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Background and aims: The population prevalence of DS in developed atesis in order of 6-8
per 10000, accounting for 10-18% of people witleliettual disability.

Among other diseases (i.e. cardiological, polmun&mearing, vision diseases etc) this syndrome
leads to a different neurological development, Whiesults in structural alterations and atypical
patterns of brain activation. As a consequencegdine very early stages of their lives personhk wit
DS experience difficulties in their motor and cd@ development, resulting in intellectual
disability and in slowed and/or incomplete mastefyphysical coordination. The widespread
deficits caused by DS, together with the lack @aclcut guidelines for rehabilitation, represent
very limiting factors for these subjects, who exgece reduced independency, reduced social
participation, lower life quality.

While specific sensory, motor, cognitive and petaapimpairments have been widely reported in
DS, the way these localized deficits impact on g@etaal-motor processing and function remains
unclear. Recent literature is focusing on the usenotion analysis tools for the assessment of
hypothesis regarding how motor control acts and moetor plans are formed in DS. In this
context, the studies since now indicate that theomimnpairment documented in DS might be
especially related to perception and extractiosesfsory information, motor programming, and/or
decision-making processes. The aim of the study (@ago define and apply an experimental set
up for the quantitative evaluation of the differaspects of motor control and execution (perception
and extraction of sensory information, motor progmang, decision-making processes) during
functional tasks in adult subjects with DS; (2)define and apply an experimental set up for the
guantitative evaluation of primitive motor contnwmlechanisms (developed during infanthood) in
adult subjects with DS; (3) to link the results abmotor performance to the most recent literature
about cognition and neurology in DS; (4) to proveiene guidelines for a focused rehabilitation of
persons with DS.

Materials and methods: a total of 37 adults with DS and 43 age-matchatrobgroup subjects
took part to the study. The study was composedwaf parts: the first part investigated the
perceptual-motor integration in DS during the exiecuof two functional tasks (walking with an
obstacle and arm tapping with an obstacle) by me&as optoelectronic system. The second part

of the study investigated primitive reactions dgriresistance to an external perturbation of the
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upper limb by means of EMG analysis (stretch reier pre-programmed reactions). Quantitative
parameters were defined to describe which amorgepton and extraction of sensory information,
motor programming and/or decision-making processesld represent the most significant
impairment in DS, and to characterize primitivectemns in terms of time delay from the stimulus

and in terms of muscular synergies.

Results: the main findings of the first set of experimentye that (1) whereas the persons with DS
seemed to correctly extract the sensory informatis information was not used in a pre-

programmed fashion to plan the movement in advamck(2) the movement of persons with DS
was highly dependent on feedback mechanisms, wdoletrol subjects depended more on
feedforward mechanisms. However (3) the subjectis @5 were able to successfully complete the
tasks, although at the price of less movementieffay.

The evaluation of primitive mechanisms of motor tcoinrevealed that (4) no basic abnormality
was present in the early motor control mechanisfrsubjects with DS; (5) these results provide
evidence to the hypothesis that neuromotor patterr@3S are comparable to those of normally
developing infants at the very beginning of theénsorial exploration of the external world,

however (6) some changes occur, probably very safber birth, which cause a different

neuromotor development in DS, reflected by theedéihces highlighted in points (1), (2), (3) of the

results.

Conclusions: The finding that subjects with DS have compargimitive mechanisms for motor

control, but employ different motor strategies asks that require higher control mechanisms

suggests that at birth there could be ample roamntervention, highlighting the importance of

early intervention programs in DS.

There is increasing body of evidence that earlgrirgntion can have a direct impact on brain

development in several pathologies. Such brairtipigsis one of the best hopes for bringing about

significant improvements in the prospects of indals with DS. Given the high neural plasticity

of the brain at birth and given the activity-depemnidnature of neural modeling two most important

suggestions can be given to therapists and neustddg the field of DS:

- Early intervention is fundamental for the reorgatian of the neural pathways, and should

be given as soon as the child is born. Severailgesseatments are present, although there
is scarce evidence of which may be the best cormbmaf treatments to harness the best

results.

10



- Challenging the infant with an “enriched environitiemay help balancing his lack of
sensorial, cognitive and motor experiences, leadingarlier development of the motor
milestones.

These considerations could be very useful for tleéindion of more focused rehabilitative

approaches for persons with DS.
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This PhD Thesis is organized in six chapters, arslsummarized following.

1. INTRODUCTION

1.1 An overview on Down Syndrome
Down Syndrome (DS) implies a number of medical hedith related complications, among which
there are cognitive deficits and neuropathologyridtes pathophysiological changes in the brain
have been associated with the specific profilentdliectual disability that is observed in DS. Tdes
include changes in size of specific brain regiom$ teir connectivity and alterations in the number
and/or the morphology of subpopulations of neuronile at birth it is often difficult to
differentiate the brains of normally developing anfs and of infants with DS rather clear
differences between these two groups are preseatidyy as 6 months of age. Investigations of
neural function in early infancy suggest some aimatities as well, such as in the auditory and
visual systems.
The development of motor milestones in childhoodadghieved with consistent delay in these
children, and cognitive developmental deficits ledadboth intellectual disability and to slowed
and/or incomplete mastery of physical coordinatibimere are three factors which traditionally are
believed to have an impact on the gross motor deweént of a child with DS: hypotonia, ligament
laxity and decreased strength. Although these atelkawvown and documented features of DS, some
authors have recently questioned their major noleausing the delay or deficiency in motor skills
acquisition in DS. However, rehabilitation in DSstdl based on generic strengthening therapies for
the correction of these aspects. The lack of inmeisherapies and focused rehabilitative guidelines
for persons with DS puts forward the need for gode@nderstanding of how the nervous system of
these persons counteracts its own limitations antlow to help maximize the residual motor

capacities of these persons (for a review see ehajpt

1.2 Trends in movement analysis
Several studies have shown that the movementsinfidguals with DS are slower, less smooth and
more variable from trial to trial when comparediwihe movements of the overall population. All
of these features have been referred to with thma telumsiness”, widely used to described the
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uncertain and shuffling movements of subjects wits. Movement analysis has been
“traditionally” used for these descriptive stud{es extensive review of the literature is providged

chapter 2). However, while specific sensory, motmgnitive and perceptual impairments have
been widely reported in DS, the way these localideficits impact on perceptual-motor processing
and function remains unclear. The researchers reoently started to use movement analysis for
the assessment of hypothesis about how the mottrot@cts (see chapter 2). This new application
of movement analysis aims at providing a deepeglson the mechanisms underlying motor

control and could help developing more focused lvditation treatments for persons with DS.

1.3 Background and aims
This research is located in the new field of movetanalysis for the study of motor control and
cognitive functions. In this study, in fact, quaative motion analysis is used to gain deeper hisig
on the major movement deficits caused by DS angréwide some useful guidelines for a more
focused rehabilitative treatment of subjects with. D
The following points define the basis of the présesearch:

- Although there is some evidence of a normal devetn of the nervous system at birth,
differences in the motor control of persons with D&pect to controls have been
documented since their childhood, with a delayequisition of motor milestones in DS;

- Studies since now indicate that the motor impaitndecumented in DS might be especially
related to perception and extraction of sensoryrimftion, motor programming, or
decision-making processes;

- Despite the awareness about motor deficits in D& elver, there is a lack of studies on how
to help persons with DS reach their full potentialsmotor activities, and a lack of

guidelines for clinical practitioners.

Starting from these points this PhD thesis was ldgeel with the aim of defining and applying
some experimental set up for the quantitative eatedn of the different aspects of motor control
and execution in adult subjects with DS, and iripalar:

- The first part of the experimental studghapter 3) was dedicated to the analysis of

perception and extraction of sensory informationtan programming and decision-making
processes during complex functional tasks in adwibjects with DS. “Functional”

movements are movements based on real-world sihatibiomechanics, that usually
involve multi-planar, multi-joint movements whichlape demand on the body's core

musculature and require greater cognitive efforbéocarried out. Functional tasks where
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chosen because they are more challenging than ithplifed tasks usually used in
laboratory settings, as they exert the interplayhmfh-level feedforward and feedback
mechanisms;

- The second part of the experimental stfdigapter 5) was dedicated to the analysis of

simpler, more primitive mechanisms for motor cohincadult subjects with DS, namely the
monosynaptic reflex and the pre-programmed reast{@®®PRs) (reviewed in chapter 4). In
this case the paradigm was a simple reaction taskement, defined to elicit automatic
responses and control mechanisms that intervermeebebluntary movement occurs. These
mechanisms provide resistance to an external ation, and are known to be present
since the very early stages of life. They are wergortant for the acquisition of early motor
skills, since maturation of human behavior pa$saa the primitive reflexes to the gradual
appearance of automatic, postural and adaptivetioeacwhich make higher activities
possible. From these mechanisms all the more duaied feedback and feedforward
mechanisms develop as a consequence of experiknsamportant to clear out at which
point of the neuromotor development differencesnvben infants with and without DS
begin to affect motor control. Understanding iffeli€nces in motor control are present since

birth is very important for the definition of eardyd late intervention in rehabilitation.

These different experimental set ups were defimedrder to have a general view of the motor
difficulties in DS, from more primitive, automatreactions to higher level mechanisms of motor
control during voluntary movemerithe novelty and scientific importance of this stug is to
provide insight on the different aspects and mechasms that regulate motor control in DS by
means of quantitative motion analysis and to link iese results to the most recent literature
about cognition and neurology, in order to provide some guidelines for a focused

rehabilitation of persons with DS.

2. MATERIALS AND METHODS

37 subjects with Down Syndrome (DS) ageing froomtage to young adulthood and 43 control
subjects were enrolled for the study. Subjects werriited after neurological evaluation.

The materials and method section is divided for ttmee movements evaluated, the first two
belonging to the evaluation of functional movemesnsl the third belonging to the evaluation of

primitive mechanisms for motor control.
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2.1 Analysis of obstacle avoidance during walkingchapter 3)
The subjects walked along a walkway in three camust plain walking without obstacle, walking
with obstacle at ground level, walking with obséelt a higher level. Two different obstacle
heights were used to allow studying the effecthef dbstacle’s presence on locomotion (extraction
of the characteristics of the obstacle and visudemmtegration). The tasks were acquired using
guantitative movement analysis, composed of anebgttronic system with eight infrared cameras.
Markers were placed on the body according to a fimadDavis’ protocol which comprehended
markers placement on the upper limbs, and two maskere put respectively at the two ends of the
obstacle to define the obstacle position relativéhe subject during the movement. Spatiotemporal
and kinematic parameters were defined to A) descrddative distances between the feet and
movement velocities and B) describe relative distarbetween the feet and the obstacle and C) to
describe the kinematics of the upper and lowertgbimovements. These parameters were used to
analyze aspects of motor control such as: coorndmatf the limbs, stability, gait variability due t
different walking conditions (without obstacle, Wiground level obstacle, with high obstacle),
extraction of visual information (related to thestdxle’s characteristics) and of propioceptive
information (related to the body segments positicespect to the obstacle) and sensori-motor
integration, clearing strategies and trajectoqsnning of the movement (with particular attention

to feedback and feedforward mechanisms).

2.2 Analysis of an arm tapping task with and withotiobstacle avoidance (chapter 3)
Participants sat comfortably on a chair, holdingylndrical wooden dowel with the right hand. In
front of them was a table with six target positi@wenly spaced around a semicircle. In the first
condition (plain tapping) subjects tapped conse&eltibetween targets 1 and 2, 2 and 3, 3 and 4, 4
and 5, 5 and 6, a total of five tapping movemernitsthe second condition (tapping with obstacle),
an obstacle (10 cm of height) was placed betweget®3 and 4; the subjects were asked to tap on
the targets as described in the first conditioml ®navoid the obstacle by crossing over it wité th
dowel. This task was selected because it requitecexecution of a sequence of movements, and
thus allowed studying how and if pre-programmingutsigies were adopted in DS. In addition, the
sequence was easy enough to be understood alsebjgcts with intellectual disability, and the
protocol was administrable in clinical settings lwitninimum requests of space and short
administration time.

The tasks were acquired using quantitative movernaeatysis, composed of an optoelectronic
system with eight infrared cameras. Markers wewrecgd on specific body landmarks using a

marker set derived from previous studies (Rab’sqmal). In addition, three markers were placed at
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the top of the dowel to identify the dowel’s pawitiduring the acquisition, and three markers were
placed on the table to identify a reference sysarthe table. A marker was placed on the obstacle.
Spatiotemporal and kinematic parameters were difioed) describe the kinematic s of the upper
limb and trunk B) describe the trajectory of thendthaand C) to describe the quality of the
movement. These parameters were used to analyeetasi motor control such as: coordination of
the upper limb segments, trajectory variability doealifferent tapping conditions (with or without
obstacle), extraction of visual information (retht¢o the obstacle’s characteristics) and of
propioceptive information (related to the body segits positions respect to the obstacle) and
sensori-motor integration, clearing strategy, plagrof the movement (with particular attention to

feedback and feedforward mechanisms).

2.3 Analysis of monosynaptic reflexes and pre-pregmmed reactions (chapter 5)
The experimental protocol was designed with poeabstrumentation, to allow easy transfer to
every laboratory or clinical structure. The subjgeeated on a chair with his dominant arm flexed at
approximately 90° and holding the handle of a buiakdis dominant hand. This preload was used
to activate the motor units and elicit reflex aityivTwo EMG sensors recorded the biceps brachii
caput longum and triceps brachii lateral head #gtiof the dominant arm. At the bottom of the
bucket a pressure switch was fixed; a small hoth@tottom allowed the wire to pass outside the
bucket and to connect the sensor to the recordaitgattached outside. Subjects were told that the
examiner was going to throw a weight inside theketi@and that they had to resist the perturbation
and come back to the start position as soon ashp@s¥ision was excluded to avoid preliminary
adaptations as the weight approached the bucket.
Without giving notice to the subject, the experiteeriet a 2kg weight fall inside the bucket. The
initial position of weight-throwing was similar axgs trials, and it was close to the bucket border.
The task was repeated 20 times, with pauses eaety®trials to allow arm rest.
The tasks were acquired using a portable wirelésstremyograph integrated with a pressure
switch. Each trial was band-pass filtered betwe@na@d 499Hz with a 13Dorder zero-phase
forward and reverse digital FIR filter. A Kaiserndiow was used to design the filter. The Root
Mean Square (RMS) of the filtered signal was catad using a 10ms time constant to enhance the
EMG peaks with no biasing of the temporal changabé signal. EMG signals were aligned at the
perturbation onsdb, defined as the instant in which the switch sigmadame “on”, and averaged
for each participant, then a moving average fitgh a window of 8ms was used to smooth the
data. The peaks of latency for the monosynaptiexefVil) and for the PPRs (M2, M3) were
defined by visual selection on the smoothed dafiterApeaks detection the M1, M2 and M3
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latencies fromO0 (ms) were computed. The cross-correlation funsti@CCs) between the pairs of
averaged EMG signals were calculated for each sulagier filtering the EMGs with a 40Hz
second-order Butterworth filter to analyze the pre® of synergies between the biceps and triceps

muscles.

3. RESULTS

The results from the first two experiments confidmthe picture of clumsiness and motor
difficulties that is commonly described in DS. Mover, the main findings of these experiments
about motor control and sensori-motor integratianrd) functional tasks revealed that whereas the
persons with DS seemed to correctly extract thesagn information (i.e. the physical
characteristics of the obstacles) this informati@s not used in a pre-programmed fashion to plan
the movement in advance, and thus the movemenermsbps with DS was highly dependent on
feedback mechanisms, whereas control subjectsdrei@re on feedforward control mechanisms.
The lack of anticipation in the planning of movemded to substantial modification of the
movement parameters as the subjects approachetstecle (with the lower limb in one case and
with the upper limb in the second). The parametsidenced the presence of different movement
strategies and the major effect of a disturbingdiasuch as an obstacle, on the motor performance
and quality of movements in DS respect to contibhe subjects with DS were able to successfully
complete the tasks, although at the price of lesgement efficiency. Thus, as for a system that
realizes its own limitations, the central nervoystem of persons with DS seemed to choose
different motor strategies and to trade movemefitiency for task accomplishment and safety.
The results demonstrated the presence of diffeseimcéigh-level motor control of subjects with
DS.

After shedding light on motor control in complexynttional situations, the third experiment
addressed the function of primitive mechanisms rfator control, namely the monosynaptic
reflexes and pre-programmed reactions. This exgeriiwas needed to clear out if the differences
in motor control that are observed in adults aes@nt since birth or are a consequence of neural
development.

The results about latency of the reactions shovwediffierences between groups in terms of delay
from the onset of the perturbation, suggesting, tiratterms of latency, there was no evident
difference between DS and controls in the monosynagflex and PPRs. Since these mechanisms
develop in the early phases of life, these reguliside evidence to the hypothesis that neuromotor

patterns in DS are comparable to those of nornagiyeloping infants at the very beginning of their
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sensorial exploration of the external world. Howew®me changes occur very soon after birth,
which cause a delayed or a different neuromotoeldg@ment in DS.

A mix of alternating patterns and co-contractioratgigies was found in the muscular activation
patterns of antagonist muscles of both controlssargjects with DS, with a high percentage of co-
contraction in both groups. Although the reciprggattern is more efficient, the desire to stabilize
the trajectory of a joint during an unexpected, redctable external perturbation led to co-
contraction of antagonist muscles in 75% of subkjedath DS and in 66.5% of controls. The fact
that co-contraction during the present task wasgmein most of subjects with DS, but not in all
subjects, highlighted the fact that a part of thbjects was able to use synergistic patterns of
activation. The fact that most of control subjegt®d co-contraction as well, suggests that this
strategy provided better chances for task achiemenmepresence of unpredictability. Thus, the
patterns of co-contraction, so frequently descrilmeslubjects with DS, may be seen as an adaptive
mechanism in response to the inability of thesejesih to make quick, accurate corrections,

revealing a decision making problem more than la ila¢he acquisition of other activation patterns.

4. CONCLUSIONS

The finding that subjects with DS have comparableiive mechanisms for motor control, but

employ different motor strategies in tasks thaunmeghigher control mechanisms seems to suggest

that at birth there could be ample room for intetian.

