD administra-
tion and any functional testing. A threshold at a displacement value of
1000µmallowing for equal distribution of rats into 2 cohorts (moderate;
Mod.< 1000 µm and moderate severe; Mod-Sev. > 1000 µm) was chosen.
These rats were then assigned to receive either vehicle or Epo D treat-
ment.
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Table 6.1: The rat SCI studies included in this chapter

Study 1 Study 2 Study 3 Study 4 Study 5

Rats Female Male Female Female Female
Fischer Wistar Fischer Wistar Fischer

SCI Th8/9 Th8 Th8 Th8/9 C4
contusion contusion contusion dorsal bilateral
Mod & Mod.Sev. Mod.Sev. hemisection dorsal col-
Mod.Sev. (200 kDyn) (200 kDyn) Scouten umn tungsen
(150 kDyn) wire-knife wire-knife

transection transection

Time-points UI, 60 dpi UI, 7, 30, 60 UI, 15, 22, 29, UI, 30, 60 UI, 30 dpi
of gait assessment dpi 36, 43 dpi dpi

CatWalk CatWalk XT CatWalk 7.1. CatWalk XT CatWalk XT CatWalk XT

Groups UI UI Young SCI UI UI
Veh.Mod. SCI + Veh. Old SCI SCI Veh. SCI Veh.
Veh.Mod.-Sev. SCI + Prog
Exp.Mod.
Exp.Mod.-Sev.

UI: Uninjured; dpi: days post injury; Mod.: Moderate; Sev.: Severe; Veh.: Vehicle; Exp.: Experiment
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Behavioral testing:At 60 dpi, CatWalk test and BBB test [Bass 95] were
performed. The number of rats and CatWalk runs collected in this study
are listed in Table 6.2. The BBB scores ranged from 10 to 19.

Table 6.2: Number of Rats and CatWalk Runs of Study 1

Study 1 # Rats # Runs

Uninjured 6 27

Vehicle* Mod. 8 31
Mod–Sev. 7 30

Experiment* Mod. 8 38
Mod–Sev. 9 39

*60 days post injury (dpi)
Mod.: Moderate; Sev.: Severe

Study 2

This study was performed as published previously [Garc 14] and briefly
explained here. Experiments were carried out in accordance with the
European Union Directive (2010/63/EU) and institutional guidelines.
Th8 contusion SCI model: Young adult male Wistar rats (300–335 g,

12 weeks of age) were submitted to a moderate-severe contusive SCI.
Briefly, rats were anesthetized for all surgical procedures. After remo-
ving Th8 vertebra, spinal cord contusion was performed with the IH
Impactor SCI device, applying a force of 200 kDyn. Injured rats received
daily subcutaneous injections of either natural progesterone
(16 mg/kg/day, Sigma Aldrich, SCI+Prog group) or vehicle (Castor oil,
Sigma Aldrich, SCI+Vehicle group) for 60 days until the sacrifice day.
First injection was given to awake rats 1 hour after injury.
Behavioral testing: Gait data were collected using CatWalk 7.1. The

BBB scores [Bass 95] were additionally scored for coordination with the
CatWalk regularity index [Koop 05]. The rats with BBB-score of 9 or
higher were further examined weekly by CatWalk system. The number
of rats and CatWalk runs included in the data collection are listed in
Table 6.3.
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Table 6.3: Number of Rats and CatWalk Runs of Study 2

Study 2 # Rats # Runs

Uninjured 5 18

SCI + Vehicle 7 dpi 4 16
30 dpi 7 32
60 dpi 7 32

Experiment 7 dpi 7 27
(SCI + Prog) 30 dpi 8 29

60 dpi 7 27

Study 3

Th8 contusion SCI model: In this study, motor recovery after trauma-
tic mid-thoracic SCI of 3-month old female Fischer rats (160.1 ± 7.1 g)
was compared to rats of 20–24 months of age (273.7 ± 23.7 g). Rats un-
derwent a laminectomy at Th8 vertebral level followed by a contusion
with 200 kDyn using the IH Impactor SCI device without additional
dwell time. For surgical purposes rats were under general inhalative an-
esthesia. All of the described procedures were authorized by the ethical
committee of the “Land Salzburg” (20910-TVG-79/17-2014) according to
the European Directive 2010/63/EU for the use of rats in research.
Behavioral testing: BBB tests [Bass 95] were performed on days 1, 4,

and 7 post injury followed by weekly evaluation. The rats with BBB
scores of 11 or higher were further examined weekly by Catwalk XT ana-
lyses. For the Catwalk XT analyses, rats were trained on the Catwalk
device for at least two weeks (two times per week) prior to surgery and
a baseline (uninjured) was created. Rats did not receive food rewards
during the testing. The experiment ended after 49 days for the young
and after 35 days for the aged group. The number of rats and CatWalk
runs in this study are shown in Table 6.4.
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Table 6.4: Number of Rats and CatWalk Runs of Study 3

Study 3 # Rats # Runs

Young: injury at 0 dpi (Uninjured) 19 91
3 months 15 dpi 2 7

22 dpi 6 29
29 dpi 6 28
36 dpi 6 25
43 dpi 7 28

Old: injury at 0 dpi (Uninjured) 12 131
20–24 months 15 dpi 3 37

22 dpi 6 40
29 dpi 6 33

Study 4

Th9 Dorsal hemisection Scouten wire-knife transection model: Adult fe-
male Wistar rats weighing 220–250 g at the time of operation were ana-
esthetized. Following laminectomy at Th8/9 the dura mater was ope-
ned at Th8/9 with a longitudinal cut and a dorsal hemisection injury
was performed with a Scouten wire knife. All surgical interventions as
well as the pre- and post-surgical rat care were provided in compliance
with the German Animal Protection law (State Office, Environmental
and Consumer Protection of North Rhine-Westphalia, LANUV NRW,
AZ 8.87-50.10.34.08.061) and the institutional guidelines for rat’s safety
and comfort. Experimental animals were housed in groups under stan-
dard conditions. Water and food were available ad libitum.
Behavioral testing: Four weeks prior to surgery all rats were famil-

iarized and pre-trained in the behavioral tests. The overall hindlimb
function was assessed in an open field using the BBB test [Bass 95] by
two blinded examiners at 30 and 60 days post-lesion. Differences in gait
were investigated using the CatWalk XT System. The number of rats and
runs involved in the CatWalk test are shown in Table 6.5.
Exclusion criteria: Some rats showed signs of automutilation. In the

case of severe automutilation the respective rat was sacrificed prematu-
rely. If only minimal signs of automutilation were detected, the respec-
tive rat was not included in the behavioral tests at individual test time
points.
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Table 6.5: Number of Rats and CatWalk Runs of Study 4