The most important studies regarding neural orgdinz in normally developing children and in

children with lesions of the central nervous systerderline the role of sensory-motor experience

and of plasticity of the neural pathways in thepsh@ of the nervous system in the early phases of

life. Studies about adults with DS support the Higpsis that a different shaping of the neural

circuits occurs since the early phases of life hildcen with DS, due to factors such as delayed

myelination, aberrant sensory information and sensotegrative dysfunction, higher sensory

thresholds and a decreased ability to localizewitjrithat may cause this differentiation in thelgar

stages of life.

Given the high neural plasticity of the brain athband given the activity-dependent nature of

neural modeling two most important suggestion cargiwen to therapists and neurologists in the

field of DS:

- Early intervention is fundamental for the reorgatian of the neural pathways, and should

be given as soon as the child is born. Severallgesseatments are present, although there
is scarce evidence of which may be the best cortibmaf treatments to harness the best

results.
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- Challenging the infant with an “enriched environitiemay help balancing his lack of
sensorial, cognitive and motor experiences, leadingarlier development of the motor

milestones.

5. FURTHER DEVELOPMENTS

The future developments of this study should beresied at correlating the kinematics and
motor performance of individuals with DS with thexderlying brain dynamics to better
characterize the nature of the “clumsy” motor bétvawbserved in this population. This may be
of fundamental importance in the definition of feed therapies. Also, different early
intervention programs should be tested in infants @ildren with DS to evaluate the impact of
early intervention in the development of motor msiitgnes and consequently in the development
of functional afferent and efferent pathways thed fundamental for the learning of motor

skills.

19



For centuries, people with Down syndrome (DS) Haeen alluded to in art, literature and science.
It was until the late 19th century, however, thahd Langdon Down, an English physician,
published an accurate description of a person W& It was this scholarly work, published in
1866, which earned Down the recognition as theh&gt of the syndrome. Although others had
previously recognized the characteristics of thedsgme, it was Down who described the condition
as a distinct and separate entity.

Throughout the 20th century, advances in medicitte stience enabled researchers to investigate
the characteristics of people with DS. In 1959, nench physician Lejeune identified DS as a
chromosomal anomaly when he observed 47 chromospressnt in each cell of individual with
DS, instead of the usual 46. It was later deterthitleat an extra partial or complete 21st
chromosome results in the characteristics assacvaite DS.

In May of 2000 an international team of scient@iscessfully identified and catalogued each of the
approximately 329 genes on chromosome 21. Thisnaglishment opened the door to great

advances in DS research.

1.1 Genetics and recurrence risk

All cells in the human body contain a center, @hldenucleus, in which genes are stored. Genes,
which carry the codes responsible for all our iitedrcharacteristics, are grouped along rod-like

structures called chromosomes.

Normally, the nucleus of each cell contains 23 gair chromosomes, half of which are inherited

from each parent. DS occurs when some or all afragm’s cells have an extra full or partial copy

of chromosome 21 (figure 1.1.1). The most commamfof DS is known as Trisomy 21. Two

other less common forms occur: namely TranslocatithMosaicism.
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Figure 1.1.1: Karyotype showing three 21 chromos

Trisomy 21

Individuals with Trisomy 21 have 47 chromosomedead of the usual 46 in each of their ce
The condition results from an error in cell divisioalled no-disjunction (failure of separation
chromosome homologues). As the embryo developsextrachromosome is replicated in eve

cell of the body. This error in cell division issponsible for 95 percent of all cases of |

Translocation

Translocation, which accounts for 3 to 4 percentaxfes of DS, occurs when part of chromos
21 breaks offduring cell division and attaches to another chreonee, usually chromosome
While the total number of chromosomes in the cedlmains 46, the presence of an extra pa
chromosome 21 causes the characteristics ¢

Mosaicism
The least common formof DS, mosaicism, accounts for only 1 to 2 peradrdll cases. Mosaicisi
occurs when noulisjunction of chromosome 21 takes place in ongefinitial cell divisions afte

fertilization causing a person to have 46 chromasom some of their cells a 47 in others.

1.2 Incidence and maternal ac
The population prevalence of DS in developed coesiis in order of -8 per 10000 (Besser et
2007; Mantry et al, 2008), accounting for-18% of people with intellectual disability (Glasset
al, 2002; Mantry et al, 2008).
The cause of the extra full or partial chromososstiil unknown. What we do know is that it is |
caused by environmental factors or anything theheratloes before or during her pregnat
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DS occurs in one out of every 650-1000 live birtBgtles et al, 2007). Reported live birth rates
vary greatly between countries, from 0.23 per 1@0Taiwan (Jou et al, 2005) to 2.98 in Ireland
(O’ Nuallain et al, 2007), reflecting differencas maternal age, access to antenatal diagnosis and
social attitudes toward termination of pregnanchie Toverall prevalence of people with DS is
expected to increase for some time due to dranmatieases in median and average life expectancy,

even where there is a drop in live birth rates (Boral, 2010).

Maternal age is the only factor that has been tinfcean increased chance of having a baby with
DS or other trisomies (figure 1.2.1) (Loane etal]1?2).

1000.0
== Trisomy 21
Trisomy 18
100.0 -
== Trisomy 13
10.0 4

Prevalence per 10,000 births (log scale)
o

o

<20 20-24 25-29 30-34 35-39 40+
Maternal age

Figure 1.2.1 Total corrected prevalence per 100A8s(log scale) of trisomies 21 (DS), 18 and 13
by maternal age, 1990-2009, in 12 European cogntrie

The rise in average maternal age in Europe over tlias brought with it an increase in the number
of pregnancies affected by trisomies 21, 18 andHBvever, the increasingly widespread practice
of prenatal screening and termination of pregnamay, on average, counteracted the effect of
maternal age and resulted in a relatively stahie hirth prevalence of the major trisomies since
1990 in the European population studied (Loané, 04.2).

Once a woman has given birth to a baby with DS ctience of having a second child with DS is
about 1 in 100, although age may also be a fadfaternal age, however, is not linked to the
chance of having a baby with translocation. Mostesaare sporadic, chance events, but in about
one third of translocation cases, one parent israec of a translocated chromosome. For this
reason, the chance of translocation in a secondnprey is higher than that seen in non-
disjunction.

One of the most frequently occurring chromosomadoaimalities, DS affects people of all ages,

races and economic levels. Today, individuals viith are becoming active participants in the

22



educational, vocational, social and recreationpkets of our communities. In fact, there are more
opportunities than ever before for individuals wits to develop their abilities, discover their

talents and realize their dreams.

1.3 Overview of the major clinical features

There are two types of phenotypes that are obsenvigtsomy 21: those seen in every patient and
those that occur only in a fraction of affectedividuals. For example, cognitive impairment is
present in all patients with DS, whereas congemiéart defect occurs in 40% and atriventricular
canal defect in 16%o0f patients, duodenal stendstsia occurs 250 times more frequently in
patients with DS than in the general population.atidition, for any given phenotype there is
considerably variability in expression. Following,brief description of main diseases that often

occur in DS subjects.

1.3.1 Heart diseases

The most common defects are Atrioventricular Sepdafect (formally called Endocardial
CushionDefect), Ventricular Septal Defect, Persitfdeictus Arteriosus and Tetralogy of Fallot.
Some children with DS and major heart defects priisent with heart failure, difficulty breathing
and failure to thrive in the newborn period; howe\eecause in some children the defect may not
be at first apparent, it is important that all dnén born with DS, even those who have no
symptoms of heart disease, should have an echogaadh in the first two or three months of life.
Congenital heart disease remains, nowadays, anlgaduse of death among persons with DS (Tag
et al, 2002; Torr et al, 2010). However, due toeascto and advances in pediatric cardiac surgery
the congenital heart diseases have lost some ingmonhg the death causes in DS (Torr et al,
2010).

Atriventricular Septal Defect: ra Atrioventricular Septal Defect is caused by dufai of tissue to
come together in the heart during embryonic lifeisTresults in a large opening in the center of the
heart, with usually a hole between the two pummhgmbers (a Ventricular Septal Defect) and
between the two collecting chambers (an Atrial 8lepefect) as well as abnormalities of the two
atrioventricular valves, the mitral and tricuspidlwes. This defect occurs in nearly 60% of the
children with DS who are born with congenital hedidease. In less severe cases, Ventricular
Septal Defects and Atrial Septal Defects can atemioseparately. These defects result in increased

blood flow going to the lungs as the blood goesugh the septal defects from the high pressure
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left heart into the low pressure right heart. Thosding of the lungs results in a buildup of prags

in the pulmonary circulation and this higher pressand high flow leads to damage to the
pulmonary circulation and pulmonary hypertensiontHe first few months of life, signs of heart
failure may be prominent with rapid breathing arallufe to grow and gain weight. Later,

progressive damage to the blood vessels and thgs loray result in reversal of the shunt and

blueness of the skin (cyanosis).

Persistent Ductus Arteriosuthe ductus arteriosus is a channel between thegnarg artery and
the aorta and during fetal life diverts blood aweym the lungs. After birth this channel usually
closes on the first day of life. If it does nots#g it is termed "persistent” and results in aneased
flow of blood into the lungs.

Tetralogy of Fallot:this is a term given to a heart condition in whiblere is both a Ventricular
Septal Defect and a narrowing of the passage frioenright ventricle to the lungs causing
Pulmonary Stenosis. The Pulmonary Stenosis cahsgebltie blood in the right ventricle to cross
the Ventricular Septal Defect into the aorta ammtipces what is commonly called a "blue baby."
Heart surgery to correct the defects is recommeraaetlit must be done before age five or six
months in order to prevent lung damage. Althoughdbmplexity of the defects raises the risk of
surgery slightly above that of surgery on childmthout DS, successful surgery will allow many
of the affected children to thrive as well as amjiccwith DS who is born with a normal heart.
There may be residual defects (such as imperféetsain cases of Atrioventricular Septal Defect),

but their effect on health is often minimal.

1.3.2 Pulmonary diseases

The other major cause of death in the first yedifefis respiratory infections. Respiratory diseas
in DS is 62 times greater than in non-DS populatiofections in general were 12 times greater in
DS. Symptoms of snoring, mouth breathing, nasahdge, and sleep apnea alert the clinician to
upper respiratory problems. Upper airway obstrunctiaay be one factor predisposing the child with
DS to respiratory disease.

Gastroesophageal reflux is a problem in DS, whigham additional complication to the often
already compromised upper respiratory system. ildreim with DS, the esophageal plexus ganglia
have fewer neurons, which helps explain this dysion.

Pneumonia and tracheitis often can be bacteriattidn in infants with DS. In fact, these infection

can be life threading especially during the age-d2 months if they are not promptly and
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vigorously treated. It is undisputed that the tresit of respiratory infections, once they staredse
to be aggressive in infants with DS. If appropriaprevention techniques directed to the
individualized problem, such as canal dilatatican) give good results.

1.3.3 Other diseases
Intestinal defectsAbout 12 percent of babies with DS are born wittestinal malformations that

require surgery.

Vision problemsMore than 60 percent of children with DS have wigmwoblems, including crossed
eyes (esotropia), near- or far-sightedness andacasa Glasses, surgery or other treatments usually

can improve vision.

Hearing loss.About 75 percent of children with DS have some ingaloss. Hearing loss may be
due to fluid in the middle ear (which may be tengrg), a nerve or both. Babies with DS should be
screened for hearing loss at birth or by 3 monthage. They also should have regular hearing

exams so any problems can be treated before theghdevelopment of language and other skills.

Infections.Children with DS tend to have many colds and egaciions, as well as bronchitis and
pneumonia.

Improvements in accommodations and deinstitutiaatittn, antibiotic treatments and vaccinations
have contributed to the reduction of death fromuypmenia and other infections. In 1950s death
from respiratory infections was six time greatearttior the general population (Ugazio et al, 1990),
while recent studies have showed that the starmkddnortality ratio for respiratory infection in
DS has dropped consistently (Yang et al, 2002). ¢él@w, respiratory infection is still one of the
leading causes of death in adults with DS (Toalg2010).

Thyroid problems and leukemi@hyroid problem can be present at birth (congéndr may occur

at any age (acquired). The symptoms of low thytmdmone are difficult to pick up, especially in
infants. They include decreased growth, decreasgdlgpment, an enlarged tongue and decreased
muscle tone, all of which might be expected inrgant with DS.

Most children with DS nowadays live into adoleseaad adulthood. Leukaemia is from 10 to 30
times more common in these children than in theeg®drpopulation. All of the different types of
DS show a similar increased risk of leukaemia. Bhiisonly represents about 1 in 150 of children

with DS. About 2% of all cases of childhood leuka&mccur in children who have DS.
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Some individuals with DS may have a number of th@sblems, while others may have none. The
severity of these conditions varies greatly. Théomk for individuals with DS is far brighter thain
once was. Most of the health problems associattld B can be treated, and life expectancy is

now about 55 years.

1.4 Neurodevelopment

Neurology, the study of the human nervous systetntardisorders, is important in the clinical care
of persons with DS. Various pathophysiological demin the brain have been associated with the
specific profile of intellectual disability that sbserved in DS. These include changes in size of
specific brain regions and their connectivity aftdrations in the number and/or the morphology of
subpopulations of neurons (for a review, see D&rs2012).

At birth it is often difficult to differentiate thérains of normal and of individuals with DS. Yet,
both postmortem studies and various, more recemh, invasive neuroimaging studies have
demonstrated rather clear differences between ttvasegroups as early as 6 months of age. An
immediately obvious difference is that the braifisndividuals with DS are typically smaller than
those of age-matched controls, at least after 6timoof age. Anyway, one possibility is that the
difference in brain size could be a matter of albtny, since persons with DS have smaller bodies;
also, there is no clear relation between brain aiz “intelligence”, suggesting that the intelledtu
disability observed in DS results from somethindpeot than gross differences in brain size.
Although the brains of DS individuals are indeedalen overall, some brain areas are
disproportionately affected. This differential ingpas not predicted by allometry, and presumably
offers important clues about how trisomy 21 briagsut the intellectual disability so characteristic
of DS. Before evaluating these clues another caieamportant:. the probability that brain
development is influenced by experience. Theredseiasing body of evidence, in fact, that early
intervention can have a direct impact on brain tgment. Such brain plasticity is one of the best
hopes for bringing about significant improvememighe prospects of individuals with DS. At this
time it is not known, from a theoretical or empatiprospective, the extent to which experience can
cause changes in normal brain development (Na@8éB)2 With these caveats registered, what can
we say about nervous system development and funoti®S? following DS neural development
from birth, to childhood, to adulthood is brieflgstribed.

26



1.4.1 Early development

A number of early studies point out to the alreadyed conclusion that the brain with DS at or
shortly before birth is in main respects indistiistpable from the brain of a normal individual
(Bar-Peled et al. 1991). The idea of a relativenradcy at birth is potentially of the greatest
significance, since it seems to create the oppibytiuo do something about the not-yet-created
differences that quite clearly do emerge duringgéeod right after birth.

There is evidence, however, that some changes begimerge as early as 22 weeks gestational age
(eg., Engidawork and Lubec, 2003; Schmidt-SidoaletL990) and it is clear that by 6 months a
number of important differences are already obvid&mme of these differences are expressed in
terms of the proportion of individuals with DS whlbbow abnormal values, rather than in terms of a
uniform abnormality in all instances. This is ofpartance, as it highlights the variability in this
population sharing the genotypic feature of trisa2dy One quite noticeable difference concerns a
postnatal delay in myelination (Wisniewski, 200&gbal at first but then manifested primarily in
nerve tracts that are myelinated especially latewvelopment, such as the fibers linking the fronta
and temporal lobes. This delay is observed in aB6d of infants with DS who come to post-
mortem analysis between the ages of 2 months ayehs. Delayed myelination has also been
observed in a study employing magnetic resonanegimg on a single infant (18 months of age)
with DS (Koo et al., 1992). While not underestimgtithe impact of this myelination delay, it is
certainly worth noting that in all cases myelinatis within normal range at birth, while in 75% of
the cases it is within normal range throughoutyedelvelopment. However, the basic point remains
that by early childhood there is an impoverishmemteocortex.

Neuropathological differences after 3-5 months gé anclude a shortening of the fronto-occipital
length of the brain that appears to result froraduction in growth of the frontal lobes, a narrogvin
of the superior temporal gyrus (observed in ab&3b ®f cases), a diminished size of the brain stem
and cerebellum (observed in most cases) and afisgnii reduction (20-50%) in the number of
cortical granular neurons (Blackwood and Corselli976). Notwithstanding these differences,
however, the overall picture at birth or shortherimafter is one of only modest abnormalities,
although individuals with DS tend to fall towardetbottom of the normal range (or outside it) on
most measures. Investigations of neural functisng@posed to structure, in early infancy suggest
some abnormalities: there is evidence of eitheayds or aberrant auditory system development
(Jiang et al. 1990) that might contribute to thelespread hearing disorders observed in DS.
Obviously, such a disorder, if organic, could blatex to many of the subsequent difficulties seen
in the learning of language. Karrer et al. (1998yé reported delayed development of cerebral

inhibition using visual event related potentialRE in a visual recognition memory paradigm.
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There is also evidence of a more widespread abribyrmaEEG coherence (McAlaster, 1992) that
seems to reflect the generally impoverished deodsitvironment. This difference, like many of the
others, emerges only sometime after birth. It apgpéaat this effect is predominant in posterior,

rather than anterior, brain regions, and in thie tebre than the right, hemisphere.

1.4.2 Later development and adulthood

The evidence of neuropathological sequellae in ®8iaore extensive for the middle stage of life.
Data from both post-mortem studies and from studfesrain function in this population indicate
that the changes that begin to emerge early inblfeome more prominent and prevalent by early
adolescence.

There have been relatively few studies of braircfiom in adolescents and young adults with DS,
and the existing data are somewhat equivocal. Beyiret al. (1990) reported relatively normal
EEG alpha activity in young adults (< 40 years gé)a while Schapiro et al. (1992) reported
relatively normal brain metabolism in a similar gpo using positron emission tomography (PET)
measures of glucose uptake and regional blood fldvey did report some disruption of normal
neuronal interactions between the frontal and pariebes, possibly including the language area of
Broca. Overall, they concluded that in younger sotgj with DS cerebral atrophy does not generally
extend beyond what would be predicted by the smatlnial vault and stature of these subjects.
Two recent studies (Kates et al., 2002; Pinterlgt2801a) provide more specific information.
Pinter et al. used high-resolution MRI methods rialgze brain structure in 16 youngsters (mean
age 11.3 years) with DS. After correcting for oVleoaain volume, hippocampal, but not amygdala
volume reductions were seen in this group. Katesl.ettudied a group of 12 children (all males,
mean age 5.94 years) with DS, and compared theohitdren with Fragile-X, developmental
language delay, or typical development. The childesgth DS had smaller brain volumes than any
of the others, with previously unreported reductiam parietal cortex as well as the often-reported
reductions in the temporal lobe. Pinter et al. @0 on the other hand, noted the relative
preservation of parietal cortex.