Study 4 # Rats # Runs

0 dpi (Baseline/Uninjured) 19 63
30 dpi 16 42
60 dpi 12 36

Study 5

This study was performed as published previously [Biel 18] and brief-
ly explained here. Experiments were performed in accordance with the
Directive 2010/63/EU of the European Parliament and of the Council
and were approved by the local animal health commission (20901-TVG-
65/8-2013).
C4 bilateral dorsal column tungsten wire-knife transection SCI mo-

del: This study was carried out on female Fischer rats (body weight
169 ± 8 g). The lesion rat group underwent a bilateral transection of
the dorsal column at the fourth cervical segment. Prior to surgery, rats
were deeply anaesthetized. The dorsal spine of the rat was exposed and
a laminectomy at C4 was performed to expose the spinal cord. Using
a blunt tungsten wire-knife device (M122, David Kopf Instruments),
the dorsal column was precisely transected bilaterally (2.5 mm width,
1.1 mm depth) as described in [Biel 18] [Sand 13] [Weid 99] [Weid 01].
Behavioral testing: Differences in gait parameters were investigated

using the Catwalk XT. In the two weeks prior to injury, rats were famil-
iarized with the device and testing conditions. Rats crossed the Catwalk
walkway voluntarily without the use of food rewards. After injury rats
were tested at 30 days post injury. The number of rats and CatWalk runs
involved in this study are shown in Table 6.6.

Table 6.6: Number of Rats and CatWalk Runs of Study 5

Study 5 # Rats # Runs

0 dpi (Uninjured) 6 36
30 dpi 6 36
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6.2.2 Establishment of the CatWalk Parameter Linear
Combination

The parameter linear combination was developed based on the gait pa-
rameters, which were extracted by the CatWalk software based on the
recorded videos. Only the gait parameters, which are available in both
the CatWalk 7.1. and CatWalk XT, were utilized in this study. In de-
veloping the parameter combination, gait parameters related to mean
values of paw statistics, step sequence, base of support, print position,
and number of paws supporting the walk were included. The parame-
ters, which are directly related to intensity, were not utilized as they are
often too sensitive to the experiment setting. Because of their similari-
ty, all gait parameters were averaged from the right and left paws except
for body speed, which was averaged from all four paws.

In order to develop a combination parameter which would efficiently
examine the gait recovery differences between experimental and vehi-
cle samples, the gait parameters, which are the most representative of
SCI rat, were first designated. To do this, uninjured rats from Study 1
and Study 2 were grouped together as the controls. Additionally, the
vehicle moderate-severe SCI rats from Study 1 along with the vehicle
SCI rats (60 dpi) from Study 2 were combined to form the SCI group.
This was continued by running t-tests (without assuming equal varian-
ces) between these two groups for all the individual gait parameters. To
perform this t-test, parameters from all the runs of each rat were first
averaged. All gait parameters having p < 0.01 from the t-test were then
used in developing the linear combination of CatWalk parameters.

The linear combination of CatWalk parameters pLDA can be expres-
sed as Eq. 6.1, where pi is the i-th Catwalk gait parameter, w1,i is the
corresponding parameter-weight, and Np is the number of gait para-
meters.

pLDA = w1 · p =

Np∑
i=1

w1,ipi (6.1)

The parameter-weights w1,i of the linear combination were computed
here based on LDA, which aims to maximize the between-class scat-
ter and minimize the within-class scatter. Here, the LDA utilized gait
parameter values from all of the runs and was performed according to
the description in Section 2.8.
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6.2.3 Analysis
The differences between groups in each study were analyzed based on
the resulting parameter combination pLDA. These parameter combina-
tions pLDA were calculated for all of the run data and the analysis was
performed based on the average of each rat. For comparison, an analysis
of the thoracic SCI rats’ BBB score was also performed.

Analysis using two-wayANOVA for unbalanced designwas performed
for the examination of groupswith longitudinal data within a study. The
statistical analysis between two groups were performed by t-tests with-
out assuming equal variances. The differences between three or more
groups were investigated by ANOVA [Arms 00] [Fish 21], [Mull 09] and
multiple comparison tests by Bonferroni correction provided in Matlab
R2015a (8.5.0). Groups were considered significant different when the
p-values were below p < 0.05.

6.3 Results
The purpose of this chapter was to examine if a combination parameter
for CatWalk could be designed to be more predictive of gait recovery
after spinal cord injury than single Catwalk parameter reporting alone
or the BBB score. The resulting CatWalk parameter combination pLDA

is reported in Section 6.3.1. This combination was applied in the assess-
ment of gait recovery in the studies described in Subsection 6.2.1.

6.3.1 CatWalk Parameter Linear Combination
The gait parameters having p < 0.01 from the t-test (without assuming
equal variances) as well as the values of the first eigen-vector w1 are
listed in Table 6.7. Although developed from injuries directly affecting
hind limb function, the list consists several front-paw-related gait para-
meters. This suggests that the front paws play an important role in sup-
porting body weight during impaired walking following a SCI directed
to the hind limbs [Ghos 10] [Wilc 17]. Their combination as described in
Eq. 6.1 was then used to assess gait recovery progression in the studies
described in Subsection 6.2.1.
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Table 6.7: List of gait parameters pi (Np = 9) and their
corresponding parameter-weight w1,i for the linear combi-
nation of parameters

w1,i pi

1 Front paw swing time (s)
0.0015 Front paw stride length (cm)
0.0005 Front paw duty cycle (%)
-0.0103 Hind paw base of support/BOS (cm)
0.00002 Regularity index/RI (%)
0.001 Body speed (cm/s)

-0.0001 AB sequence (%)
-0.0015 Front paw max contact at (%)
-0.0017 Hind paw stride length (cm)

6.3.2 Testing of the CatWalk Parameter Linear
Combination in Distinguished Contusion
Lesion Severities (Study 1)

By applying the gait parameter combination to the CatWalk data in Stu-
dy 1, the ability of the pLDA in distinguishing differing lesion severity as
well as experimental treatment groups was tested. The uninjured rats
showed significantly higher values of pLDA compared to the injured
rats (60 dpi), as shown in Figure 6.2a. Furthermore, significant gait per-
formance difference can be distinguished between the moderate and
moderate-severe injured rats. No significant gait improvement due to
the treatment can be observed by pLDA, as shown in Figure 6.2b and
6.2c. Similar results are shown by the BBB scores (Figure 6.2d, 6.2e, and
6.2f). The mean and SD of the pLDA values and nine CatWalk parame-
ters of vehicle moderate and vehicle moderate-severe groups are given
in Table 6.8, as well as their p-values calculated from the t-test without
assuming equal variances. Table 6.8 illustrates that most of the single
CatWalk parameters did not display significant differences, while the
combination of those parameters pLDA was able to detect gait differ-
ence.
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6 Gait Parameter Combination in Spinal Cord Injured Rats

Figure 6.2: The combinations of gait parameters (pLDA) and BBB scores for
each group in Study 1 (Mean ± SEM). UI = Uninjured; Veh.Mod. = Vehicle
Moderate SCI; Veh.Mod.-Sev. = Vehicle Moderate-Severe SCI; Exp.Mod. = Ex-
perimental Moderate SCI; Exp.Mod.-Sev. = Experimental Moderate-Severe SCI.
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

140



6.3
Results

Table 6.8: The mean and SD of the pLDA and several CatWalk parameters from the
vehicle moderate SCI and vehicle moderate-severe SCI models in Study 1 at 60 dpi and
their p-values as shown in Figure 6.2a. *p<0.05

Study 1 Veh.Mod. Veh.Mod-Sev. p-value
Mean ± SD Mean ± SD

pLDA 0.059 ± 0.015 0.037 ± 0.016 0.018*

Front paw swing time (s) 0.11 ± 0.01 0.11 ± 0.01 1
Front paw stride length (cm) 10.5 ± 1.2 9.6 ± 0.8 0.21
Front paw duty cycle (%) 64.7 ± 5.0 68.3 ± 3.4 0.25
Hind paw base of support (cm) 3.6 ± 0.3 4.1 ± 0.7 0.15
Regularity index (%) 93.8 ± 2.6 5.9 ± 10.5 0.077
Body speed (cm/s) 32.9 ± 6.5 27.5 ± 3.5 0.23
AB sequence (%) 64.1 ± 22.9 62.4 ± 16.8 1
Front paw max contact at (%) 48.0 ± 3.9 52.9 ± 3.2 0.037*
Hind paw stride length (cm) 12.2 ± 1.0 11.7 ± 1.6 1
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6.3.3 Examination of the CatWalk Parameter Linear
Combination Across Various Studies with
Similar Lesion Type and Severity (Study 2 &
Study 3)

Here, published data (Study 2, [Garc 14]) of a similar lesion type with
Study 1 were examined as a confirmation of validity across studies for
the pLDA. Study 2 [Garc 14] already demonstrated differences with ex-
perimental treatment with single Catwalk parameters (hind paw swing
time (s), hind paw duty cycle (%), hindpaw BOS (cm), phase dispersi-
on, and regularity index (%)) as well as regularity-index-controlled BBB
score. In addition, unpublished data (Study 3), that did not exhibit sig-
nificant differences in recovery by the BBB score or over half of the single
Catwalk parameters selected here, were examined.

Examining using the pLDA, vehicle SCI rats in Study 2 (male Wistar
rats) and Study 3 (female Fischer rats) showed similar gait performance
(Figure 6.3a) after a Th8 200 kDyn contusion injury. Correspondingly,
the BBB scores (Figure 6.3d) between the vehicle SCI rats in these two
studies show that they were equally injured and did not recover over
60 days (Study 2) and over 43 days (Study 3). It should be noted that
different CatWalk systems (CatWalk 7.1 and CatWalk XT, respectively)
between the two studies did not influence the results we observed here.

By observing both the pLDA and regularity-index-controlled BBB
scores in Study 2 (Figure 6.3b and 6.3e), the treatment with natural pro-
gesterone improved the gait performance as reported in the publication
[Garc 14]. Significant differences of gait performance between the vehi-
cle and the treated rats were observed at 60 dpi with the pLDA and at
30 and 60 dpi by the regularity-index-controlled BBB score. The mean
and SD of pLDA and nine single CatWalk parameters of the SCI+Vehicle
and SCI+Prog at 60 dpi are shown in Table 6.9, as well as their p-value
calculated from the t-tests without assuming equal variances.

In Study 3, a gait severity difference assessed by the pLDA was ob-
served between the rats undergoing injury at a young age (3 months)
and at an old age (20–24 months) as shown in Figure 6.3c. This differ-
ence was not shown by the result of the BBB tests as shown in
Figure 6.3f. The mean and SD of the pLDA and nine single CatWalk pa-
rameters of the young and old groups at 29 dpi are shown in Table 6.10,
as well as their p-value calculated from the t-tests without assuming
equal variances.
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Figure 6.3: The combinations of gait parameters (pLDA) and BBB scores for
each group in Study 2 and Study 3 (Mean ± SEM). The two-way ANOVA in
Study 2 shows significant effects on pLDA of both groups (p = 0.037) and time
(p < 0.00001), without significant interaction. In the regularity-index control-
led BBB score (Study 2), significant effects of both groups (p = 0.003) and time
(p < 0.00001) were observed, as well as significant interaction (p = 0.049). The
two-way ANOVA in Study 3 shows significant effect on pLDA of both group
(p < 0.00001) and time (p < 0.00001), with significant interaction (p < 0.001). In
the BBB (Study 3) score, significant effect of time (p < 0.00001) was observed,
but no significant effect of group and interaction. *p < 0.05; **p < 0.01.
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Table 6.9: The mean and SD of the pLDA and several CatWalk parameters from the
SCI+Veh. and SCI+Prog models in Study 2 at 60 dpi and their p-value as shown in
Figure 6.3b. *p < 0.05