Five recent papers provide an up-to-date view ennuropathology observed in adults with DS
(Aylward et al., 1999; Raz et al., 1995; Kesslallet1994; Légdberg & Brun, 1993; Weis, 1991).
Weis (1991) applied stereological techniques in lmo@ttion with magnetic resonance imaging
scans to estimate the size of various brain regiosgroup of 7 adults (30-45 years of age) with
DS. The volume of the whole brain was smaller itjscts with DS. When the data were
normalized and then considered as a ratio of tienw® of the cranial cavity, specific differences

were observed in cortex and white matter overaith va not-quite-significant difference in
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cerebellum (p< .06). The second study (Kesslak.e1994) studied 13 adults with DS, using MRI
to assess the size of various brain regions. The fimalings in the group without dementia were a
decrease in the size of the hippocampus and nieecand a paradoxical increase in the size of the
parahippocampal gyrus. No significant differencesawobserved in the superior temporal lobe, the
middle and inferior temporal lobes, the lateral tvietes, or cortical or subcortical areas. In these
DS subjects there were only two significant agetesl changes: with aging, ventricle size
increased and hippocampal size decreased. Thesthidg (Raz et al., 1995) looked at 25 adults, 13
with DS, also using MRI. Most critically, their idts were adjusted for body size, so they took into
account differences resulting simply from allometijhe authors found that a number of brain
regions were smaller in the subjects with DS, idlg the hippocampal formation, the mammillary
bodies, and parts of the cerebellum and cerebraidpheres. They also replicated the increase in
size of the parahippocampal gyrus observed by Hkslal. (1994). There was some shrinkage of
other brain regions, including the dorsolateralfrorgal cortex, the anterior cingulate cortex, the
pericalcarine cortex, the inferior temporal andigtal cortex, and the parietal white matter. No
differences at all were observed in orbito-frorgattex, pre- and post-central gyri, and the basal
ganglia. The fourth study (Logdberg & Brun, 199Bpked morphometric analyses to the brains of
7 subjects with DS (mean age of 25.3 years), antbdstrated a significant decrease in gyri in the
frontal lobe. Finally, Aylward et al. (1999) usedglmresolution MRI to show a selective
hippocampal volume reduction in adults. These oleskrchanges confirm earlier reports of
decreased volume of cerebellum (Jernigan & Bellti§B0), and of decreased dendritic spines and
volume in hippocampus (Ferrer & Gullotta, 1990)eifledhhave also been reports of neuropathology
in the amygdala, in particular in those subregioresst closely associated with the hippocampus
(Murphy & Ellis, 1991), but the more recent findenghat controlled for overall brain volume
(Pinter et al. 2001a) cast some doubt on these data

The earliest neuropathological changes with aging$ seem to appear in parts of the hippocampal
formation, especially the entorhinal cortex, busoainvolving the dentate gyrus, CA1 and the
subiculum (Hyman, 1992). There is extensive cedslm the locus coeruleus (Mann et al. 1990), a
brainstem nucleus that projects to the hippocarfgraiation; this was most noticeable in cases of
severe dementia.

In sum, there are widespread signs of neuropatioiogolder subjects with DS, but there is
selectivity nonetheless, in terms of where sigmessaen first, and where they are most prominent.
In this regard, changes in hippocampal formatiomll(t al. 1986; Wisniewski et al, 1986),
temporal lobe in general (Spargo et al. 1992), rpreél cortex (Kesslak et al., 1994) and

cerebellum (Cole et al. 1993) stand out.
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In recent studies the motor alterations that asenked in individuals with DS have been related to
defects in the cerebellum (Virji-babul et al, 20Rigoldi et al, 2009), although the actual pattefrn
phenotypic motor disturbances suggests that suelnaabns may result from structural defects
across various brain regions. In addition, neuropsipgical and functional neurimaging data show
that the basal ganglia and the cerebellum haveiatrogles in implicit learning and memory.
Implicit memory is relatively conserved in peoplattwDS (Vicari et al, 2000), which is a
characteristic that has been related to the fattttiese individuals exhibit normal morphology of
the basal ganglia despite also showing severe ekmelbhypoplasia. Indeed, cognitive motor
impairment presents as a specific deficit that banrelated to impairment in the function of a
cerebellar-frontal-striatal network (Brunamontiegét2011).

Along with these structural alterations, atypicattprns of brain activation have been demonstrated
in DS (Jacola et al, 2011), allowing prediction®atbstructural-functional maps in this disorder
(Colom et al, 2010). For example, the poor perfaroes in linguistic tasks can be partially
explained in terms of impairment of the connecyivit frontocerebellar structures that are involved
in articulation and verbal working memory and als@ther structures such as the corpus callosum
(Fabbro et al, 2002), whereas the reduced long-ter@mory capabilities may be related to
abnornalities in the frontotemporal lobes and, Bpadly, to hippocampal dysfunction (Pennington
et al, 2003).

Overall, the evidence from the study of subjectsnid-life is not yet conclusive. While there are
clear problems in some cases, with some eviderndedalized neuropathology, the general picture
is quite diffuse. This, however, is not the casemhbne looks at studies focused on somewhat older

subjects.

1.4.3 Ageing

Improvements in accommodations and deinstitutiaadibn, together with improvements in
diagnostic tools, surgery techniques and rehatilédareatments, has caused an exponential rise in
early survival over the last 40-50 years, that resilted in a rapid rise in the number of older
people with DS (Torr et al, 2010). In their revialout aging in DS, Torr et al (2010) detail theris
in the mean age of persons with DS in several dgeel countries, their life expectancy and the
main problems and disorders associated with ageinigis population. As they state, dementia of
Alzheimer’s type is a most important age-relatesbdier in middle-aged adults with DS, and is
associated with substantial comorbidity and mdstali

A neuropathology resembling that seen in Alzheisna@lisease (AD) is in fact prevalent in

individuals with DS after the age of about 35 ye&stimates vary, but a reasonable conclusion is
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that 25 percent or more of individuals with DS oage 35 show clinical signs and symptoms of
Alzheimer’'s-type dementia. The percentage increaséh age. In the general population,
Alzheimer’s disease does not usually develop befge 50, and the highest incidence (in people
over age 65) is between 5 and 10 percent. Theancal of Alzheimer’s disease in the population
with DS is estimated to be three to five times tgethan in the general population. On this basis,
DS has been proposed as a model to study the pestianstages of AD (Mann, 1988). A large
number of studies have concentrated on this issieeumenting the ways in which the
neuropathology seen in DS is similar to, or differi'om, that seen in Alzheimer's disease. A very
important fact emerging from the past 10 yearsaskful study, is that while virtually 100% of
individuals with DS show neuropathology similartt@at associated with Alzheimer's disease, less
than 50% show the dementia invariably seen with Als uncoupling of the neuropathology from
the dementia has of course occasioned considerablest, with an initial emphasis on attempts to
determine if there might be subtle differences leetwthe cases of DS and AD that could explain
the dissociation observed in DS but not in ADhds not proven possible to point to any difference
that could be said, with confidence, to accountthis fact. Recently, however, it has been shown
that there is a critical difference between DS &Ml with regard to the nature of the amyloid
deposits found in the plaques characteristic ofgropathology common in these two syndromes.
Dementia is only observed when insoluble amyloiticlw causes the formation of fibrous tangles,
is present. This type of amyloid is rarely seeDf until after 50 years of age, regardless of the
extent of gross neuropathology. Pyramidal neuromoabalities with reduced dendritic
arborization, decreased numbers of spines, spinoghat and anomalies of spine orientation are
already present in infancy and fetal stages of B&cker et al., 1991). Additionally, there are
cytoskeletal abnormalities in DS (Mann et al., 198%hese developmental abnormalities make the
brain of DS subjects vulnerable for any type ofdes and might contribute to the early onset of
dementia in DS subjects. Therefore, the use of 8 predementia model of AD has to take into
account that developmental abnormalities and D$#spe&egenerative processes contribute to the
neuropathological substrate of dementia in DS (@leapd Hampel, 2006).

A few studies have addressed the modificationsdbaiir in the DS brain that develops dementia.
In their study with MRI, including two adult subjscwith DS and dementia, Kesslar et al (1994)
found considerable brain atrophy and an enlargeroéithe ventricles in the DS subjects with
dementia; in general a picture similar to that obse in Alzheimer's disease, but absent in the
subjects with DS who were not clinically dementedgn those as old as 51 years of age. Alyward
et al (1999) sought to determine whether volumesthef hippocampus and amygdala were

disproportionately smaller in subjects with DS anmilh dementia compared to non demented
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subjects with DS. In agreement with Pearlson gt18D8) they found that volumes of both the
hippocampus and the amygdala were smaller in tmeedted subjects with DS than in their

comparison subjects, even when total brain volurag eontrolled for.

Apart from dementia, middle-aged adults with DS®dice considerable levels of other age related
morbidity and disability, especially sensory impa@nts and musculoskeletal disorders, which are
earlier in onset and of greater prevalence thanngnoher people with intellectual disability and
the general population. There is in fact a strosgpaiation between increasing age and prevalence
of vision and hearing impairments in people with @8rr et al, 2010).

A number of studies, reviewed by Torr et al (20t8ye found significantly lower mineral density
in adults with DS compared with age peer contrath wther intellectual disabilities (Baptista et al
2005; Guijarro et al, 2008) and controls withoueilectual disability (Center et al, 1998). Higher
rates of osteoporosis are reported for older advitts DS, from the age of 40 years, compared with
the general population (milberger et al, 2002, ¥dlen et al, 1999), with higher rates of bone
fractures.

A range of major orthopedic problems are commonD8, such as ligament laxity and
hypermobility of joints, that can result in institlyi sublussation and dislocations of joints, whic
can increase with age (Hresko et al, 1993), as asltontribute to degenerative joint disease.
Osteoarthritis of the spine and hips is commonldeoadults with DS (van Allen et al, 1999).
Degenerative hip disease is an important causeisabiity and pain in older adults with DS
(Diamond et al, 1981). Finally, older people witl Bave greater muscle weakness, slower walking

speed, poorer balance and more impaired functemélsensorimotor performance.

1.5 Cognitive development

As pointed out in the previous paragraphs, the mevsystem is always affected in DS.
Developmental disabilities lead to both intellettdésability and to slowed and/or incomplete
mastery of physical coordination.

There is a long-standing debate over whether dpwedat in children with DS can best be
understood in terms of a slowed-down version ofrrardevelopment, i.e. with only the rate and
endpoint distinguishing development in childrenhM®S from normally-developing children, or

whether development in DS differs in fundamentaysvéfom normal developmental processes.
The data support the view that there are significhfierences in how development unfolds in

children with DS, and also suggest that some felmeay stem as much from crucial differences in
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the psychological environment in which childreniwidS grow and learn as from the biological
disadvantages they carry from birth. This 'diffesehaccount may not be the favored viewpoint,
but it does have the considerable merit of beingsspent with the growing body of data from the
neurosciences showing significant differences endtiucture of the DS brain and in how it works.
We are still very far away from being able to malect links between specific brain pathology
and specific behaviors, least of all cognitive hebis, but the characteristic reduction in sizéhaf
cerebellum, for instance, is likely to underlie tpeor muscle tone and motor sequencing
deficiencies commonly found with DS, and the immi&gufound in frontal and temporal lobes is
almost certainly implicated in the significant mamodeficits and impairment in spatial
representation and temporal sequencing skills see¢hose with DS. Abnormal development in
these areas might also be implicated in the acteléraging process found in DS.

Limitations in the level of intellectual functiorgrare defined in clinical practice by the intelleait
coefficient, or intelligence quotient (IQ). In pdemvith DS, 1Q is usually variable, ranging from 40
(moderate intellectual disability) to 70 (mild ileztual disability). This range reflects the high
variability in cognitive disability that is obsemeacross individuals with DS, as well as variation
additional (non-cognitive) symptoms. As occurs lidren without intellectual disability, there is a
linear trend of improved performance with age irbjeats with DS, reflecting age-associated
improvements in specific cognitive skills, namelgrlval comprehension, perceptual organization,
attention and behavioral inhibition (Edgin et ab1Pa). This observation is important because it
suggests that functional brain maturation occuiigdividuals with DS, albeit at a slower pace than
that of typically developing children (Edgin et a010b), and that functionally focused
interventions may prove beneficial when commencethfthe earliest possible age. However, the
IQ of people with DS plateaus or even decreasesiily adolescence (Nadel, 2003). This does not
necessarily apply to a decline in functional skiltavever. Individuals continue to learn new skills,
so the effect of this on the adult’s actual abitiycope with the world and have an independent or
supported lifestyle varies. This tailing off or dip IQ has been related to the fact that DS is
considered to be a neurodegenerative disorder inhmdome of the deficiencies are compensated
for as the brain maturates, whereas others rentalohesor decline with age. The main problem of
using only IQ to define the degree and quality mikllectual disability is that it is a composite
measure of cognition, and may mask specific defmes because of its nonspecific nature.

A number of developmental disorders are chara&eérizy intellectual disability, but interesting
differences exist in their associated cognitivefifg® despite a general similarity in 1Q range
(Vicari et al, 2005). For example, DS, Willams dypme and fragile X syndrome are each

associated with distinct memory profiles (Conndralg2011). In DS the ability to keep incoming
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information online, the performance of mental cotations on such information and the storage of
this information for future use are disrupted (Lranthi et al, 2011; Baddeley and Jarrold, 2007).
Typically, individuals with this disorder have aarfeven” working memory profile, in that they
exhibit greater deficits in verbal short-term meyndhan in visuospatial short-term memory
capabilities (Lanfranchi et al, 2011, Chapman aedKkeét, 2000). This functional dissociation stems
from the representational content of memory (tlsatverbal versus visual and spatial content)
(Lanfranchi et al, 2011; Edgin et al, 2010a; Badgeand Jarrold, 2007), although the level of
impairment is also influenced by underlying altemas in sensory, motor and executive functions
(Zimmer, 2008; Jarrold, 2005). In terms of spatirking memory, it should be noted that
individuals with DS are pour at spatial-simultaneouemory tests, such as the Corsi-block (or
tapping) test, but successfully perform spatiabesdial tasks (Lanfranchi et al, 2009).
Accumulating evidence indicates that the storagkpncessing capabilities of the human working
memory system influence individuals’ performancasaowide range of cognitive tasks (Nash and
Heath, 2011; Colom et al, 2007). Thus, the defiatshort-term memory skills that are observed in
people with DS impair their performance in a ramjecognitive tasks, including language and
vocabulary development and problem-solving tasksftanchi et al, 2010).

Individuals with DS exhibit various language weadses, including poor expressive and receptive
language and an impaired reading ability (Nash ldedth, 2011). In addition, children with this
disorder have a reduced ability to acquire new wadd more-advanced language forms in their
verbal repertoire (Jarrold et al, 2008). Rathemth&ing mainly caused by auditory or speech
production difficulties (Jarrold et al, 2002), whianyway are present, this phenotype has been
attributed to the limited capacity of the verbabskterm memory system, which constraints the
acquisition of vocabulary and syntax through itslu@ed ability to maintain and manipulate
phonological representations online (Jarrold, 2005)

Evidence suggests that in DS long-term memory fiscedd in a similar manner to short-term
memory, in that the modality of the informationlte recalled is related to the degree of deficit. It
has been suggested that a deficiency in memoryotidagon, retrieval of stored information or
learning strategies may be responsible for exph@mory impairment in DS (Vakil and Lifshitz-
Zehavi, 2012). Of note, implicit memory (non-comas memory) seems to be less affected than
explicit long-term memory in this disorder (Vicaitial, 2000).

With ageing, if the subject develops Alzheimer'ss&€ase, progressive memory loss, personality
deterioration and loss of functional motor capdélesi happen. Early symptoms include loss of
memory and logical thinking, personality changeclide in daily living skills, new onset of

seizures, changes in coordination and gait and ddssontinence in bladder and bowel habits.
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However, not all individuals with DS will developlzheimer’'s disease, and even those showing
Alzheimer’'s-type symptoms may not have Alzheimelisease since other conditions can mimic
the symptoms.

1.6 Motor development

Children with DS want to do what all children waatdo: they want to sit, crawl, walk, explore
their environment, and interact with the peopleuacbthem. To do that, they need to develop their
gross motor skills. There are three factors whialitionally are believed to have an impact on the
gross motor development of a child with DS (Shum@apk and Woollacott, 2006), and which
have been the focus of most of past, more “traggiiboresearch on motor ability in DS, as reviewed

in the next chapter:

Hypotonia: Tone refers to the tension in a muscle in its mgsstate. The amount of tone is
controlled by the brain. Hypotonia means that tbae is decreased. It is most easily observed in
children with DS when they are infants. Hypotorfi@ets each child with DS to a different degree:
in some the effect is mild, and in others it is en@ronounced. Although hypotonia diminishes
somewhat over time, it still persists throughote.|Hypotonia will make it more difficult to learn
certain gross motor skills; for instance, hypotoonfathe stomach muscles will make it more

difficult to learn to balance in standing.

Ligamentous laxityChildren with DS also have increased flexibilitytireir joints. This is because
the ligaments that hold the bones together havee mlack than is usual. Ligamentous laxity is
particularly noticeable in the hips of infants wilfs. When lying on his back, the legs of an infant
with DS tend to be positioned with his hips and dsxdent and his knees wide apart. When
standing, his feet are flat. This increased fldiibtends to make the joints less stable, andg,it i
therefore, more difficult to learn to balance oarth

Decreased strengthChildren with DS have decreased muscle strengtien§th can be greatly

improved, however, through repetition and practibecreasing muscle strength is important
because otherwise children with DS tend to compenfea their weakness by using movements
that are easier in the short run, but detrimemtahe long run. For example, if the child wants to

stand, because of weakness in his trunk and legsah only do so by stiffening his knees. He
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therefore needs to develop the strength he neetisastie can stand properly without locking his

knees.

Another factor to be considered is allometry (ShaynZook and Wollacott, 2006): the arms and
legs of children with DS are short relative to tlegth of their trunks. The shortness of their arms
makes it more difficult to learn sitting becauseyttcannot prop on their arms unless they lean
forward. When they fall to the side, they havedlb farther before they are able to catch themselve
with their arms. The shortness of their legs makbarder to learn to climb since the height of the

sofa or stairs presents more of an obstacle.

Because of certain physical characteristics, whratlude hypotonia, ligamentous laxity, and
decreased strength, children with DS don’t devehapor skills in the same way that the typically-
developing child does ( Shumway-Cook and Wolla@Q6). They attempt to compensate for their
hypotonia, ligamentous laxity and decreased streragid these compensation often results in
abnormal movement patterns, which make the chibthgpto developing orthopedic and functional
problems. For example, ligamentous laxity and hgpiat in the leg lead to the abnormal patterns of
hip abduction and external rotation, hyperextensibthe knees and pronation and eversion of the
feet. These abnormal patterns lead to walking @ithide base and on the medial borders of the
feet. This is functionally inefficient, often pauifand results in poor walking endurance.

These important aspects of walking in children addlits with DS will be reviewed in detail in the
next chapter. Although these are well known andudwnted features of DS, some authors have
recently questioned their major role in causingdbky or deficiency in motor skills acquisition in
DS (Latash et al, 2008; Sacks and Buckley, 2008adtaand Zatsiorsky, 1993; Shumway-Cook

and Woollacott, 1985), as well be explained inrikgt chapters.

1.7 Health care guidelines for persons with Down $yglrome

As we have seen DS comprises a wide spectrum eésks, among those are motor and cognitive
problems. Recently the European Down Syndrome Aason (EDSA) has published some health

care guidelines for people with DS, undersigneabynternational team of doctors and experts in
DS. The guidelines are meant to provide a mediaainam for the treatment of this syndrome that
includes both rehabilitation and social inclusidie lack of clear-cut guidelines to practitioners

(Cissik, 2012; Andriolo et al, 2005), in fact, isvary limiting factor for the treatment of subjects

with DS, and in this sense the EDSA document iatsmpt to provide some recommendations
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about the treatment of the most important medicgleats for all paediatricians and general
practitioners caring for people with DS of any age.

The document, that is divided in life periods (f@th period, birth to one month, first year of life
from first to sixth year of life, from seventh teélfth year of life, early adulthood, adulthood and
old age), stresses the importance of many cliregalminations throughout the lifespan of persons
with DS. If we focus on motor rehabilitation andypltal therapy, the document suggests the
participation to early rehabilitation programs frahe age of one year to the age of six. Early
intervention is therefore considered very importtort the development of motor skills in DS.
However, after this age, there is no further recemaation about motor rehabilitation, which is
instead substituted by a general point: “schoolentien and recreational activities”. From
adolescence to adulthood and old age the EDSA pnogtresses the importance of encouraging
recreational activities, active employment, spantl andependence, without giving any further
information about the types of activities that abudetter emphasize the motor and cognitive
residual capacities of persons with DS. The failurénighlighting rehabilitation and therapeutic
programs for the development and maintenance obmskills during the lifespan of persons with
DS is evidenced by this official document and bg tifeneral lack of literature on the topic. In
theory, exercise programs would be beneficial thividuals with DS. Unfortunately, research on
exercise and DS is lacking, can be contradictond earely provides clear-cut guidelines to
practitioners (Andriolo et al, 2005). In fact, & impossible to provide guidelines for effective
therapy if the reasons of the delay in DS are unkn(Sacks and Buckley, 2003).

However, a few authors have addressed the probfemow physical activity impacts on the life

quality of subjects with DS and of which rehabtiia treatments should be better applied.

Physical activity

In addition to the several factors (reviewed in trevious paragraphs) that impact on their
development of gross motor skills, individuals widl® have a reduced resting metabolic rate and a
higher frequency of obesity when compared withvidiials without DS that puts them more at risk
for cardiovascular disease and metabolic syndrodmitéas and lacono, 2009; Baynard et al,
2008; Roizen and Patterson, 2003). In additiondorehsed strength and power, individuals with
DS have a drastically lower peak oxygen consumptiower aerobic capacity, and lower peak
heart rate than individuals without DS (Shieldale009; Baynard et al, 2008; Shields et al, 2008)
These physical fitness variables impact on acéisiof daily life (Cowley et al, 2010).

Several reasons may exist for the reduced phystoalss seen in individuals with DS. First, the

sympathetic and parasympathetic nervous systems foregion differently in people with DS
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(Fernhall and Otterstetter, 2003). Second, the @amabbn of hypotonia, hypothyroidism,
hypogonadism, obesity, and motor development amgdle will have an impact on the difficulty of
exercise. This may make someone with DS less likelghoose to pursue an exercise program.
Third, the combination of motor development chajlesm and the intellectual disability in
individuals with DS lead to an avoidance stratedyew it comes to cognitive challenges (Roizen
and Patterson, 2003). This means that they ardikedg to take up physical activities that thewar
not familiar with (Shields et al, 2009).

Early intervention programs

Physical activity and movement in children with amidhout DS is a critical facilitator of learning
(Ulrich and Ulrich, 1995). As infants and childrerove they learn about the changing properties of
their own systems (e.g. limb lengths, muscle sttengostural control) and their environment
(Thelen et al, 1994). In addition to the benefitserms of daily living and independence, motor
progress is also important because these abiétss influence social and cognitive development:
as an example, being able to reach and grasp adlakgd to begin to explore the characteristics of
objects, being able to sit increases the abilityge arms and hands for playing, being able to walk
allows a child to carry toys and objects and tolergpthe world more effectively than crawling,
being able to move independently increases oppdiganfor social interaction and language
learning (Sacks and Buckley, 2003).

Very limited research has been conducted on palyaidivity as it relates to learning of functional
skills in children with and without DS, however tbemmon view based on parent and professional
reports is that young children with DS are lessvadhan their age peers without DS (Mc Kay and
Angulo-Barroso, 2006; Sharav and Bowman, 1992; leswh, 1986). Henderson (1986)
hypothesized that children with DS have “a selfpetmating form of sensory-motor deprivation
sparked off by an inbuilt passivity and disinclioatto move”, which explains why infants and
young children with DS experience significant dslaly acquiring early movement skills. Ulrich
and Ulrich (1995) compared the spontaneous leg mewés of infants with DS and two groups of
typically developing infants, respectively matchied chronological age and motor age. Their
results suggested that the frequency of leg movesmeas not different between the three groups.
However, infants with DS produced significantly fswcomplex patterned leg movements in the
form of kicks. In the three infant groups, infamteo produced more kicks also walked earlier.
McKay and Angulo-Barroso (2006) studied the spoedass leg activity of infants with and without
DS from three to six months of age. Their findirsygygest that infants with DS spend a greater
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duration of time throughout the day in low integpség activity. The authors reported a significant
negative relationship between low intensity leg eraent and the age of onset of walking.

These data suggest that poor motor skill developnoser time, is likely responsible for low levels
of physical activity demonstrated later in life.riganterventions that promote the development of
efficient functional motor skills may, thereforbave a positive impact on multiple domains during
infancy and may also create a solid foundationfdture success in movement settings (Latash et
al, 2008), that is why physical therapy should haaeimportant role from the earliest phases of
growth of these children.

Some authors (Shumway-Cook and Woollacott, 200610éfis, 2001) suggest that the main aim of
physical therapy in this phase of the child’s depetent is to help the child avoid developing
abnormal compensatory movement patterns such asfoll@ving compensatory movement
patterns:

- Standing and walking with their hips in exterrathation, knees stiff, feet flat and turned out,

- Sitting with their trunk rounded and pelvis tdtback,

- Standing with a lordosis (stomach out and backex).

These patterns are likely to result in orthopediabfems in adolescence and adulthood that will
impair physical functioning, but these problems t&navoided by proactively teaching optimal
movement patterns so that strength is developetthenappropriate muscles. Early intervention
services, which begin shortly after birth, can hetyddren with DS develop to their full potential.
The physical, speech and occupational therapieis dady intervention programs provide can
enhance a child’s development.

Despite the benefits of early intervention and eserfor persons with DS, this is a population that
has been poorly studied, and clear recommendatanthe practitioners are not existent (Cissik,
2012). This probably is partly due to the fact ttlaitdren with DS have not a unique learning style:
physical therapy services need to be designed thighchild’s long-term functional outcome in
mind. They should focus on lower-extremity gaitsfuwe, and exercise. Physical therapy needs to
begin with an understanding of the abnormal moveématierns that children with DS are prone to
develop, and then proactively build strength inrilgat muscles so that the child with DS develops
optimal movement patterns. Functionally this trated into walking with a narrow base, feet

pointing straight ahead, the trunk developed witteokyphosis or lordosis.

Exercise programs
A limited number of studies have examined the é$fexf strength training and aerobic exercise

programs on individuals with DS, as reviewed byski€2012). These studies found that exercise
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programs are effective at improving aerobic fitnessasures and strength. Improvements in body
mass and psychological variables are less clear.

Aguiar et al (2008) studied the effects of judoroator coordination. In their study, subjects with
DS participated in 16 weeks of supervised judorurtsion, 3 times per week, each session for 50
minutes. The authors used a gross motor functioasare that covered 88 items organized into
lying/rolling, sitting, crawling/kneeling, standingnd walking/running/jumping to evaluate motor
coordination. At the end of the study, the autlotsd a significant improvement for performance
on the gross motor function measure but do not igeova breakdown of this performance
improvement. Carmeli et al (2004) studied the eftéa training program involving pain-free low-
intensity walking on elderly individuals with DS h&ir subjects were divided into 2 groups, one
with intermittent claudication (i.e., pain in theustles during walking) and the other without.
Subjects exercised on the treadmill for 15 week&n®s per week at a speed below pain and
breathless thresholds. Initially, subjects walked5-15 minutes and progressed to 40 minutes on
the treadmill. Both groups made significant incesagn the distances walked, duration on the
treadmill, and speed. Mendonca et al (2011) studieether adults with DS responded differently
to an exercise program than adults without DS. rAfi2 weeks of combined cardiovascular and
strength training, both groups made similar improgats in muscular strength and peak oxygen
consumption.

Based on the literature reviewed, aerobic exerars# strength training appear to yield positive
benefits to aerobic fithess and muscular strengtheance in individuals with DS. These benefits
seem to be similar to those seen in populationsowitDS. However, ilt is unclear if exercise has a
positive effect on the body mass index or psychokigvariables (Dodd and Shields, 2005) in
individuals with DS.

There are limitations to the scientific researchsabjects with DS. First, it is not known whether
the gains in fitness from an exercise program carebained over time because there are no long-
term studies. Second, it is not known whether ggader, or concurrent health problems may
impact exercise program outcomes. Finally, impiae for long-term program effectiveness have
not been studied (Mendonca et al, 2010).

Based on the limitations mentioned above, and patating from populations without DS, Cissik
(2012) drew several recommendations regarding eseeprograms and individuals with DS. These
recommendations deal with supervision, the inclusibcardiovascular exercises, and the inclusion
of strength training exercises.

First, this population requires supervision to easa successful exercise program (Dodd and

Shields, 2005). This is important to keep the il focused, motivated, and exercising at the
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appropriate intensity. Second, people with DS bahefit from a cardiovascular exercise program.
A lack of balance and motor skill may have an intp&at an individual’s comfort with walking,
jogging, or elliptical cross-trainers (Dodd and &tis, 2005) Third, strength training is appropriate
for people with DS, although it may need to be rfiedi Keeping in mind challenges with learning
new motor skills and balance, individuals with Ofgld begin a strength training program using
selectorized strength training equipment 2-3 tipersweek emphasizing the entire body.

There is no research to address the topic of freghis exercise in subjects with DS, but the
characteristics of the syndrome suggest some cautigperflexibility could theoretically increase
the risks of injury and it would take this poputatiionger to master the motor skills associateti wit
free weights due to a combination of hypotoniaabeé, and intellectual disabilities (Cissik, 2012).
Because of the physiological differences, it isleac if individuals with DS will respond to
exercise in a manner similar to the population aithDS, how exercise should be programmed
over the long term for people with DS, and if fageights are appropriate and how exactly they
should be incorporated into the exercise programdividuals with DS may benefit from a
structured exercise program. Despite the bendfisie is a need for more research with this
population. This is important for health, the akilio function in daily life, the opportunity to

socialize, and may help enhance self-esteem anemrdepression.
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In the previous chapter the main features of DSewarefly explained. We have seen that the
syndrome involves a wide spectrum of diseases, gmdrnch motor deficits are very important
factors. It is in fact widely accepted that indiwads with DS experience difficulty performing
motor skills. Several studies have shown that tbeeaments of individuals with DS are slower, less
smooth and more variable from trial to trial whesmpared with the movements of the overall
population. All of these features have been refetoewith the term “clumsiness”, widely used to
describe the uncertain and shuffling movementsibjests with DS (Rigoldi et al, 2011a). Despite
the awareness about motor deficits in DS, howehere is a lack of studies on how to help persons
with DS reach their full potentials in motor actigs, and a lack of guidelines for clinical
practitioners.

As reviewed in the following paragraphs, the movemaeficits in DS have been extensively
described to study how the limitations impact onverment in DS. Movement analysis has been
“traditionally” used for these descriptive studiesy the other hand and more recently, the
researchers are starting to use such tools fomssessment of hypothesis about how the motor
control acts. This new application of movement gsialaims at providing a deeper insight on the
mechanisms underlying motor control and could hedweloping more focused rehabilitation

treatments for persons with DS.

2.1 Traditional applications of movement analysis

Traditionally, movement analysis of DS people hasvalently focused on the biomechanical

evaluation and description of a narrow set of momets. From this literature it is well-known that

subjects with DS present mechanical and chemiderations that result ligament laxity and

hypotonia, and altered movement patterns, of whigtvness, longer reaction times, instability, and
patterns of muscular co-contractions are some @ftbst recurrent features (Rigoldi, et al, 2011
a,b; Galli et al, 2010; Aruin et al, 1996). Thedias concerning motor control in DS subjects focus
on basic skills(those which are necessary for everyday life ds) and in particular ogross

motor skills which are concerned with whole body movementshsas walking (Rigoldi et al,
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2011 a; Galli et al, 2008 a) and posture (Rigotdile2011 b; Galli et al, 2008 lyine motor skills
which belong to the basic skills group and reqtime manipulation of fingers and hands, such as
picking up objects, writing and keyboarding, ar@yveeldom considered in literature, and so are
recreational or specialistic skillgi.e. optional skills based on interests and ag@és). The major

literature on these topics is reviewed in the fwllty paragraphs.

2.1.1 Studies on motor development and gait

A number of studies have investigated age-relatethges in the motor development of infants and
young children with DS. In infancy, these studies faequently related to motor milestones such as
sitting and walking. Data have generally been ctdle using clinical measurements and
observations and a range of standardized assessmoés)tincluding the Griffith Scales, the Gesell
Scales and the Bayley Scales of Infant Developnibatlatter being the most frequently used. It is
widely thought that the attainment of motor miless is delayed in infants with DS even following
intervention (Ramsey and Piper, 1980; Eipper an@nAzZl978; Fishler et al, 1964). There is
however considerable variability in the rate at efthithose with DS attain motor milestones,
(LaVeck and Brehm, 1978), and Carr (1970) have ssiggl that the level of variability is greater
than that observed in normally developing childrenaddition, some studies highlighted that in
some cases infants with DS have reached motor tonles within the expected normative period
(Berry et al, 1984; Berry et al, 1980).

The developmental sequence of motor milestoneslsasbeen of interest to researchers: that is, is
the pattern and/or sequence of motor developmenddme as that for typically developing infants?
This question has generally been addressed udimgy ¢he Bayley Scales of Infant Development or
the Uzgiris-Hunt Scales. Several studies have tegdhat the motor development of infants with
DS paralleled that of the assessment scales, wjibtbnia being a factor that altered the normality
of this pattern (Cicchetti and Sroufe, 1976). Du(i€88) reported that infants with DS made
transitional progresses through the Uzgiris-Huqueaces of development, albeit at a much slower
rate than normally developing infants. Dyer etl®890) analyzed the age at which 707 infants with
DS passed or failed the Bayley Scales of Infant dlgyment (BSID) test items. The results
indicated that the developmental path broadly cédie the BSID scale. It was reported, however,
that motor items that required aspects of streragtti balance (such as standing and walking)
developed more slowly than other motor behaviodsthat the infants with DS showed a far higher
degree of variability.

Griffiths (1976) reported that 25% of children wili§ are able to walk at 2 years of age, with the

mean age being 30 months. They also exhibit coreditke variability in the attainment of
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individual walking. Comparing percentile graphscbofldren with DS to those of other children, the
curve for individuals with DS shifts markedly toethight, with a lesser slope indicating a slower
rate of skill attainment. However, the overall shay the curve was similar to the control group.
Ulrich et al. (1992) reported that alternate stegmatterns are observed at 11 months of age. This
indicates that the neural networks appear to babkshed, and that other factors are inhibiting
locomotion.

Just as the attainment of walking has shown coreddlie variability, so has the range of the
walking skills of children with DS. Parker and Bksn(1980) studied 7-years-old children with DS
and found that walking patterns were similar to lyeimdependent walkers rather than to the
mature patterns seen in adults. One of the chaistateof these walking patterns was a shuffling
gait pattern. Parker reported that a lack of plietaon of the ankle accompanied by reduction of
hip extension resulted in a lack of propulsion #ng a stepping or shuffling-type gait pattern.
Another characteristic often seen is a consistesing out (Parker and Bronks, 1980, Lydic and
Steele, 1979). Mahan et al (1983) found the amofiribeing out to be 16° of abduction. They
hypothesized that this may be to provide a widesebaf support to reduce lateral motion and so
facilitate postural stability. From the researchDyfer et al. (1990) it appears that motor ability i
BSID items relating to walking is relatively retadiin development. This was attributed to a lack
in postural control, to hypotonia and to hypermebdints. Lydic and Steele (1979) indicated that
34.7% of the 104 children had a wide-legged wald anDuchenne gait, with a relatively large
amount of hip extra-rotation and an abnormal arrmsitipm: 29.8% were not yet walking. In their
view adequate trunk rotation was particularly lagki Akerstrom and Sanner (1993) observed
overextension of the foot in two out of five walgichildren The cause stated by the authors was a
combination of muscular hypotonia and laxity ofingents.

Lauteslager et al (1998) indicated a hypotonicdetion, problems of balance and a wide-legged
gait with extra-rotated and abducted hips withounk rotation. The explanation of the authors was
a lack of stabilizing co-contraction related to bignia, as a result of which inadequate postural
control, insufficient trunk rotation and balancerél®ped.