Study 2 SCI+Veh. SCI+Prog p-value
Mean ± SD Mean ± SD

pLDA 0.029 ± 0.021 0.059 ± 0.027 0.040*

Front paw swing time (s) 0.09 ± 0.01 0.12 ± 0.02 0.040*
Front paw stride length (cm) 9.0 ± 1.5 10.4 ± 1.6 0.103
Front paw duty cycle (%) 72.2 ± 3.2 67.6 ± 2.0 0.010*
Hind paw base of support (cm) 5.1 ± 0.8 4.6 ± 0.8 0.28
Regularity index (%) 89.8 ± 7.3 97.8 ± 2.4 0.027*
Body speed (cm/s) 27.9 ± 6.7 30.5 ± 8.1 0.52
AB sequence (%) 55.6 ± 15.4 66.3 ± 19.5 0.28
Front paw max contact at (%) 43.5 ± 3.9 43.9 ± 1.7 0.79
Hind paw stride length (cm) 11.6 ± 1.9 12.1 ± 1.2 0.60
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Table 6.10: The mean and SD of the pLDA and several CatWalk parameters from the
young and old SCI models in Study 3 at 29 dpi and their p-value as shown in Figure
6.3c. *p < 0.05; **p < 0.01

Study 3 Young Old p-value
Mean ± SD Mean ± SD

pLDA 0.034 ± 0.027 -0.015 ± 0.018 0.0049**

Front paw swing time (s) 0.10 ± 0.01 0.088 ± 0.009 0.21
Front paw stride length (cm) 11.0 ± 2.1 9.1 ± 1.1 0.079
Front paw duty cycle (%) 67.4 ± 6.6 74.0 ± 3.1 0.061
Hind paw base of support (cm) 4.9 ± 0.8 6.4 ± 0.7 0.0036**
Regularity index (%) 87.0 ± 14.7 85.5 ± 5.4 0.82
Body speed (cm/s) 37.2 ± 9.7 26.4 ± 5.0 0.043*
AB sequence (%) 56.8 ± 20.3 43.1 ± 12.4 0.20
Front paw max contact at (%) 48.6 ± 5.9 60.8 ± 4.4 0.0028**
Hind paw stride length (cm) 13.5 ± 2.6 12.3 ± 1.1 0.33
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6.3.4 Examination of the CatWalk Parameter Linear
Combination of Distinct SCI Lesion Models
(Study 2, Study 4, and Study 5)

The combination of gait parameters pLDA was used to distinguish va-
rious SCI lesion models such as a bilateral dorsal column transection
(Study 5) and a dorsal hemisection model (Study 4) in comparison to
the previous contusion model (Study 2).

Figure 6.4a shows results from the uninjured rats and vehicle SCI rats
at 30 dpi in Study 2 (Th8 contusion), Study 4 (Th8/9 dorsal hemisec-
tion), and Study 5 (C4 bilateral dorsal column lesion). In the rat thora-
cic contusion and dorsal hemisection studies (Study 2 and 4), the pLDA

was able to distinguish the gait differences between uninjured and inju-
red rats. It also observed motor differences between the varying lesion
models at 30 dpi. The mean and SD of the pLDA and nine single Cat-
Walk parameters of the vehicle SCI rats from Study 2 and 4 at 30 dpi are
shown in Table 6.11, as well as their p-value calculated from the ANO-
VA and multiple comparison test by Bonferroni correction. The mean
and SD of the pLDA and nine single CatWalk parameters of the unin-
jured rat and injured rat (30 dpi) from Study 5 are shown in Table 6.12.
The CatWalk single parameters depicted a different gait characteristic
of C4 bilateral dorsal column lesion rats (Study 5) compared with the
Th8/9 dorsal hemisection (Study 4) or contusion rats (Study 2). For ex-
ample, the injured rats in Study 5 showed significantly longer front paw
stride lengths compared with the uninjured rats, while the injured rats
in Study 1 – 4 mostly showed shorter front paw stride lengths compa-
red with the uninjured rats. Consequently, this parameter combination
pLDA can not reflect a reasonable gait recovery progression in C4 bila-
teral dorsal column lesion rats.

To compare gait recovery progression in distinct lesion models of the
same spinal level, direct comparison between Study 2 (Th8 contusion)
and Study 4 (Th8 dorsal hemisection) were performed and are reported
in Figure 6.4b (pLDA) and 6.4c (BBB-score). Although the BBB scores
were not found to be statistically different between the lesion types, the
pLDA did observe significant gait differences, displaying its enhanced
sensitivity in differentiation. Noteworthy, regardless that Study 2 and
4 utilized male and female Wistar rats, respectively, their pLDA prior
to surgery were nearly identical irrespective of body weight and gender
differences. It should be noted here that Study 4’s dorsal hemisection
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Figure 6.4: (a) The combinations of gait parameters (pLDA) of uninjured rats
and vehicle SCI rats in Study 2 (S2: Th8 contusion), Study 4 (S4: Th8/9 dorsal
hemisection), and Study 5 (S5: C4 bilateral dorsal column lesion), UI: Unin-
jured; (b) The combinations of gait parameters (pLDA) of vehicle SCI rats in
Study 2 and Study 4; (c) The BBB scores of vehicle SCI rats in Study 2 and 4;
Mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

did produce longer hind paw stride lengths like that of Study 5’s bilateral
dorsal column lesion.
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Table 6.11: The mean and SD of the pLDA and several CatWalk parameters from the vehicle
rats in Study 2 and Study 4 at 30 dpi and their p-values (ANOVA and multiple comparison
tests by Bonferroni correction) shown in Figure 6.4a. *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001

30 dpi Study 2 Study 4 p-value
Mean ± SD Mean ± SD

pLDA 0.025 ± 0.017 0.075 ± 0.029 < 0.001***

Front paw swing time (s) 0.09 ± 0.01 0.11 ± 0.02 0.006**
Front paw stride length (cm) 9.2 ± 0.8 13.3 ± 2.9 0.001**
Front paw duty cycle (%) 72.8 ± 3.1 58.8 ± 7.6 < 0.0001****
Hind paw base of support (cm) 5.0 ± 0.7 3.6 ± 0.9 0.003**
Regularity index (%) 91.2 ± 2.8 78.8 ± 29.4 0.69
Body speed (cm/s) 29.3 ± 5.9 42.8 ± 10.6 0.007**
AB sequence (%) 44.2 ± 11.1 62.9 ± 28.9 0.26
Front paw max contact at (%) 44.3 ± 5.7 41.3 ± 6.5 0.80
Hind paw stride length (cm) 12.0 ± 1.7 16.8 ± 2.3 < 0.0001****
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Table 6.12: The mean and SD of the pLDA and several CatWalk parameters from Study 5 and
their p-values (t-test without assuming equal variances) shown in Figure 6.4a. *p < 0.05;
**p < 0.01