Rigoldi et al (2011a) studied the development af daring lifespan by evaluating the same group
of subjects with DS during childhood, teenagehoond adulthood. DS subjects showed a motion
pattern with compensatory strategies addressedcaeasing stability more than at decreasing
energy costs. The analysis evidenced reduced rasfgemtion in the sagittal plane of the distal
joints, whereas movement in the frontal plane iasegl to guarantee gait progression. The feeling
of instability in these subjects, caused by hypet@md ligament laxity, led to stabilizing strategi

such as ankle and knee agonist and antagonistrdcaction, which allow an “inverse pendulum
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strategy” and decrease the number of degrees efildre to be controlled during the movement.
The support base was increased as well to redstahitty.

The study of gait evolution through lifespan reeeathat variability in the parameters of DS
decreased with ageing, meaning that a specific dgrelopmental trend was present. With age,
stride length increased, however knee and ankftneds increased too. While changes in the
controls’ gait patterns were more marked from diolod to adolescence, showing more adequate
performances in terms of motion dispersion andgneosts during adolescence and adulthood, DS
subjects maintained and increased the joint siifpistrategy, in an attempt to reduce the to-be-

controlled segments of the body and simplify thevemoent, at the cost of a less efficient strategy.

2.1.2 Studies on balance

The perceptual-motor coupling involved in postucahtrol implies the integration of different
sensory information sources. In fact, informatidrowat the environment and the position of the
body in space as well as the relative positionhef body segments is needed in order to keep
balance during standing and locomotion. This infation is provided not only by vision, but also
by the vestibular and proprioceptive systems. Needess, the study of perceptual control of
posture, especially in children, is dominated bseegch investigating postural compensations to
optic flow.

The optic flow field affords a wealth of informaticabout the layout of the environment and the
subjects’ movement. Many studies have shown a imait relation between optic flow and
posture. One of the first experiments that examtheceffect of visual information on posture made
use of what has become known as the “moving rocanagligm, that is, a room that can be moved
above a stable floor (Lee and Lishman, 1975; Lighuad Lee, 1973). When the room is moved
subjects experience self-motion while they stangiorThis results in falls and oscillations of the
body with the motion of the room. The participawesre children with and without DS in different
groups matched according to their experience iepeddent sitting or in standing without support.
The postural reaction to the moving-room were st@ecording to the rating scale developed by
Lee and Aronson (1974), who categorized the visiblctions as sways, staggers or falls. The
standing results indicated that although infanth WS responded as often as the control children,
the amplitude of their response was different:dat ffalls were more frequent in infants with DS
than in children without DS. Thus, when standimgamts with DS who have just learned to stand
compensate more than normal infants do. The realsitsrevealed a decline in response occurrence
with postural experience. The number of falls desdi after more than 3 months of standing

experience in normal children and after 7 to 12 tin®rof experience in infants with DS. Infants
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who had recently learned to stand without supp@tewmore destabilized by the experimentally
induced discrepancy between visual and vestibuiformation than were the infants with more
experience in standing. Usually this developmetm&add is taken to indicate that the importance of
vision in the control of balance decreases as iaf@ain experience in motor control. With
increasing age or experience with a specific pestoostural control becomes more strongly linked
to optic flow information in a way that ensuresiacrease in postural stability.

The classic interpretation would be that, aftereds$ independent standing, infants with DS remain
dependent on visual information for a longer perdddime than normal children. An alternative
interpretation, however, might be that the delagedline of falls seen in infants with DS is a
consequence of the lack of general postural corfingufficient muscle strength, coordination).
Nevertheless, another study that analyzed the dsaaf postural control in children with DS
provided interesting results concerning their &pilo cope with discrepant sensory information in
postural control (Salversbergh et al, 2000). Thpeemental paradigm used in this work was
different from the moving-room: the standing pasitwas not perturbed by movement of the visual
surroundings but was directly challenged by movednoéithe support base (movable platform). In
this paradigm, one of the experimental conditiomsststed of rotations of the platform that were in
direct proportion to the magnitude of anteriopastesway motion of the subject. The device
ensured a fixed ankle joint angle and thereforeiced the orientational information from the ankle,
resulting in an intersensory conflict between th&la propriocepsis (indicating stability) and the
visual and vestibular information (indicating baglyay). In this study the muscular coordination of
the legs was analyzed using surface electromyogmactsldren with and without DS aged from 15
months to 6 years. The results showed an integeptnadox in the response of children with DS:
myotatic reflexes at normal latency were preseitt) delays in long latency postural responses that
often led to increased body sway and loss of balaAccording to the authors, this supports the
suggestion of Davis and Kelso (1982) that musdfness and motoneuron pool excitability are
comparable to those of normal children. Hence, ttecluded that the responses of children with
DS could not be attributed to the pathology of stretch reflex mechanism but rather were likely
due to problems in the organizational processe®nlyidg the resolution of multimodal sensory
conflicts.

Hypotonia may have a strong effect on the develojpraad use of equilibrium reactions (Haley,
1986). Low tone in the trunk of most infants witlsDin fact, is likely to be associated with the
relatively earlier appearance of protective reaxdtigHaley, 1986). Infants with DS learn to use
protective responses either as a more effectivladedf counteracting postural disturbance or as a

substitute for the lack of equilibrium responsesb&h (Bobath, 1971 a,b) contends that normal

57



tone must be present before mature postural remctian develop. He described the importance of
an adequate regulation of tone and of enough ctraxiions for the development of posture and
movement patterns. Cowie (1970) demonstrated thangy DS children had reduced muscle tone,
with a disadvantageous effect on the developmerih@fposture and movement patterns of DS
children. Cowie reported also that there is arctemnection between hypotonia and the lack of
postural control, Davis and Kelso (1982) providetbimation about the quality of myogenous
stabilization of joints on the basis of comparisatween control and DS children. The group of DS
was less able to stabilize a position of the joiatsl they had significantly more difficulty in
maintaining the position if the joints with redugirresistance because of hypotonia. In their
extensive research, Dyer et al. (1990) claimed thgtotonia has a disruptive effect on the
proprioceptive feedback from sensory structurethe muscles and joints. Hypotonia in children
with DS can influence the intrinsic information aibgosture and movement and can have a
negative effect on the appropriateness of co-cotbra and postural reactions. On the basis of a
study comparing children with and without DS, Parkad James (2008) showed that the group
with DS on average had more joints mobility and thath groups showed a decrease in mobility
with increasing age. Livingston and Hirst (198§)aded that children with DS frequently had one
or more hypermobile joints, but that there was nesgjon of a generalized laxity of joints.

Increased joint mobility may contribute in a negatisense to postural control. Together with
insufficiency of co-contraction this influences te&bility of the joint. It is also possible that
proprioceptive information from joint sensors igluenced and affects the registration of posture
and movement. Rast and Harris (1985) emphasizedrpertance of early postural reactions for
the development of balance reactions to ensuraraiio stability of head, trunk and extremities,
whereby normal movement and transfer of weight becpossible. Authors, on the basis of their
comparison between normal and DS children, condutiat postural reactions in the group of
children with DS developed later and that childvath DS demonstrated less variation in postural
reactions: they developed only those reactionsssacg to achieve a particular motor phase. Based
on these studies it is possible to conclude thatpbstural instability of DS causes precarious
equilibrium and risks of falls, which can partiabxplain the balance problems that are common in
these subjects. The ligament laxity and hypotobigge DS subjects to limit sagittal movements to
maintain stability and dynamic equilibrium. The wetlon of joints ranges of motion observed in all
planes suggests an increase of agonist-antagooisbridraction. This is aimed at increasing
stability and dynamic equilibrium by limiting theslative motion between body segments and

increasing general stiffness to contrast hypotaniligament laxity (Rigoldi et al, 2011 b).
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Quantitative analysis of the centre of pressureRC@ata in quiet standing was applied in several
experiments. Several studies indicated differemeebe amount of sway in both anterioposterior
(AP) and mediolateral (ML) directions by measur@@P displacements, with more sway in AP
direction than in ML direction in healthy subje€i4an Emmerik et al, 1993). Galli et al (2008 b)
analyzed COP oscillations in adults with DS duratgnding with eyes open and with eyes closed.
They reported that in AP direction the oscillatmfrsubjects with DS were within the normal range,
whereas in ML direction the oscillations were ahselly bigger for DS. No difference was instead
found between eyes open and eyes closed conditioraldition to the higher oscillations in the
ML direction for DS compared to controls, the paedens in the frequency domain highlighted the
presence of an increased instability also in thed&ection.

2.1.3 Studies on upper limb movements

Upper limb movements in subjects with DS have ramiess attention than walking and posture.
Anyway, literature provides some pictures for tharacterization of reaching and grasping in these
subjects. Generally speaking, slowness and retasdadion time (Anson, 1989), lower muscle tone
and correlated lower voluntary muscle contractiorcé (Morris et al, 1982) are among the most
described characteristics of subjects with DS ipenplimb movements as well as in other
movements. Another peculiarity of DS is the preseotreversed patterns of muscular activation
(Anson, 1989): during the execution of fast reaghmovements, in fact, a different pattern of
muscular activation can be found in DS compareadotrols. Normally, the initiation of fast,
accurate movements of the upper limb is facilitatgdeither a proximal-to-distal or synchronous
activation of the principal agonist muscles (Ansol Mawston, 2000; Karst and Hasan 1991). One
reason and a potential advantage of a proximalgiaidactivation is that it may provide opportunity
for on-line corrections or the chance to “fine-tutiee terminal phase of the response. This pattern
is frequently absent in individuals with DS, anglezed by either a reversed distal-to-proximal
pattern of muscle activation or a co-activatiorntgrat (Karst and Hasan 1991). These co-contraction
or reversed patterns of muscle activation increjdet resistance to external perturbations,
independently of the direction of the perturbati®hus, they can assure some acceptable level of
stability even if there is some degree of uncetyaaout the direction of the perturbation, althoug
being unable to fully compensate for the effectshef perturbation (Aruin et al. 1996; Almeida et
al. 1994) and can be a valid compensatory mechatascontrast muscle weakness and ligament
laxity. In line with these observations, the diffity of subjects with DS to modify their movement
parameters under changing conditions has beentegpalso as the presence of excessive forces in

tests such as finger tapping or gripping (Cole kt1888), increased variability in motor
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performance (Henderson, 1986) and a lack of adapttd changes in sensory information (Cole et
al, 1988).

2.2 New applications of movement analysis

As demonstrated by the literature review of theviones paragraph, through the years movement
analysis in DS has focused prevalently on the babraeical evaluation of a narrow set of
movements, primarily walking and posture. These enoents have been tested in laboratory,
controlled conditions, with little influence of exhal and internal factors such as the environment
and the subject’s intention, providing the clinitia quantitative and detailed picture of the
biomechanical status of the subject, which is vienportant for therapeutic and rehabilitative
considerations but gives only a limited insight tthe causes of the motor deficit. Many of the
authors have assumed that the profile for motoelkbgment in DS is largely the result of physical
differences, and in fact these works well-documertee characteristics of the biomechanical
constraints of DS phenotype, such as hypotoniaamant laxity, muscular co-contraction,
precarious equilibrium, increased joint stiffnest resulting in a functional limitation in everyga
life. These clinical studies allowed the definitiohsome guidelines for the rehabilitative treattsen
of DS subjects (such as muscular strengtheningotoect hypotonia). However, there is no
evidence that physical and biomechanical charatiesi are the major factors to explain motor
deficits in DS (Sacks and Buckley, 2003). In fact,the case of neurological and cognitive
impairments such as DS, the description of the motputs is clearly not enough, because the
deficit is localized at the upper levels of thevaers system, and thus a cognitive interpretation
behind the biomechanical output is mandatory. Thsst of these studies are of theoretical more
than practical relevance, since they do not expkow to modify the sequence of actions of
muscles when moving, or how to act at the cen&atllito correct the motor patterns (Sacks and
Buckley, 2003).

Recent studies (Virji-Babul and Brown, 2004; Saaksl Buckley, 2003) are stressing the fact that
the motor alterations in DS are only partially dovebiomechanical impairments, whereas they
occur mainly as a consequence of a deficient den&navous system (CNS), whose inputs to the
biomechanical system generate outputs “differerdinf normality. Differences in the quality of
movement, such as slower or less coordinated mavieroan be seen to have their origin in the
brain. Thus, biomechanical aspects are recentiynbeng to be linked together with the specific
sensory, motor, cognitive and perceptual impairsiasit DS, but it remains unclear how these

localized deficits impact on perceptual-motor pssteg and function. An interpretation of
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movement patterns that could take into considerdtimw the nervous system works could clearly

advance the understanding and the rehabilitatileniques in DS.

2.2.1 From a biomechanical interpretation to a cogitive interpretation

In recent years the research on motor control ks kexpanding to the field of neuroscience,
extending the evaluation of movement from the phimmechanical aspects to the evaluation of
cognitive and motor aspects that, together witrergal aspects, contribute to the definition of
movement. The new trends in movement analysis dd¥eased towards the description of
movement not only as a consequence of biomechanigairments, but also as a consequence of
the deficits at the cognitive level, that resultaiparticular biomechanical output. As an example,
the muscle co-contraction that was observed in mb#te clinical studies about DS and that was
addressed to compensatory strategies due to hypptehanges its meaning from a pure
biomechanical interpretation to a more profoundniidge interpretation if we hypothesize, as
Latash et al (1996) did, that subjects with DSadfected by poor decision making, and thus are not
able to adapt their movements to sudden changethenenvironmental conditions, then co-
contraction becomes an adaptation strategy morettieconsequence of a primary motor deficit.
In this light, although movement patterns and nmsaitivation patterns may differ from those
observed in neurologically normal individuals, thean be viewed as optimal adaptations given a
primary impairment of the decision-making proc&dss kind of interpretation shifts from the pure
biomechanical definition of an action-reaction pipte of stiffening joints in response to hypotonia
to a wider interpretation embracing all motor cohspheres.

Latash et al (1996) and Anson (1992) have quedlitime role of hypotonia as a central problem in
DS and, as Anson saidhe role of hypotonia in accounting for movemesbdiers in individuals
with DS can no longer be considered a default exqtian when all alternatives féil

Another example regards the well-documented “claess” of subjects with DS, which has been
largely related to the biomechanical features ofsDBovements. Recent literature (Elliott et al.,
2010; Latash, 2007) points out that clumsiness bgag product of the limitations at the CNS level,
more than a product of biomechanical constraintsel In fact, a key-point in the study of motor
control is the analysis of feedback and feedforwaethanisms; feedforward movements are made
without the online use of sensory feedback, andiregn internal model of accuracy. Such actions
can occur rapidly, as there is no need to accaurthe delay of feedback loops. Feedback control,
in contrast, involves modification of the ongoingovement using information from sensory
receptors: this type of control allows for a higigtee of accuracy, error detection and correction,

but it is necessarily slow. Optimal movement canikely reflects a combination of both feedback
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and feedforward processes, but literature has dstrataed that a higher reliance on feedback
control is present in subjects with DS. These figdi could partly explain the well-documented
clumsiness observed in DS movements: if DS perfsnean mainly rely on feedback control,
without the chance to deploy a forward model ofrtil@vement they have to perform, the execution
of the required task will be subjected to the caumius modulation of feedback control, resulting in
longer durations of movements with a high numbecafections. A diminished representation of
the expected movement outcome will result in tla@mning behavior being slow, inefficient, and
“fragmented” in sub-movements, causing a biomed@hmutput of clumsiness and slowness.
Thus, the first important aspect of the newestares$ees in the field of movement analysis is the

evaluation of motor outputs as an instrument t@gtigate cognitive inputs.

2.2.2 The task-oriented approach: evaluation of “factional” movements

Simplified conditions that have been traditionaiyployed in movement analysis, such as straight
walking on a plain surface at constant velocity, mat recreate full realistic environmental
conditions of walking and do not allow an exhawstinterpretation at the cognitive level. In fact,
more cognitively demanding situations are requfaedhis scope. We refer to these movements as
“functional” movements, i.e. movements based ohweald situational biomechanics, that usually
involve multi-planar, multi-joint movements whichape demand on the body's core musculature
and require greater cognitive effort to be caroatl

Functional movements emerge from the interactiotinife factors: the individual, the task and the
environment. Movement is organized around both taskl environmental demands, and the
individual generates movement to meet the demahtiseaask being performed within a specific
environment. In this way, it can be said that tihgaaization of the movement is constrained by
factors within the individual, the task and the iemwment. The individual’'s capacity to meet
interacting task and environmental demands detesninat person’s functional capability. Within
the individual, movement emerges through the caper effort of many brain structures and
processes, since it arises from the interactiomwalfiple processes, including those that are rdlate
to perception, cognition and action (Shumway- Caokl Wollacott, 2006). These many systems
interact in the production of functional movemeWthile each of these components of motor
control — perception, action, and cognition — carstudied in isolation, a true picture of the natur
of motor control cannot be achieved without a sgaih of information from all three. The so-called
“task-oriented approach” (Shumway- Cook and Woltgc®006) is one of the newest theories in
motor control and it assumes that movement emeagean interaction among many different

systems, each contributing to different aspectsaftrol. In addition, movement is organized
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around a behavioral goal and is constrained byeth@wonment. Assumptions regarding abnor
motor control sggest that movement problems result from impaitmenth one or more of tr
systems controlling movement. This concept is showrfigure 2.2.1 (Shumw: Cook and
Wollacott, 2006).

Movement

Individual

environment

Figure 2.2.1: movement emerges from the interastioetween the indidual, the task and tf

environment

Movements observed in a subjects with cognitiveaimpent represent behavior that emerges 1
the best mix of the systems remaining to partieipahis means that what is observed is not jus
result of the impairmnt itself, but of the efforts to compensate f@ teficit and still be function:i
(Shumway-Cook and Wollacott, 2006

Movement and action

Movement is often described within the context ofamplishing a particular action. As a res
motor controlis usually studied in relation to specific actions activities. Understanding tt
control of action implies understanding the motatpoait from the nervous system to the boc
effector systems, or muscles. The body is chariaettiby a high number ofuscles and joints, all
of which must be controlled during the execution aoordinated, functional movement. T
problem of coordinating many muscles and joints lbesn referred to as the degrees of free
problem (Bernstein, 1967).

Movement and perception

Perception is essential to action, just as act®mregsential to perception. Perception is
integration of sensory impressions into psycholaljcmeaningful information. It includes bo
peripheral sensory mechanisms and higher levelegsiegthat adds interpretation and meaning

incoming afferent information. Sensory/perceptuatems provide information about the state
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the body (for example, the position of the bodyspace) and features within the environment
critical to the regulation of movement. Sensoryépetual information is clearly integral to the
ability to act effectively within an environmentgBenbaum, 2009). Thus, understanding movement
requires the study of systems controlling perceptiad the role of perception in determining our

actions.

Movement and cognition

Since movement is not usually performed in the mds@f intent, cognitive processes are essential
to motor control. These processes broadly inclutEnton, motivation, and emotional aspects of

motor control that underlie the establishment ¢émts or goals. Motor control includes perception

and action systems that are organized to achies@fgpgoals or intents. Thus, the study of motor

control must include the study of cognitive proessas they relate to perception and action.

2.2.3 Perceptual-motor behavior in Down Syndrome

Perception, action, and cognition are key-factorghe production of movement, and must be
considered together in the study of movement. &vipusly discussed, it is important to recognize
that the motor system does not function in isofat{®humway- Cook and Wollacott, 2006).
Instead, perceptual processes interact with motocgsses during action production, action
correction, and action comprehension (e.g., Wiland Knoblich, 2005Shiffrar and Pinto, 2002).

It is not yet known how the pathophysiology of DxSrelated to the development of perceptual-
motor behavior. Nadel (2003) reported that diffeesnin brain structure begin to emerge in the first
few months of life in infants with DS. These diteces include reduced volume in the frontal
cortex, superior temporal gyrus, brainstem, cehetreland hippocampus. While the motor
consequences of volumetric differences have non beell established, it is reasonable to
hypothesize that these differences may impact emtbchanisms involved in processing perceptual
motor information (Virji-Babul et al, 2006). Chilein with DS show both motor and perceptual
impairments that may influence the developmentleathing of various fundamental and complex
actions. These influences have been widely repamtet the years, but unfortunately not many
findings have addressed the functional couplingnfdrmation and movement (Savelsbergh et al,
2000). However, from literature it emerges thatrtteen problems in DS have been associated with
three factors: perception and extraction of sengstfgrmation, execution of appropriate strategies
(motor planning), and decision-making processegi{Babul and Brown, 2004).
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Perception and extraction of sensory information

Subjects with DS often exhibit significant percegtproblems. Auditory problems, often in
association with ophthalmologic disorders suchataracts, strabismus and nystagmus, and visual
(Courage et al, 1994) and tactual impairments h@en reported (Savelsbergh et al., 2000).
Evidence of impairment in the perceptual-motor dimgpin DS comes from the studies of the tasks
requiring anticipatory actions, such as obstacleidance during walking and object catching
and/or manipulation.

Walking in the natural environment often involvesti@patory adaptations to either avoid or
negotiate obstacles. While walking is an automdtissk, walking with an obstacle involves more
contributions from voluntary control and resembiesre daily-life situations.

In a recent study (Virjii-Babul et al., 2004) thetlaors examined the movement strategies used by
young children with DS in crossing obstacles: tlieynd that children with DS were able to
successfully extract information about obstacleghieand appropriately match this information to
their movement, but the visual information abowt tibstacle was not used consistently to modulate
movements early in the gait cycle. Thus, visuabinmfation required to appropriately modulate their
crossing action was correctly extracted, but whoetrol children used this information in a pre-
programmed fashion, children with DS used it iroafine fashion.

Charlton et al. (2000) reported that children wit8 had difficulty in properly adjusting both the
spatial and temporal aspects of their grasp as&itn of object size or task goal. They suggested
that difficulties in the use of the perceived objpcoperties in action planning may point to a
dysfunction in relating information about limb pisn with respect to the environment and to task

demands.

Motor planning processes

While Charlton et al (2000) evidenced differencesbbth the spatial and temporal aspects of
planning in DS when performing motor tasks reqgrianticipatory actions, some authors
(Savelsbergh et al., 2000; Henderson et al., 188k)d differences mainly in the temporal aspects
of planning. According to Henderson et al (1981jidilties are present in two distinct temporal
tasks: those in which a time criterion is applied ghose in which a movement sequence has to be
planned to coincide with an external event. Thehanst examined the two components of
prediction, the spatial component and the timingngonent, in non retarded children and in
retarded children with and without DS. They fouhdttalthough the normal children were only 5 to
6 years old, their performance on a tracking taak wery much superior to that of the much older

retarded children. The performance of the normaldam was coordinated in every respect,
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extremely accurate and rhythmical, whereas thatthef retarded children was inconsistent,
inaccurate and rarely, if ever, rhythmical. DS direh were impaired in using predictability in
timing in order to control their movements by pa@gmammed sequences. However, they were no
less impaired than other retarded children in usipgtial predictability. On the basis of these
results, the authors concluded that a very sulgteitlin only one aspect of motor control, timing,
can have far-reaching effects and may be resp@nfiblthe slowness typical of so many retarded
children and especially of those with DS.

A study by Obhi et al. (2007) addressed the awasentaction in subjects with and without DS. In
this work the authors asked the participants t& katoa LED bar sequentially lighting, and to push a
button they had in their hand triggered by the fnélé They asked the participants to point at the
position of the lit up LED at which the press hadwred. The results evidenced a judgment earlier
in time than the button press response for theralsniattributed by the authors to the time at Wwhic
the movement planning had occurred: previous stualye linked this kind of bias to the neural
processes associated with either movement plam@nge or the establishment of an internal motor
representation against which sensory feedback eaevhluated (Haggard and Eimer, 1999). DS
subjects, instead, revealed a judgment later thartitne in which the button press occurred: the
authors concluded that DS performers were juddiegemporal onset of their movements based on
proprioceptive and visual feedback that resultedhfthe execution of the movement rather than on
the planning process. Considering that young advitts DS judge the temporal occurrence of self-
generated movements on response-associated feedlzekjudgement) as opposed to pre-
movement planning process (early judgement) (Ohhale 2007), their inability to form or
maintain an internal model of goal-directed behawiagainst which evaluating feedback seems to
appear. Thus, it seems that people with DS canmopere what they perceive with what they are
expecting to perceive. These findings are condistéh the results obtained by Bunn et al (Bunn et
al., 2007), who reported a greater difficulty tofmamime a movement rather than to concurrently
imitate it for DS children. Indeed, these subjeetscounter troubles in forming a stable
representation of the to-be-performed action andahestrate a higher dependence on direct visual
information (Elliott et al., 2010).

During a reaching task, by looking at the differena the relative proportions of time spent in the
ballistic, preprogrammed phase and in the decé&bergthase, it was found (Charlton et al, 1996)
that children with DS spent a greater time in tleealeration than controls. Reaches from the
control group were smooth during the deceleratiomet That is, additional accelerations and
decelerations or movement units following peak dpeere rarely observed. In contrast, trajectories

of the reaching movements of children with DS wexttemely jerky and highly variable from trial
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to trial. Some authors reported similar findings &lults with DS who exhibited very variable
kinematic trajectories on consecutive trials omap$e, single-joint motor task (Latash and Corcos,
1991) and on a precision goal-directed aiming {&kott et al., 2010). The data for subjects with
DS showed slowness, extended time in deceleradimhjerkiness of limb transport, consistent with
the interpretation that subjects with DS are unablgenerate an appropriate schema for reaching.
Their reaching movements were spatially variabld araccurate, and therefore were likely to
require greater reliance on feedback guidance ieeciospatial inaccuracies. The major reliance on
feedback control may result in a fragmentation afvement into sub-movements, aimed at
reducing the discrepancy between the position ®flithb and the target by continuous corrections
of the trajectory. Since control subjects reliedntyaon feed-forward mechanism whereas subjects
with DS used corrections in online-feedback modtie, assumption of the authors was that the
performers with DS had problems with movement pilagand feed-forward control (Elliott et al.,
2010). As discussed in paragraph 2.2.1, thesenfgsdcould partly explain the well documented
clumsiness observed by all the authors studyingria8ements: if DS performers can mainly rely
on feedback control without a forward model of thevement they have to perform, the execution
of the required task will be subjected to a cordimi modulation by the longer and “more
fragmented” feedback control. A diminished représgon of the expected movement outcome

would result in their aiming behaviour being velgvs and inefficient.

Decision-making

On the other hand, it has also been argued thed #re either no specific motor deficits associated
with DS or that they are not really significanttomparison with the other deficits observed (Latash
et al, 1996) whereas these problems are a refteofian impaired decision-making process.

The information processing and the decision makaguirements of a motor task, in fact, may
influence an individual's ability to perform thestaor the speed at which the task is performed.
Some individuals may take more time to processrim&tion in the CNS and some may have more
difficulty understanding the task requirementsaofwving instructions (Sacks and Buckley, 2003).
In this view, atypical patterns in persons with Bé&/e been interpreted as adaptive and, in a sense,
optimal for those individuals (Latash, 2007; Latastal, 1996). As an example, the co-contraction
or reversed patterns of muscular activation foupddveral studies (Aruin et al, 1996; Almeida et
al, 1994; Karst and hasan, 1991) may be seerght &if Latash’s interpretation (Latash 1992), as a
deliberate behavior resulting from a central nesveystem that “realizes” its own limitations: in
this view, subjects with DS optimize the probabibif task achievement under changing conditions

instead of optimizing accuracy and speed as cantdol. Following this point of view, the

67



documented large kinematic and kinetic variabilityctions by persons with DS (Kubo and Ulrich,
2006; Latash et al, 2002) may result as well frdranges at the level of synergies that stabilize
time profiles of potentially important action vadrlas. Consider a simple motor task, e. g. reaching
for or pointing at an object. The joints of the lamarm are organized during such actions into
synergies stabilizing the trajectory of the endhp¢e.g. Domkin et al, 2002). If a synergy is sgpon

it can compensate for any perturbations, both cgrfnom intrinsic noise and from changes in the
external conditions, by changing the individuahjoinvolvement into the task. However, stability
of an action comes at a price. For example, ifragresuddenly sees an obstacle and tries to change
the end point trajectory, the same synergy woutdagainst such an avoidance maneuver. Indeed,
when a steady-state performance turns into a gadatlon, multi-element synergies stabilizing
important action variables are attenuated in grdiocon of the action to make sure that the central
nervous system does not have to fight its own gasr(Shim et al, 2005). So, on one hand, having
strong synergies is beneficial for stability of feemance. On the other hand, such synergies are
undesiderable if one wants to change performancekigu Every-day actions consist of
components, steady-state and quickly changing.pkraon’s ability to form and destroy synergies
is impaired, like in DS, the central nervous systeray opt for another strategy that does not
involve strong synergies or quick changes in syiesrgOne predictable consequence of this
strategy is high movement variability documenteddersons with DS (reviewed in Latash, 2000).
If components of the apparent “clumsiness” in pesswith DS are indeed reflections of an

adaptive strategy, they may be expected to be mbtéfwith proper practice.
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Chapter 3

Perceptual-motor integration and motor control in Down Syndrome

Literature review of the previous chapters as shdven, while specific sensory, motor, cognitive
and perceptual impairments have been widely reganeDS, the way these localized deficits
impact on perceptual-motor processing and functiemains unclear. Traditional movement
analysis as focused mainly on biomechanical aspgath as muscular hypotonia and ligament
laxity. Notwithstanding the importance of theseexsp in the development of subjects with DS,
more recent literature is focusing on the use otionoanalysis tools for the assessment of
hypothesis regarding how motor control acts and hawor plans are formed in DS. To make this
possible, “functional” tasks, that involve multilpds movements and conscious cognitive resources,
need to be introduced in the assessment of pemithsDS. Studies since now indicate that the
motor impairment documented in DS might be espigcralated to perception and extraction of

sensory information, motor programming, or decisigking processes.

The present PhD Thesis is divided in two partshénfirst part of the study, reported in this cleapt
we investigated perceptual-motor integration inraug of adults with DS and in age-matched
group of controls, during the execution of two ftiocal tasks. The aims of the study in this first
part were:

- to define and apply an experimental set up ferghantitative evaluation of the different aspects
of motor control and execution during a functiotaalk in adult subjects with DS;

- starting from the motor outputs obtained by meaihguantitative motion analysis, to point out
some hypothesis about the cognitive functions Uyithgy these motor outputs;

In this chapter two studies will be presented:fifst one refers to the study of obstacle avoidance
during walking in DS. The study’s purpose is to ¢Heght on the mechanisms underlying
integration of perceptual information, mainly visugormation, into motor programs in DS and on
anticipatory strategies that are employed by tilsedgects when challenged with a highly cognitive-
demanding task such as obstacle avoidance. Thadstudy is more focused on the motor control
strategies employed by subjects with DS when perifog an upper limb movement with and

without obstacle avoidance, with particular attentio the feed-forward and feed-back mechanisms
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that are at the basis of motor control. The resflthis first part of the study have been thetstgr
point for a more in-depth analysis on certain atsp@nd hypothesis drawn by the first set of
experiments, which will be presented in the sequand of the study (chapters 4-6).

3.1 Perceptual-motor integration during walking with obstacle avoidance in adults with Down
Syndrome

When performing daily activities it often happehsattour limbs have to either avoid or negotiate
obstacles that are placed somewhere on the trajeat@ur movements. This occurs both for the
lower limbs (i.e. avoiding an obstacle during watki and for the upper limbs (i.e. avoiding an
obstacle during a reaching movement). The abilityavoid obstacles automatically obviously
involves mechanisms in the brain that representptioperties of the obstacle (size, orientation,
movement, etc.) and its location relative to thelypand update these representations as the body
moves (Pearson and Gramlich, 2010), together vighability to make adaptive changes to the
movement’s trajectory (Virji-Babul et al, 2006). brder to study these aspects, in literature a
growing body of research analyzes walking with ablet avoidance in healthy subjects. Very few
studies, instead, analyze walking with obstacladarce in subjects with DS. The next paragraph
will address the study of this particular task wptirticular attention to perceptual-motor integrati

and clearing strategies in DS.

3.1.1 Introduction

Walking is a motor task characterized by highlyilide adaptation to different situations. As we
walk we often must avoid obstacles either by naingaaround them or stepping over them. The
study of the anticipatory adaptations adopted tioeeiavoid or negotiate obstacles is important for
the assessment of the perceptual-motor integratholity of subjects (Virji-Babul et al, 2006).
Knowledge of the mechanics of the locomotor systewh of the control strategies adopted during
this activity is helpful for a better understandiaugd identification of the risk factors for tripgin
which is important in the prevention of falls (Chemd Lu, 2006).

Subjects with DS often exhibit both motor and pptoal difficulties that impact on motor
development and on everyday life. Reduced stepghesmgd velocity are well-known features of DS
walking patterns, which are related to the sendgastability perceived by DS (Rigoldi et al, 2010).
A tendency towards flexion of the lower limb joirdaring plain walking is also well documented
in DS, together with a predominance of movemerthenfrontal and horizontal planes (Rigoldi et
al, 2010). Deficits in the perceptual-motor proaegsnd function are also documented, but remain

unclear (Virji-Babul and Brown, 2004). Anecdotaidance suggests that individuals with DS often
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have trouble avoiding obstacles, leading to in@ddrequency of trips and falling. Falls because of
obstacles perturbing indivual gait patterns areaaling cause of morbidity (Galli et al, 2013).9lt i
thus important to understand if the deficits in idance strategies are related to difficulties ia th
visual perception of the object, in the executidrappropriate strategies, or are associated with
attention-related processes (Virji-Babul and Bo2004).

Several studies have described the kinematics arediés of obstacle crossing in healthy adults
(Weerdensteyn et al, 2005; Begg et al, 1998; Chah €991) and the role of vision during obstacle
avoidance tasks (Patla, 1997).

It is known from the literature (Patla and Prentit@95) that in healthy subjects limb elevation for
obstacle avoidance is achieved primarily by flexing three joints of the swing limb, although the
proximal joints, hip and knee, are more flexed thhe ankle joint. Thus, in healthy subjects,
obstacle avoidance, as well as plane walking,esalently directed in an antero-posterior direction
with a flex-extension joint movement.

Studies (Begg et al, 1998, Sparrow et al, 1996)ehskhown that the kinematic and kinetic
characteristics of the leading limb (i.e. the linfiat crosses the obstacle first) are different from
those of the trailing limb (i.e. the support limbrohg the leading limb clearance) in a number of
respects, highlighting different crossing stratedietween them. Indeed, whereas the trailing limb
moves upward as it crosses the obstacle, the lgdidnv begins its descent while going over the
obstacle. Thus, the center of mass moves towarsguigorting limb in the case of the trailing limb,
while it is moving away from the supporting limb the case of the leading limb. This puts the
leading limb in a more threatening situation coregato the trailing limb (Patla et al, 1996). Also,
the trailing limb is lifted higher than the leadihgnb, and the trailing foot pattern is approximgte
symmetrical and narrow, whereas the leading featsrsteeply before a gradual descent, making the
profile skewed (Begg et al, 1998).

Different obstacle heights have been also takemacstount, from “subtle” ground-level obstacles
to higher obstacles (Begg et al, 1998; Chen et31). Chou et al (1997) found that toe clearance
(i.e. the distance between the foot and the olestadhe vertical direction) increased in presevice
an obstacle compared to plane walking, but remadguéig constant over a wide range of obstacle’s
heights. Another parameter to be strictly contlley the central nervous system during an
obstacle avoidance task is the position of the fespect to the obstacle in antero-posterior
direction. Chou and Draganich (1998), in fact, fddhat this is a highly unvaried parameter with
varying conditions (i.e. increasing obstacle heigh¢cause a closer than necessary proximity to the

obstacle leads to limitations in the shank’s kineosa
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Chou et al (1997) noted that obstacle crossing aveore energy-consuming strategy than plane
walking; in fact, additional energy was generatedttrease foot-obstacle clearance and ensure safe
progression of the foot over the obstacle.

Finally, Chen et al (1991) and Weerdensteyn e2@D%) described the different clearing strategies
adopted by healthy younger and older adults. Tleenmd a “step-shortening” strategy in older
adults when challenged by the presence of an dbstegntrary to the “conservatism” strategy
observed in younger adults (who maintained mosthefr walking parameters unvaried), and
interpreted the elderly’ behavior as a safety sgwator as a difficulty in interpreting the sensory
input given by the obstacle.