Study 5 Uninjured C4 C4, 30 dpi p-value
Mean ± SD Mean ± SD

pLDA 0.112 ± 0.012 0.120 ± 0.010 0.28

Front paw swing time (s) 0.14 ± 0.01 0.14 ± 0.01 0.55
Front paw stride length (cm) 13.1 ± 1.4 15.2 ± 0.6 0.01*
Front paw duty cycle (%) 61.3 ± 4.1 57.9 ± 1.2 0.10
Hind paw base of support (cm) 2.1 ± 0.1 2.0 ± 0.5 0.78
Regularity index (%) 98.2 ± 1.6 99.4 ± 1.4 0.18
Body speed (cm/s) 32.6 ± 8.7 41.5 ± 3.9 0.06
AB sequence (%) 93.1 ± 11.1 83.3 ± 9.1 0.13
Front paw max contact at (%) 43.1 ± 3.0 40.6 ± 2.9 0.18
Hind paw stride length (cm) 12.9 ± 1.3 15.1 ± 0.6 0.08**
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6.4 Discussion
To understand the effectiveness of potential clinical interventions in
preclinical work performed in the field of SCI, sensitive gait recovery
progression analysis of either spontaneous recovery or treatment-
induced recovery is necessary.However, the current reliance on observer-
based open field locomotor scoring, the BBB score, is not always sen-
sitive to distinguish between lesion types and severity or treatment re-
gimes. Here, an unbiased combination of SCI specific gait parameters,
obtained by the automated CatWalk system, was developed based upon
LDA (pLDA). It is noteworthy that the use of this parameter combina-
tion in five studies from various international laboratories, performed
on different rat strains and genders, by diverse experimenters using dis-
tinctive lesion types and levels makes it a one of kind application in the
field of SCI. Furthermore, it demonstrates its practicality to assess the
gait recovery progression of rat SCI models that cause damage to a regi-
on greater than that of the dorsal column. Therefore, the pLDA indicates
damage to tracts involved in overground locomotor control by display-
ing a significant lowering of the overall value. This distinction between
lesion severities and types was not always correspondingly observed by
the BBB score. By combining nine SCI-related CatWalk static and dyna-
mic gait parameters simultaneously, the pLDA is sensitive to differences
that may not be detected by analyzing each individual gait parameter
separately or the BBB score alone. Thus, this pLDA can better represents
the fluid motion of gait than the individual CatWalk parameters.

To determine the CatWalk parameters to be combined in the pLDA,
data from two different studies (Study 1 and Study 2) were combined
increasing overall numbers, as well as mixing strain and gender. Speci-
fically the thoracic contusion injuries with the greatest severity of lesion
were used to establish the widest difference between the uninjured and
injured animals. Interestingly, half of the parameters showing the grea-
test difference between the uninjured and injured animals resulted in
many front paw parameters. This front paw significance from an inju-
ry to the thoracic cord is not novel as was shown previously by other
studies [Ghos 10] [Wilc 17].

In Study 1, gait assessments using both the pLDA and BBB-score
showed a significant difference in motor impairment between the mo-
derate and moderate-severe vehicle groups. Both gait assessments also
showed no significant effect of the treatment to the motor recovery
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during walking. In this study, one force of 150 kDyn with the IH im-
pactor produced two groups with varying displacements, thus severity.
For this reason the number of animals may have been less than what
is necessary for analysis of significance. However, in Study 2 an equal
number of animals were used and significance was observed. The more
likely possibility is that the drug of choice in Study 1 is not relevant for
recovery of overground locomotion/gait but is for fine motor control
as was observed by the uneven horizontal ladder test [Sand 18]. In Stu-
dy 1, the results show an agreement between the objective assessment
method using the pLDA and the subjective assessment method using
the BBB score. In line with the publication [Sand 18], single CatWalk
parameters except for one did not show significant differences between
the two lesion models (Table 6.8). However, when combined, the pLDA

shows a strong significant difference between the two groups. There-
fore, it is the whole representation of the gait parameters in unison that
is more relevant than the individual components of movement.

The selection of the parameters for the pLDA also came from the ve-
hicle SCI animals in Study 2, therefore the pLDA was applied here to ex-
amine if the gait recovery progression treatment effect exhibited in the
publication would likewise be observed. Indeed, the treatment brings
motor recovery, which was detected by both the pLDA and BBB score.
The pLDA shows an increased progression of gait recovery with treat-
ment over time. In Study 2, BBB score was integrated with the CatWalk
regularity index parameter which may give a different representation
than the BBB-score alone. Some of the same parameters presented in-
dividually in the publication [Garc 14] (hind paw BOS and stride length)
are covered in pLDA. However, other parameters presented here are for
front paw rather than hind paw (swing time and duty cycle). Interestin-
gly, the publication [Garc 14] reported that front paw parameters were
not significantly different, although here the front paws showed signif-
icant differences in individual parameter analysis. This is likely due to
the difference in statistical analysis performed. All in all the pLDA ap-
pears to be better at observing gait recovery progression over time with
treatment.

The pLDA was subsequently tested on a similar model, Study 3. The
vehicle group of Study 2 showed similar gait recovery progression to the
injury-at-young group of Study 3, assessed by both the pLDA and BBB
score. This established that there is a similar injury severity induced and
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natural recovery happening between the two studies regardless of strain
and gender.

In Study 3, the pLDA could detect the difference of motor impairment
affected by injuries performed at different ages, which was not detect-
able by the BBB test. This result shows the gait difference sensitivity of
the pLDA. It should be noted that even though the rats were different
ages when the injury was performed their pre-injury scores for both the
pLDA and the BBB score were similar so age was not observed to alter
gait by this analysis method. The reason why the BBB score did not de-
tect gait differences might be related to the fact that the BBB scale is
based on a set of descriptive gait characteristics, where the characteris-
tic difference between each score is pre-defined and not equal. There-
fore, if a gait difference happens not according to the BBB description
sequence, it will not be detected by the BBB scoring system. For exam-
ple, for SCI rats to reach a BBB score of 14, they need to show consistent
FL-HL coordination. Improvement in other gait characteristics will not
give a higher BBB score if the coordination is not yet consistent. On the
other hand, any changes in one of the nine parameters in the pLDA can
easily affect its value. No sequence of gait characteristic is considered
in the assessment using the pLDA.

Subsequently, lesions of distinct regions of the spinal cord were ex-
amined. In Figure 6.4a, a wire-knife lesion severing the entire dorsal
half of the spinal cord at Th8/9 (Study 4) shows a reasonable gait re-
covery progression with the gait parameter combination pLDA. Com-
parable to the contusion work, the uninjured rats have a higher value
of pLDA compared with the injured rats. While comparing directly the
Th8 contusion (Study 2) to the Th8/9 hemisection (Study 4), the pLDA

showed a difference (Figure 6.4b) similar to that of Study 1 with diffe-
ring contusion severity (Figure 6.2a). It suggests that the depth of the
lesion and specifically which nerve tracts are disrupted play a role in
overground locomotion. The gait parameter combination pLDA failed
to reflect a reasonable gait recovery progression in a wire-knife model
that only disrupted the dorsal column (Study 5, Figure 6.4a). It should
be noted that this was the only cervical lesion examined and that should
be taken into consideration regarding the comparison of lesion models.
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The gait parameter combination pLDA provides a more sensitive pa-
rametric score compared to the common non-parametric BBB score.
The pLDA can find similarity between thoracic contusion models of si-
milar severity and differences between varying severity (Study 1, Study
2, and Study 3). It can also reflect gait recovery progression in thoracic
dorsal hemisection wire-knife transaction model (Study 4). However,
it failed to reflect a reasonable gait recovery progression in a C4 dorsal
column wire-knife transaction model (Study 5).
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7 Summary, Discussion and Outlook

In this chapter, the scientific contributions of the dissertation are sum-
marized and discussed. Successively, the possible directions of future
research are outlined. The chapter is finalized with the conclusions of
this dissertation.

7.1 Summary and Discussion
Several computational methods for extracting additional information
obtained from the CatWalk gait analysis system, with a possibility to be
applied to other gait analysis systems, are presented in this dissertation.
The contributions are summarized in four main groups: clinically rele-
vant gait characteristic quantification, gait parameter scaling/normal-
ization, initial data analysis, and multiple gait parameter analysis.

7.1.1 Gait Characteristic Quantification
Three computational methods for quantifying locomotion sway were
presented in Chapter 3. The three methods were developed based on
signal-processing approaches: (i) FFT-based sway parameter (ii) FFT-
based intensity sway parameter (iii) LPF-based sway parameter or sway
index. These methods were applied to the CatWalk dynamic paw posi-
tion information recorded from all paws as well as from the front/hind-
paws separately. In total nine sway-related parameters were genera-
ted to assess the difference between two PD-relevant mouse models
and their wild-type littermates. The PD-relevant mice displayed higher
locomotion sway compared with their wild-type littermates. Further-
more, one of the PD-relevant mouse models (i.e. the huWT/KO) re-
vealed significantly higher locomotion sway compared by the wild-type
littermates observed by eight of the nine sway-relevant parameters. The
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presented gait parameters lead to the identification of locomotion-
sway-related gait characteristic in rodents model of PD.

The computational methods described here were applied only on
C57BL/6N mouse models with a mean of 3.60 step/sec for the wild-
type mice. Every rodent strain/breed has different walking characteris-
tics [Koop 07] [Webb03], and probably also different sway characteris-
tic. Therefore, the proposed methods should be further investigated for
other types of rodents and other types of diseases.

7.1.2 Gait Parameter Scaling/Normalization
A method for scaling/normalizing rodent’s gait parameters based on
the rodent’s silhouette length was presented in Chapter 4. The study
relating this scaling method was supported by a body-silhouette-length
computation method based on image processing approaches, a correla-
tion study between the body silhouette length and several gait parame-
ters, a comparison study between the silhouette-length-based scaling
and the silhouette-area-, body-weight-, and age-based scalingmethods,
as well as the application of the silhouette-length-based scalingmethod
in longitudinal data obtained from two rodent models of neurodegene-
rative diseases.

The computed intra-assay body silhouette length is correlated to the
rodent’s stride lengths and speed-related parameters even in wild-type
mice and rats. The silhouette-length-based scaling lowers this correla-
tion and performed better compared with other normalization factors
such as the silhouette-area, body-weight, and age. The application of
this scaling method to transgenic PD-relevant rats and HD-relevant
mice reveals smaller genotype-related gait parameter differences. This
demonstrates that this silhouette-length-based scaling method impro-
ves the reliability of the gait analysis in rodents by normalizing stride
lengths, body speed, and swing speed by the individual body-size. In
addition, this shows the importance of silhouette-length-based gait
parameter scaling in rodent gait analysis, especially in preclinical stu-
dies involving young animals, rodent models with genotype-related sil-
houette length differences, as well as in longitudinal studies.

7.1.3 Initial Data Analysis (IDA)
An approach of IDA using heat mapping for data visualization was pre-
sented in Chapter 5. The approach was exemplified in an intervention
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study of PD-relevant mouse models, as well as longitudinal studies of
PD-relevant rat model and HD-relevant mouse model.

The CatWalk-IDA approach helps the researchers to capture group
differences, to condense information, to report negative results, and
to avoid premature parameter selection. Of note, this IDA approach
should be followed by a formal statistical analysis.

7.1.4 Multiple Parameter Analysis
A method for assessing gait using the combination of CatWalk para-
meters in rat SCI models was presented in Chapter 6. The method was
developed based on LDA and it was applied to assess gait recovery of
five different rat SCI studies conducted in various international labora-
tories: three thoracic contusion SCI studies, a thoracic dorsal hemisec-
tion SCI study, and a cervical dorsal column lesion SCI study. Using this
gait parameter combination, reasonable gait recovery progression was
observed in thoracic contusion lesions and thoracic dorsal hemisection
lesions, including in cases when differences were not detectable by the
BBB score.

When rats have not regain hindlimb weight support (BBB score≥ 9),
their hind paw positions can not be detected by the CatWalk system.
Therefore, even though the CatWalk gait parameter combination ismo-
re sensitive to the BBB-score, the use of this parameter combination is
limited to a range of SCI severity.