Although there are numerous studies dealing witktadide avoidance in healthy subjects, only a
few studies have addressed obstacle avoidancetholpgical conditions. Of these, to the best of
our knowledge, only three have focused on obstaet@dance in subjects with DS (Smith and
Ulrich, 2008; Wu et al, 2008; Virji-Babul et al, @0). Another study (Galli et al, 2013) has
addressed a similar topic: the step ascent ancédiggo reproduce the conditions of climbing stairs
in DS and to understand how to target suitableas

es to improve this important daily ability.
Virji-Babul and Brown (2004) examined the movemstrategies and the role of vision in five
children with DS (range: 5-6 years) and of six ¢tglly developing children (age range: 4-7 years)
as they crossed obstacles of two different heightsubtle” obstacle that was placed at a minimal
height from the floor and an “obvious” obstaclattivas placed at a much higher height off the
floor. They focused on the step length and toeraleze parameters. Children with DS showed a
robust scaling of toe elevation to obstacle heighplying that they were able to successfully
extract information about obstacle height and appately match this information to their
movements. However, visual information about thstatle was not used consistently to modulate
movements early in the gait cycle and, as a rethdtchildren with DS maintained their “typical”
gait pattern and waited until they reached the asbstto extract the visual information needed to
appropriately modulate their actions, and thus peced less smooth trajectories. Smith and Ulrich
(2008) evaluated the adoption of stabilizing styege in older adults with DS (35 to 62 years old)
during obstacle avoidance, to determine whethegtiepatterns of adults with DS showed early
changes related to age, obesity and a sedentaspylé. They focused on walking speed, stride
length, cadence and step width parameters and ugeatithat the combined effects of ligament
laxity, low tone, obesity, inactivity and physiologl decrements associated with ageing led to
stability-enhancing adaptations at a younger cHomgical age than normally developed adults.
Finally, Wu et al (2008) analyzed the same pararseds Smith and Ulrich (2008) to evaluate

different treadmill interventions to improve obdeavoidance ability in subjects with DS.
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It thus emerges that obstacle avoidance in healibjects has received considerable attention in the
literature, while little work has been done on tmaracterization of this task in DS. Furthermore,
not only are DS subjects the focus of fewer studieghis topic, they have also been evaluated
using only a limited number of spatiotemporal pagtars, whereas lower limb evaluation in
healthy subjects has involved a larger number afisgmporal, kinematic and kinetic parameters.
Finally, there is a lack of studies on obstaclei@daace strategies in young adults with DS, although
this kind of task can evidence important informatebout the perceptual-motor abilities of these
subjects.

Starting from these observations, this study wasldped to deeper analyze obstacle avoidance
strategies in normally developed young adults (M) an young adults with DS, with attention to
both the lower and upper limbs, at different levefsobstacle heights, by implementing the
parameters that were found to be more significadtcharacterizing in literature in the application
on healthy subjects, and with particular attentiorthe following topics: 1) are there different
strategies for clearing the obstacle between NZBdthat lead to an increased falling risk in DS?
2) How is the walking pattern modified by obstaoé¥ception?

3.1.2 Methods

Subjects

31 subjects with DS (mean age + standard devia@® * 6.8 years; 58.8% males, 45.2%
females) and 22 age-matched normally developecestsfN) (mean age + standard deviation: 24.9
+ 2.4 years; 36.4 % males, 63.6% females) werauated. Inclusion criteria and more details can

be found in appendix I.I and LII.

Acquisition
The obstacle was a thin wooden stick of approxiimateo meters length, that was supported by
two cones placed laterally to the walkway.
To allow studying the effect of the obstacle’s prese on locomotion and on the visuo-motor
integration, two different obstacle heights weredus the study:
Ground level obstacle: the wooden stick laid ongteund, between two cones. The cones’
function was to increase the perception of theaulbs!s presence, although the obstacle was
just a “visual obstacle” with no height;
High level obstacle: the wooden stick was liftecaatheight of approximately 10% of the

subject’s height.
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The subjects walked along a walkway in three cammt plain walking without obstacle (WLK,

figure 3.1.1 on the left), walking with obstaclegrbund level (OBST_LOW, figure 3.1.1 in the
centre), walking with obstacle at a higher levé)¥dof the subject’s height, OBST_HIGH, figure
3.1.1 on the right).

The subjects performed walking in each conditioleast three times.

Fig. 3.1.1: Conditions: (on the left) plain walkingthout obstacle; (in the centre) walking with

ground level obstacle; (on the right) walking witigh level obstacle

Instrumentation

The tasks were acquired using quantitative movernaeatysis, composed of an optoelectronic
system (Elite2002, BTS) with eight infrared camefdsre details about the laboratories and the
instrumentation can be found in appendix II.

Markers were placed on the body according to a fisadDavis’ protocol (Davis et al, 1991, see
Appendix Ill) which comprehended markers placen@nthe upper limbs, and two markers were
put respectively at the two ends of the obstacldefme the obstacle position relative to the scibje
during the movement (figure 3.1.2). This protoctibws the reconstruction of the centers of
instantaneous rotation (CIR) of the joints, fromiethit is possible to compute parameters related to
joint movements in the three planes (i.e. ab-addogctintra-extrarotation and flex-extension

movements).
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Figure 3.1.2: protocol for markers positioning

Data elaboration
The data acquired with the optoelectronic systetated to the kinematics of movement, consist in
the three-dimensional coordinates of the centrofdbe markers applied on the subject. The spatio-
temporal evolution of these markers’ coordinatesewst of all labeled using Tracklab Software
(BTS, ltaly), so that each centroid was assignedctirect label from the protocol of figure 3.2¢se
Appendix IV for more details).
The trials were then processed using the folloveioigware:
ELITE-Clinic (BTS, IT, see Appendix IV): the standaparameters of gait analysis,
generally used in literature (Davis et al, 1991krav calculated with this software, to
evaluate the kinematics at the pelvis, hip, knes @rkle joints. More details about Davis’
procedure can be found in Appendix Ill.
SMART-Analyzer (BTS, IT, see Appendix IV): a deded protocol was developed to
compute specific parameters that are importantbferevaluation of the obstacle avoidance
task. The acquired trajectories were interpolated &ow-pass filtered with a cut-off

frequency of 10Hz before starting with the caldolaiof the parameters.

Parameters
The limb that cleared the obstacle first was reféto adeading limb (L) while the support limb
during the leading limb clearance was referredsttraling limb (T). In figure 3.1.3 an example is

reported, in which the left foot is the trailingnlb and the right foot is the leading limb.
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The movement was divided in two phases:dapproaching phasébefore the first foot contact of
the T limb) and thecrossing phasdatfter the first foot contact of the T limb, dugirobstacle
avoidance).

Figure 3.1.3: subdivision in the approaching amassing phases for an hypothetical subject who
steps over the obstacle with his right limb fidga@ling limb) and then with his left limb (trailing
limb)

The swing phasevas defined as the phase during which the foot clearing the obstacle (from
toe-off to second ground contact).

From the markers’ coordinates some spatiotempaaehrpeters were computed to describe the
movement strategy of the subjects. The parameters wsed to A) describe relative distances
between the feet and movement velocities and Bjritesrelative distances between the feet and

the obstacle and C) to describe the kinematichejdints’ movements.

Parameters A

- Step length [m]: distance (in antero-posterior ctigrn, AP) between two consecutive heels
contacts (both feet before the obsta@8eg: 1 astride the obstacl&L_2,both feet after the
obstacle:SL_3,for WLK: mean of three consecutive step length9ym@uted as the AP
distance between the markers on theretatarsi at initial contact. It measures the qmes
of step adaptations (i.e. step shortening/lengtiemstrategy in presence of an obstacle)
(Weerdenstein et al, 2005; Chen et al, 1991), igeesf 3.1.4.

- Mean velocity of approach: mean velocity of the kearon the sacrum during the
approaching phase (before the first initial contattthe trailing limb) in AP direction

(Vmean app.X It is a measure of “conservatism” of the movetr{@ien et al, 1991)
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Mean velocity during obstacle clearance: mean viglat the marker on the sacrum during
the avoidance phase (between the first and sea@ilthg limb initial contact) in AP

direction ¥mean obst.X

Parameters B

Foot-obstacle distance [mm]: distance, in anterstgg@r direction, between the foot
(marker on the '8 metatarsus) and the obstacle, before obstacleadea (for the trailing
limb: T_FO, for the leading limbt._FO), see figure 3. 1.4.

Obstacle-foot distance [mm]: distance, in anterst@aor direction, between the obstacle
and the foot (marker on thd"Bnetatarsus), after obstacle clearance (for thkngdimb:
T_OF, for the leading limbL_OF), see figure 3. 1.4.

Max height [m]: maximum elevation of the foot frahe obstacle during the swing phase of
obstacle avoidance (for the trailing limb: Max heightfor the leading limbL_Max height,
for WLK: mean of three consecutive maximum elevado@mputed as the difference
between the maximum vertical height reached byntlaekers on the "5 metatarsi and the
obstacle’s height see figure 3. 1.4. It measuresatility of the subjects to estimate obstacle
height and the “safety” margin adopted by the sttbjduring crossing (Chou et al, 1997).
Crossing height [m]: elevation of the foot (markerthe §' metatarsus) from the obstacle at
the crossing instant (for the trailing limi: height crossfor the leading limbi_ height
cros9. Combined with the “Max height” parameter givesight on the lifting strategy of
the foot during obstacle clearance (i.e. the fotbtee crosses the obstacle at its maximum
elevation, or is lifted to its maximum height arget crosses the obstacle or crosses the

obstacle before its maximum elevation), see figure.4 in the next page.

Parameters C

Starting from the coordinates of the markers plagecbrding to Davis’ protocol the maximum

(Max), the minimum (Min) and the range of motionQM) angular values in the three planes of

movement for the pelvis (P), hip (H), knee (K) atkle (A) joints during the swing phase were

calculated for the L and T limb. For a detailedaliggion of the angles definition and calculation
see Davis et al (1991).
Max, Min and ROM values during the swing phase waymputed for the trunk flexion angle,

defined as the angle between the vector connettismgacrum and c7 markers and the vector in the

antero-posterior direction of the laboratory’s refece system (figure 3. 1.5, next page).

84



Figure 3. 1.4: illustration of some of the paramefer the trailing and leading limb. Up on thetlef
step length parameters; up on the right: foot-atstalistance parameters in the AP direction.

Down: foot-obstacle distance parameters in thacadrdirection.

Figure 3. 1.5: on the left: trunk angle, on théntighoulder-arm angle and elbow angle

Parameters D

To evaluate upper limb kinematics the maximum (Makg minimum (Min) and the range of
motion (ROM) angular values of the shoulder-armlari§-A) and of the elbow angle (E) (figure
3.1.5) during the swing phase were calculatedHerlimb ipsi-lateral to the L limb (leading arm)

and for the contro-lateral limb (trailing arm).
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For each side, the S-A angle was defined as thie &egween the vector connecting the markers on
the shoulders and the vector connecting the elbmivshoulder markers. The E angle was defined
as the angle between the vector connecting thewelad shoulder markers and the vector
connecting the elbow and wrist markers. We hypadtleesthat, if the presence of the obstacle
challenged the subjects’ stability, the subjectaidaeact by lifting their arms (decreasing S-A

angles at both sides) to stabilize their centrenabs and by flexing their elbows (decreasing E
angles at both sides) to prepare for possible, fasdescribed by Marigold et al (2002) in a study

describing gait perturbations in healthy adults.

Statistical analysis

Significance level was set at p-value=0.05. Theribistion of the data was verified using the
Kolmogorov-Smirnov test of normality. We used ac8r(ditions) x 2 (groups) x 2 (limbs) mixed

ANOVA to analyze the presence of statistically gigant differences (p-value < 0.05). Post hoc
analysis, with Bonferroni’s correction for multipleomparisons, was then used for further

investigation.

3.1.3 Results

All the subjects were able to successfully comptée tasks. For the sake of brevity, only the
statistically significant results most meaningfo the present analysis are presented.

In table 3.1.1 the results of the parameters ABurfthedian, 25th and 75th percentiles values) are
presented for the WLK, OBST_LOW and OBST_HIGH catiodis.

DS N DSvs N

WLK OBST_LOW |OBST_HIGH [WLK OBST_LOW |OBST_HIGH
Parameters A

0.43 0.40 0.25 0.69 0.70 0.60 1,2,3
SL_1[m] (0.40,0.50) (0.35,0.50) |(0.10,0.40f |(0.63,0.71)(0.60,0.70) |(0.60,0.70)

0.43 0.50 0.50 0.69 0.70 0.70 1,2,3
SL_2[m] (0.40,0.50) (0.40,0.60) |(0.40,0.73) [(0.63,0.71)(0.60,0.70) |(0.60,0.70)

0.43 0.40 0.30 0.69 0.70 0.70 1,2,3
SL_3[m] (0.40,0.50) (0.38,0.50) [(0.20,0.30f [(0.63,0.71)(0.60,0.70) |(0.60,0.70)

0.70 0.70 0.50 1.20 1.20 1.10
Vmean app.X [m/s] 1,2,3

(0.60,0.80)[ (0.60,0.80) [(0.20,0.60) [(1.10,1.30)/(1.10,1.30) |(1.00,1.20)

0.70 0.70 0.40 1.20 1.30 1.00
Vmean obst.X [m/s] 1,2,3

(0.60,0.80)[ (0.50,0.90) [(0.23,0.50f |[(1.10,1.30)/(1.10,1.30) [(0.90,1.10¥
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Parameters B

0.70 0.50 0.90 0.90 2,3
L_FO [m] (0.50,0.80) {(0.30,0.70j (0.88,1.00) [(0.90,1.10)

0.30 0.20 0.40 0.40 2,3
L_OF [m] (0.20,0.33) {(0.23,0.30) (0.30,0.40) |(0.30,0.40)

0.20 0.30 0.30 0.30
T_FO [m] (0.20,0.30) {(0.20,0.40) (0.30,0.30) |(0.20,0.30)

0.70 0.50 1.00 1.00 2,3
T_OF [m] (0.60,0.75) {(0.40,0.60) (1.00,1.10) |(0.90,1.10)

0.20 0.34 0.30 0.39
T_Max height [m] |- (0.20,0.20) {(0.24,0.34f (0.20,0.30) {(0.29,0.39}

0.20 0.24 0.20 0.20
L_Max height [m] |- (0.19,0.20) |(0.24,0.29f (0.20,0.20) [(0.19,0.29¥

0.20 0.30 0.20 0.30
T_ height cross [m]|- (0.18,0.20) {(0.20,0.40¥ (0.20,0.20) |(0.30,0.40¥

0.10 0.20 0.10 0.10 2
L_ height cross [m] |- (0.10,0.11) (0.20,0.30f (0.10,0.11) |(0.10,0.20¥

Table 3.1.1: median (?5percentile, 78 percentile) values of the parameters. *=p<0.05 WiIsK
OBST_LOW,; #=p<0.05 OBST_LOW vs OBST_HIGH; 1= p<0.D%_WLK vs N_WLK; 2=
p<0.05 DS_LOW vs N_LOW; 3= p<0.05 DS_HIGH vs N_HIGH

Reduced and more variable SL_1, SL_2 and SL_3 feared in all conditions for DS compared to
N. In particular, SL_1 and SL_3 showed that DS Bhdrter and more variable step lengths
particularly in the OBST_HIGH condition, when vduility increased for DS (wider range between
the 28" and 7%' percentile), with a median value of approximatd0f6 the value of N. Thus,
positioning of the feet to prepare to obstacle daonce varied among DS, with a tendency to
shorten step length (and thus to put their feetoatnparallel in medio-lateral direction). After
obstacle crossing, the same tendency was maintaBie® was also reduced for DS compared to
N, but the presence of the physical barrier ofdbstacle in OBST_HIGH condition constrained the
subjects with DS to maintain a longer step lenggdntfor SL_1 and SL_2 (even though shorter than
N). No variation was instead found for N, who maing&d the step length of unobstructed gait in all
conditions.

Mean forward approach velocity was lower for DStiar N in all conditions. The velocity further
decreased in OBST_HIGH (reaching values of appratety 50% than those of N subjects) for

DS. N subjects, on contrary, maintained an unvaretdcity across all the conditions.
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Mean forward velocity during obstacle avoidanceréased for both groups in OBST_HIGH but, as
seen for the approach phase, the values were tambyslower for DS than for N. Variability
(expressed by the percentiles range) was highesaall conditions for DS compared to N.

In the OBST_LOW condition L_FO was lower (i.e. fabdser to the obstacle) for DS compared to
N. DS further decreased L_FO distance in the OB3SGHHcondition. No change was found across
conditions for N subjects. After clearing the olstavith the L foot, DS landed at a closer distance
from the obstacle (L_OF) compared to N in OBST_L@kd OBST_HIGH conditions.

T_FO distance was similar between N and DS, so guibips selected a similar distance from the
obstacle in their first initial contact with thelimb. However, while N landed further with their T
limb after the obstacle (T_OF), DS landed closerttie obstacle in both OBST_LOW and
OBST_HIGH conditions.

Analysis of the max height parameter showed thahB&similar excursions of the limbs compared
to N in the OBST_LOW condition, bilaterally. In tf@BST_HIGH condition the maximum foot
elevation from the obstacle increased in both gsolgp the T and L limbs, with similar values
across groups. In both groups, during both OBST_L&@W OBST_HIGH conditions, the L limb
was lifted lower than the T limb.

Crossing height for the L limb (L_Height cross paeder) was similar across groups for the
OBST_LOW condition. The values increased in the DBHAGH condition for both groups, with a
higher value for DS respect to N. In all conditiaihe values at crossing were lower than the
maximum height values, so the L foot crossed thaamte before or after the peak of maximum
height.

Crossing height for the T limb (T_Height_cross paeger) was similar to the maximum height
(T_Max cross parameter) for DS and N, with an iaseein the OBST_HIGH condition in both
groups. Thus, the instant of obstacle crossingtifier T limb occurred nearby the instant of
maximum foot elevation.

To clarify the movement of the feet in the sagifiidne, figure 3. 1.6 shows an example of the
patterns described for the T and L feet in thetsggnlane for a N subject (code 1584) and for a
subject with DS (code: 5647) in the OBST_HIGH caiodi; the instant of obstacle crossing is
defined by the square, while the instant of maxinwanrtical height is defined by the circle.