In addition to the types and severity of the lesions, other aspects
can influence the calculated gait parameters in rodents, such as the
strain/breed and locomotion speed [Hegl 74] [Koop 07] [Neck 13]
[Neck 15] [Tayl 78] [Webb03], the gender [Datt 16], and the body size
[Hegl 74] [Mach 15] [Tayl 78]. In using the described parameter combi-
nation researches should take this influence into consideration.

7.2 Outlook
Generally, computational methods are able to support the effort of
quantifying behavior, which is needed in a variety of study fields
[Berm 18] [Robi 17] [Calh 17] [Roia 16] [Ande 14] [Mart 93]. Therefore, fu-
ture research on developing computational methods in behavioral stu-
dies (not limited to the study of gait) will be important and valuable. To
make this possible, tight and ongoing collaborations between biologists
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and computer scientists are necessary [Roia 16]. Alternatively, a new ge-
neration of interdisciplinary scientists needs to be trained or recruited
[Ande 14].

This section is continued by discussing the challenges and possi-
ble future development specifically in gait characteristic quantification,
parameter scaling, initial data analysis, andmultiple parameter analysis
of CatWalk-based recorded data.

Gait Characteristic Quantification
In the future, it will be interesting to adapt the locomotion sway assess-
ment methods for different strains/breeds of rodents, diseases, and gait
analysis tests. In addition, further development of other gait parameters
for rodents and further development of gait analysis tests can give new
insight into preclinical studies.

Gait Parameter Scaling/Normalization
The body silhouette length is not exactly the same as the body length
(nose–tip–to–anus or nose-tip–to–tail-base), because the body silhou-
ettes recorded by the CatWalk system are the projection of the rodent’s
body to the walkway. Therefore, a further comparison study between
the body-silhouette-length- and body-length-based gait parameter
scaling can give new insight, even though anesthesia would be needed.
Moreover, further studies on the normalization of other gait parame-
ters by the individual body size (silhouette length, silhouette area, body
weight, or age) are recommended. These other gait parameters include
the print position (distance between the position of the hind paw and
the position of the previously placed front paw on the same side of the
body) and footprint dimensions (footprint length, width, and area),
because body weight has been proven to be correlated with footprint
dimensions [Zimp 18]. Additionally, a similar study on the relation bet-
ween body size and treadmill-based gait parameters [Spar 17] will be
valuable for the field of preclinical gait analysis. Furthermore, since bo-
dy size is not the only factor associated with rodent’s gait parameters
[Koop 07] [Neck 13] [Neck 15] [Mach 15] [Tayl 78] [Webb03] [Hegl 74]
[Datt 16], further studies in developing gait parameter normalization
methods need to be conducted. In addition, the line representing the
silhouette length has the potential to develop 2D Eshkol Wachmann
Notation (EWN) [Eila 88] and body coordinate frame [Neck 15].
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Initial Data Analysis (IDA)
The approach of IDA using heat mapping is one possible approach to
answer the poor consensus on how CatWalk data can be fairly inves-
tigated and reported. The approach of investigating this large amount
of gait parameters to best describe a complex gait movement should
continually be discussed in the scientific community.

Multiple Parameter Analysis
The study of the LDA-based gait parameter combination presents the
prospect of using the combination of CatWalk parameters to assess
gait recovery progression in rat SCI models. Further comparison stu-
dies using other computational methods (such as generalized discrimi-
nant analysis, GDA [Mika 99]) in developing CatWalk gait parameter
combination could be valuable. Moreover, research should be further
conducted to generate gait parameter combinations for different types
and severity of injuries (by observing the affected nerve tracts), as well
as on different animal species (such as mice).

Additionally, it will be interesting to use the scaled gait parameters
described in Chapter 4 to develop a gait parameter combination similar
to themethod described in Chapter 6. This gives the possibility to create
a silhouette-length-scaled gait parameter combination.

7.3 Conclusion
Overall, this dissertation presents several contributions in developing
computational methods in analyzing rodent’s gait based on the da-
ta recorded from a markerless gait analysis system. The contributions
can be clustered into four groups, i.e. gait characteristic quantification,
parameter scaling or normalization, initial data analysis, and multiple
parameter analysis.

By using the presented locomotion-sway assessment methods, new
gait information from PD-relevant mouse models based on a mark-
erless gait analysis test can be extracted and identified. These locomo-
tion sway quantification methods are valuable for the investigation of
diseases in preclinical studies.

By establishing a silhouette-length computationmethod, a silhouette-
length-based gait parameter scaling was developed, which is important
for the analysis of the stride length, body speed, and swing speed in
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preclinical studies. Furthermore, by applying the silhouette-length-
based scaling method in two rodent models for neurodegenerative dis-
orders, the genotype-related alterations for the stride length, body speed,
and swing speed became smaller. This reflects the importance of app-
lying this silhouette-length-based parameter scaling for gait analysis
in rodents, especially in studies involving young rodents, in longitudi-
nal studies, and in preclinical studies with genotype-related body size
differences.

By using heat mapping in an approach of IDA of gait parameters,
between-group differences can be visualized in a single comprehensive
map. The approach is useful for avoiding premature parameter selec-
tion. Additionally, the resulting heat map can be used to initially report
all gait parameters including the one displaying negative results. This
is useful especially for initially investigating gait abnormality in rodent
models of diseases.

By using LDA, a method for combining the CatWalk gait parame-
ters was developed, which gives a reasonable parametric score related
to the gait recovery progression as shown in rat thoracic contusion SCI
studies and the rat thoracic dorsal hemisection SCI study. This linear
combination of CatWalk gait parameters gives an alternative to the non-
parametric gait assessment scaling, BBB locomotion scale [Bass 95].

Generally, by using the presented computational methods, additional
and more reliable information can be extracted from the CatWalk gait
analysis system. This additional information (sway-related gait parame-
ters, silhouette-length-scaled gait parameters, initial gait parameter vi-
sualization, and the combination of gait parameters) is valuable for ana-
lyzing gait in preclinical studies.
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List of Abbreviations

α-Syn α-synuclein.

6-OHDA 6-hydroxydopamine.

AA Alternate sequence (RF-RH-LF-LH).

AAV adeno-associated viral.

AAV-NT3 AAV vector-mediated prolonged delivery of neurotrophin

NT-3.

AB Alternate sequence (LF-RH-RF-LH).

ACLT anterior cruciate ligament transection.

AD Alzheimer’s disease.

AIMs abnormal involuntary movement.

ALS amyotrophic lateral sclerosis.

ANOVA analysis of variance.

APP amyloid precursor protein.

ATP7A (also known asMenkes’ protein orMNK) copper-transporting

P-type ATPase.

b/w black and white.

BAC bacterial artificial chromosome.
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List of Abbreviations

BACHD bacterial artificial chromosome of mutant HTT gene (rele-

vant to HD).

BBB Basso, Beattie, and Bresnahan.

BCE before the common era (also known as before Christ/BC).

BDNF brain-derived neurotrophic factor.

BLG combination of the BMS score, the modified Ladder climb,

and the Grip walk.

blob binary large object.

BMS Basso mouse scale.

BOS base of support.

C cervical.

CA Cruciate sequence (RF-LF-RH-LH).

CAG cytosine, adenine, and guanine.

CB Cruciate sequence (LF-RF-LH-RH).

CCI chronic constriction injury.

CCI-score combined CatWalk index score.

CFA complete Freund’s adjuvant.

ChABC Chondroitinase ABC enzyme.

CNS central nervous system.

COM center of mass.

CoP center of pressure.

CPC calcium phosphate cement.

CPU Caudate Putamen.

CST corticospinal tract.

CStat Circular statistic.

DCM degenerative cervical myelopathy.
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List of Abbreviations

DFT discrete Fourier transform.

dMCAO distal middle cerebral artery occlusion.

DMM destabilization of the medial meniscus.

DMSO dimethylsulfoxid.

dPDN dissociated predegenerated nerve.

dpi days post injury.

DTFT discrete-time Fourier transform.

DTW dynamic time warping.

EA2 episodic ataxia type-2.

EAE experimental autoimmune encephalomyelitis.

EN elastic net.

Epo epothilone.

EWN Eshkol Wachmann notation.

FCA Freund’s complete adjuvant.

FDA Fisher discriminant analysis.

FFT fast Fourier transform.

FIR finite impulse response.

FL forelimb.

FLAS forelimb locomotor assessment scale.

FLS forelimb locomotor scale.

fps frames per second.

GBM gradient boosting machine.

GDA generalized discriminant analysis.

GFP green fluorescent protein.
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List of Abbreviations

H&Y Hoehn & Yahr.

HB9 (also known as MNX1) Motor neuron and pancreas homeo-

box 1.

hBACE1 human β-site APP cleaving enzyme 1.

HD Huntington disease.

HFS high frequency stimulation.

HL hindlimb.

HTT Huntingtin.

huWT/KO compensatory expression of human α-Syn protein, under

the control of a BAC construct, on the mouse α-Syn knock-

out background.

Hz Hertz.

i.p. intraperitoneal.

IAI-HA intra-articular injection of hyaluronan.

ICH intracerebral hemorrhage.

IDA initial data analysis.

iDC incomplete dorsal column.

IH Infinite Horizon.

IIR infinite impulse response.

IVD intervertebral disc.

kDyn kilodynes.

KO knock out.

LD Leigh disease.

LDA linear discriminant analysis.

LF left front paw.
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List of Abbreviations

LH left hind paw.

LPF low pass filter.

LRRK2 leucine-rich repeat kinase 2.

MCAo middle cerebral artery occlusion.

MeCP2 methyl-CpG-binding protein 2.

MFB medial forebrain bundle.

mHTT mutant HTT.

MIA mono-iodoacetate.

MOG myelin oligodendrocyte glycoprotein.

MPS methylprednisolone.

MPTP methyl-4-phenyl-1,2,3,6-tetrahydropyridine.

MS multiple sclerosis.

NIH National Institute of Health.

NP nucleus pulposus.

NSSP normal step sequence pattern.

OA osteoarthritis.

PBS phosphate-buffered saline.

PCA principal component analysis.

PD Parkinson’s disease.

pDNA plasmid deoxyribonucleic acid.

PFF synthetic pre formed fibrils.

PINK1 PTEN-induced putative kinase 1.

pixel picture elements.

pMMx partial medial menisectomy.
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List of Abbreviations

PT photothrombosis.

RA Rotary sequence (RF-LF-LH-RH).

Rand.For. random forest.

RB Rotary sequence (LF-RF-RH-LH).

RF right front paw.

RFID radio frequency identification.

RGB red green blue.

RH right hind paw.

RI regularity index.

RNA ribonucleic acid.

ROCK rho-associated kinase.

SC Schwann cell.

SCI spinal cord injury.

SD standard deviation.

SEM standard error of mean.

SHIRPA SmithKline Beecham, Harwell, Imperial College, and Royal

London Hospital phenotype assessment.

shRNA short hairpin ribonucleic acid.

SNC substantia nigra compact.

SNP single nucleotide polymorphism.

SPF specific pathogen free.

STFFT short time fast Fourier transform.

STN subthalamic nucleus.

SWLS satisfaction with life scale.

TG transgenic.
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List of Abbreviations

Th thoracic.

TMS Toyama mouse score.

UHDRS unified Huntington disease rating scale.

UI uninjured.

UPDRS unified Parkinson’s disease rating scale.

Val66Met valine to methionine at codon 66.

WT wild type.

YAC yeast artificial chromosome.
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Gait analysis is important for the investigation of gait progression and 
the development of therapies in disorders characterized by gait impair-
ments, such as Parkinson‘s disease (PD), Huntington disease (HD), and 
Spinal Cord Injury (SCI). Describing gait quantitatively helps researchers 
to analyze gait impairment in a more consistent, reliable, and precise 
manner compared to qualitative description. For this reason, apparatus 
and computation methods are continuously developed for both clinical 
and preclinical studies using animals. 

One of the gait analysis apparatus for rodents is called CatWalk. The 
system is equipped with a transparent glass floor walkway, where 
rodents can walk from one to the opposite end. Using a camera located 
under the walkway, the system records a video, which contains the 
information of the paw contact positions. Based on the recorded video, 
this CatWalk system computes several gait parameters. 

Here, several computational methods that enrich the information ex-
tracted from CatWalk data are presented. These methods improve the 
outcome of the current Catwalk data acquisition by providing methods 
in identifying gait patterns related to PD, providing a silhouette-length-
based intra-assay scaling method, an initial data analysis method, and a 
parametric gait recovery progression score for rat SCI models.
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