From figure 3.1.6 it is clearly shown that the cieg strategies were similar across groups, and tha
L and T limb had different patterns. The L limb regeak of excursion anticipated respect to the
crossing event: the subjects prepared to the cr@gsy lifting their limb higher, and then passed
over the obstacle while decreasing foot height.ottfinstead, raised steeply before a gradual

descent, making the profile skewed. The maximunghteand crossing instants were almost
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superimposed. The T limb was always lifted higlantthe L limb. T limb passed over the obstacle
approximately at its highest excursion and the Gt feattern was approximately symmetrical and
narrow for both groups. This behavior was commaoalitof the subjects.

Figure 3.1.6: example of the patterns describethbyl and L feet of a N subject (code: 1584) and
of a subject with DS (code: 5647) in the sagittahp during OBST_HIGH condition. Red square=

crossing instant. Green circle= instant of maxinghie

In table 3.1.2 the results of the kinematic paramse{parameters Gpr the L limb(median, 25th

and 75th percentiles values) are presented fokMh& and OBST_HIGH conditions. Kinematic
parameters for the OBST_LOW condition are not prege since no substantial difference was

found between this condition and plain walking.

DS N DS vs N
Kinematic parameters
WLK OBST_HIGH [WLK OBST_HIGH
Trunk flexion [ ° ]
84.23 84.86 87.51 87.74 1,2
Max [(80.46,84.59)(84.01,87.63) |(85.43,89.21)(84.93,89.50)
80.53 76.06 83.7 80.53 1,2
Min |(77.19,82.05 (73.15,77.91§ (82.66,85.83 (77.90,83.31§
Pelvic tilt [ °]
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16.08 14.35 7.77 10.42 1,2

Max |(13.57,19.82)(12.62,17.52) |(6.68,10.76) |(7.26,11.65)
1357 3.96 5.72 1.81 1

Min (9.93,15.60)|(-1.02,7.09) [(4.74,8.44) |(0.37, 5.80)

Pelvic obliquity [ °]
1.92 12.79 230 8.41 1,2

Max [(0.94,3.21) |(9.94,15.14) |(1.53,2.96) |(5.44,9.66)
273 1.25 496 -1.76 2

Min |(-4.49,-1.60)|(-0.03, 4.26) |(-5.44,-3.84)(-3.50,-0.61)

Pelvic rotation [ ° ]

Max [8.51 15.84 7.22 13.92
(6.02,9.27) |(12.32,30.50) |(5:08,8.68) |(10.59,20.16)

Min [-7.61 -3.97 -5.80 -8.77
(-8.59,-5.98)|(-10.03,-1.82) |(-7.05,-4.92)(-10.58,-3.53)

Hip flex extension [ ° ]

Max |36.41 79.33 27.58 66.82 1,2
(26.85,43.33 (74_96,86_60*5‘ (23.95,30.01 (64_52,71'403*

Min |1.65 5.60 -4.73 -3.25 1,2
(-0.79,10.38)[(-0.46,9.36)  |(-6.89,-0.86)(-4.96, -0.17)

Hip ab-adduction [ ° ]

Max [-2.73 -5.65 -1.67 -0.84
(-3.74,-0.19)|(-7.720,-2.11) [(-3.78,1.04) |(-3.95,2.89)

Min |-10.60 -14.87 -9.29 -9.91 2
(-11.64,-8.09})(_18_78,_11_82‘5‘ (-9.89,-8.49) ((-13.44,-8.37)

Hip rotation [ °]

Max |15.57 20.79 3.30 9.08 1,2
(6.71,23.33) [(14.93,25.47) ((0.84,9.10) [(3.41,15.64)

Min |4.57 -2.60 -4.96 -6.62 1,2
(-3.93,11.73)|(-4.93,11.73) [(-9.95,-1.48)((-12.92,0.10)

Knee flex-extension [ ° ]

Max |47.17 88.54 53.66 88.73 1
(39.41,52.36)(g5 47,88.97) |(50-96.57.58)(85 42 89.06)

Min |5.87 13.72 -0.34 6.88 1,2
(0.68,10.97) (7_50’18_95‘ (-2.47,4.49) (4_41,9_97)#

Ankle dorsi-plantaflexion [ ° ]
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Max |4.32 9.07 3.69 9.23
(1.04,8.74) |(830,12.81) [(-2.78.5.30) |(6.28,14.59)

Min |-6.45 27.03 1331 21.95 2
(-10.39,-2.45) 31 09,-22.08) ('15-75"7-34|)(-25.30,-8.863

Table 3.1.2: median (35 percentile, 75 percentile) values of the leading limb parameters.
#=p<0.05 WLK vs OBST_HIGH; 1= p<0.05 DS_WLK vs N_\Wj{.2= p<0.05 DS_OBST_HIGH
vs N_OBST_HIGH

At the trunk, DS were more flexed than N in bothditions. DS had a more anterior pelvic tilt than
N. The decrease in the pelvic tilt minimum valueD& OBST_HIGH determined an increased
ROM of the pelvis in the sagittal plane compareth®®WLK condition. Pelvic obliquity and pelvic
rotation increased in both groups in the OBST_HI€iAdition, with similar values of rotation but
with higher values of obliquity for DS than for N.

The hip joint was more flexed in OBST_HIGH for baghoups, due to the need to avoid the
obstacle by lifting the limb up; anyway, DS were rdlexed than N in both WLK and
OBST_HIGH conditions, with patterns shifted towafi@gion throughout the crossing.

The minimum of hip abduction was lower in OBST_HI@$pect to WLK for DS, with DS being
more abducted than N. Hip intra-rotation was higbeiDS in both conditions respect to N.

At the knee joint, DS were more flexed than N in Kylbut both groups increased their flexion
values in OBST_HIGH, approaching similar valuestlod maximum flexion. However, during
OBST_HIGH the minimum values were higher for DSuténg in reduced ROMs compared to N.
At the ankle joint, the maximum dorsiflexion incsed for both groups in the OBST_HIGH
condition, with similar values. The minimum plam¢sion values, instead, were lower for DS in
OBST_HIGH.

In table 3.1.3 the results of the kinematic paramse{parameters Gpr the T limb(median, 25th
and 75th percentiles values) are presented fokMhE and OBST_HIGH conditions. Kinematic
parameters for the OBST_LOW condition are not prese since no substantial difference was

found between this condition and plain walking.

DS N DSvs N

Kinematic parameters

WLK

OBST_HIGH |WLK OBST_HIGH

Trunk flexion [ ° ]
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99 85 85.20 95 30 86.80 2
Max |(95.78,103.78(78.30,85.90) ((92.70,103.90)(84.35,89.30)
94,25 66.50 28,60 78.40 1,2
Min  [(90.78,98.90)|(61.20,73.80) |(84.30,91.00) |(75.85,81.90)
Pelvic tilt [ ° ]
16.08 16.93 8.74 9.77 1,2
Max [(13.57,19.08)|(16.01,21.3) |[(7.21,10.72) |(7.88,14.29)
13.48 3.33 6.35 2.60 1
Min  [(11.22,14.98)((-3.82,5.84) [(3.93,7.35) |(-0.63,4.19)
Pelvic obliquity [ ° ]
64 13.05 181 8.48 2
Max |(2.77.4.85) [©.79.14.60) |(3.49,5.77) |(5.64.9.74)
3.36 128 464 2.76
Min  |(-5.21,-2.69) |(-2.07, 0.25) |(-5.61,-3.90) |(-4.00,-1.45)
Pelvic rotation [ ° ]
Max |8.51 15.84 7.02 13.92
(6.02,9.27) |(12.32,30.50) |(5-08.8.68) |(10.5920.16)
Min |-7.61 3.97 5.80 877
(-8.59,-5.98) |(-10.03,-1.82) |(-7.05,-4.92) |(-10.58,-3.53)
Hip flex extension [ ° ]
Max |38.79 81.82 27.58 68.35 1,2
(27.93,41.26)((76.41,83.35) |(23.95,30.01) |(54.79,73.15)
Min |1.85 7.38 715.05 13.87 1,2
(-14.49,7.66) |(-0.54,13.93)# |(-17.28,-13.38)-16.88, -9.47)

Hip ab-adduction [ °]

Max [-1.78 -3.64 -0.74 -2.86
(-3.10,1.17) (-7.20,-0.99) |(-2.46,1.61) |(-4.67,2.86)

Min  [-9.93 -14.73 -9.94 -9.65 2
(-12.05,-8.05)(.18 70,-11.11)|(-10.57,-8.69)|(-13.50,-8.18)

Hip rotation [ ° ]

Max [19.11 16.20 6.22 10.40 1,2
(6.90,23.63) ((11.22,25.02) [(0.04,11.75) |(-1.33,15.42)

Min  [6.51 1.50 -3.67 -3.40 1,2
(-6.12,10.61) |(-8.98,11.75) |(-10.54,-1.25)|(-12.73,1.34)

Knee flex-extension [ ° ]
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Max |48.55 88.73 55.31 89.18 1
(39.50,54.57) (87_93,89_523* (51.36,58.43) (88_84,89_513‘

Min |5.96 10.40 450 233 1,2
(0.30,10.71) |(-3.31,11.13) |(-6.23,-0.64) |(-5.93,-0.10)

Ankle dorsi-plantaflexion [ ° ]

Max |1.47 8.30 0.03 9.73
(-0.61,4.66) | 86,13.41) [(-2:40,1.94) |(48312.42)

Min |-12.27 23.45 1733 2255
(-15.16,-8.24) (.28 54,.17.00)|(-21.05.-12.49)_24.04,-10.86)

Table 3.1.3: median (Z5percentile, 78 percentile) values of the trailing limb parameters
#=p<0.05 WLK vs OBST_HIGH; 1= p<0.05 DS_WLK vs N_\W/} 2= p<0.05 DS_OBST_HIGH
vs N_OBST_HIGH

At the trunk, flexion increased from the WLK to t&dST HIGH condition, where DS were more
flexed than N. DS had a more anterior pelvic kiirt N. The pelvic tilt minimum value decreased in
both groups in the OBST_HIGH condition, increasihg ROM of the pelvis in the sagittal plane
compared to the WLK condition with comparable valaeross groups in OBST_HIGH. Pelvic
obliquity and pelvic rotation increased in both gwe in the OBST_HIGH condition, with similar
values of rotation but with higher values of obligdor DS than for N.

The hip joint was more flexed in OBST_HIGH for baghoups, due to the need to avoid the
obstacle by lifting the limb up; anyway, DS were rdlexed than N in both WLK and
OBST_HIGH conditions, with patterns shifted towartlexion throughout the crossing. The
minimum of hip abduction was lower in OBST_HIGHpest to WLK for DS, with DS being more
abducted than N. Hip intra-rotation was markedbhler for DS in both conditions respect to N.

At the knee joint, DS were more flexed than N in Kylbut both groups increased their flexion
values in OBST_HIGH, approaching similar valuestlod maximum flexionHowever, during
OBST_HIGH the minimum values were higher for DSuténg in reduced ROMs compared to N.
At the ankle joint, the maximum dorsiflexion incsed for both groups in the OBST_HIGH
condition, with similar values. The minimum plat¢sion values, instead, became more negative
in OBST_HIGH, with comparable values across groups.

Figure 3.1.7 shows the kinematic patterns at tieitdimb joints for the trailing limb of a subject
with DS and for a N subject, to give an examplahaf differences between these two groups. A
normality band for normal walking is shown as wglley band) to allow a qualitative analysis of
the modifications in the gait patterns during OBHIGH respect to normal walking.
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Figure 3.1.7: kinematic patterns at the lower lijoints for the trailing limb of a subject with DS
(green line) and for a N subject (blue line). Ndive difference between normal walking and
walking with obstacle. Note also the tendency talsdtexion at the pelvic and hip joints and the

increased movements in the horizontal and froritaigin DS.
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In table 3.1.4 the results of the parameters D,tlier L and T arms (median, 25th and 75th

percentiles values) are presented for the WLK aB&0D HIGH conditions.

DS N DSvsN

WLK OBST_HIGH |WLK OBST_HIGH

Elbow angle [ °]

138.90 119.80 136.80 133.30 2
L_Min (137.03,141.75§105.30,125.30%(128.85,140.30§120.60,139.90)
145.25 123.70 132.40 129.20 2
T_Min (141.65,148.55§114.80,130.30)(128.65,137.40§114.73,134,73)

Shoulder-arm angle [°]

66.05 58.30 68.00 68.80 1,2
L_Min (63.03,69.75) ((56.40,65.70f |(66.30,71.45) |(67.20,72.83)
65.60 53.20 75.20 69.90 1,2

T Min  |(57.60,69.53) |(50.80,58.20f |(65.65,76.20) |(63.25,74.03)

Table 3.1.4: median (§‘5 percentile, 75 percentile) values of the upper limbs parameters.
#=p<0.05 WLK vs OBST_HIGH; 1= p<0.05 DS_WLK vs N_\W/} 2= p<0.05 DS_OBST_HIGH
vs N_OBST_HIGH

The E angle minimum values for both arms were higfee DS in WLK compared to
OBST_HIGH. Compared to N, DS flexed their elbowsrenm the OBST_HIGH condition. No
difference was found across conditions for N.

The S-A angle minimum values for both arms decmikdee DS in the OBST_HIGH condition
compared to the WLK condition. DS displayed lowalues than N in all conditions.

3.1.4 Conclusions

The study of obstacle avoidance during walking Ines aspects of perceptual-motor integration
(i.e. visual estimation of the obstacle heightprniation about limb position respect to the obstacl
etc), and therefore is of major interest for thaleation of motor control abilities in DS subjects.
From the comparison between conditions and groupsawed at characterizing the task and at
verifying the presence of deficits in obstacle danice strategies related to difficulties in theuals
perception of the object and in the execution grapriate strategies, and in particular: 1) areehe
different strategies for clearing the obstacle leetwvN and DS, that lead to an increased fallirlg ris

in DS? 2) How is the walking pattern modified bystdzle perception?
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Strategies for obstacle clearance

Reduced step length and velocity are well-knowuies of DS walking patterns, which are related
to the subjects’ perceived instability (Rigoldi &t 2010). In all conditions, but especially in
OBST_HIGH, the DS subjects, compared with the Nugralisplayed higher variability and lower
values of step length before, during and after aubst clearance, and reduced velocity in the
approach and obstacle phases. The “step shortesirafeégy was described by Chen et al (1991)
and Weerdestein et al (2005) in the case of eldezblthy subjects, and may be interpreted as a
safety strategy due to the perceived increasedhiisy caused by the presence of the obstacle, or
as a difficulty in interpreting the sensory inpwis(ial and proprioceptive) adequately. Thus, in
presence of the obstacle, a less conservativegjyratas being used by DS.

On contrary, N maintained similar parameters gb $@gth and approach velocity in all conditions,
while only mean velocity in the obstacle phase e@sed in OBST_HIGH (but with values that
remained higher than for DS). These findings umderhe presence of a “conservatism strategy”,
as stated by Chen et al (1991), in N subjects, e able to adjust their walking patterns to
maintain their walking parameters (velocity, stepdth) unvaried across conditions.

Concerning feet elevation, the T limb was lifteqjher than the L limb for both groups and
conditions, and different strategies were adoptecthearance by the T limb and L limb, as found
by several authors (Begg et al, 1998; Patla e1296) who studied obstacle crossing in healthy
adults. As described in figure 3.1.6 for the OBSTGH condition, and accordingly to Begg et al
(1998), T foot pattern in the sagittal plane waprapimately symmetrical and narrow, whereas L
foot raised steeply before a gradual descent, rgakia profile skewed. T foot crossed the obstacle
close to the peak of vertical displacement, whetedsot crossed as it raised to a peak. Thus,
similar foot patterns were present for DS and khansagittal plane.

In figure 3.1.8 a representation of the feet plaeinrelative to the obstacle during maximum
elevation (max height parameter) is shown for D& lnto provide a global view of the subjects’
behavior in vertical direction. During OBST_LOW abtion, maximum foot elevation was similar
in DS compared to N. In the OBST_HIGH conditiore fbresence of a “real” obstacle elicited a
higher safety margin in both N and DS, with complaalues between groups. The safety margin
was increased for both limbs. In a study by Choal €1997) it was found that while plane walking
emphasizes the reduction of mechanical energy oopson at the swing limb, walking when
stepping over an obstacle is not energy efficieinte additional energy is generated to increase th

clearance between the foot and the obstacle. hige with our results, suggests that safety may
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become a more dominant criterion than energy cosnwstepping over an obstacle, both for
and N.

T L
DS DS )

“ps I_I T I I

OBST LOW  OBST HIGH OBST LOW OBST HIGH

Figure 3.1.8: sagittal view of maximum feet heigbt the OBS_LOW and OBST_HIG}F
conditions. On the left: trailing limb (T); on thght: leading limb (L). Superimposed circles m¢

that there is no significant difference betweennd BS

In figure 3.1.9 a representation of the feet plasetior DS and N subjecis shown to provide a

global view of the subjects’ behavior in the an-posterior direction.

OBST_LOW

T “bs DS @NID

L @NC DS Ds NI»

OBST_HIGH

T o DS N

L @ Ds DS JNI»

Figure 3.1.9: horizontal view of the distance oé tfeet from the obstacle in ant-posterior
direction. On top: OBST_LOW condition; on bottomBST HIGH cdition

Chou and Draganich (1998) described the effect aemfrehsing tc-obstacle distance in ant-
posterior direction on joint moments of the limbshealthy adults and found that, when step
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over an obstacle of various height, the locatiorioot placement relative to the obstacle was not
varied, instead it was precisely controlled by teatral nervous system to ensure a safe crossing.
This was the case of the N subjects in our studhyg did not display any change in feet positioning
with increasing obstacle height. DS had a quitestaont feet positioning in the two conditions as
well, although L FO decreased in OBST_HIGH conditiavith increased variability in the
parameter’s values.

Compared to N, DS subjects tended to lay theiritgpdL) foot closer to the obstacle before
(L_FO) and after the crossing (L_OF), and to lagirttrailing (T) foot closer to the obstacle after
the crossing (T_OF) in both obstacle conditionsirdtead, had higher distance values of L_FO,
L _OF and T_OF, and lower variability. According @nou and Draganich (1998), the control of
feet position relative to the obstacle is of cdnitrgortance, because a correct distance allows the
shank to move anteriorly and the ankle to dorsifiexhe body moves forward. When toe-obstacle
distance is reduced, anterior motion of the shantkthus dorsiflexion of the ankle is limited by the
closer proximity of the obstacle to the shank. Thwsile N subjects had excellent foot positioning
control, DS were only partially able to control tqmosition across different trials (L_FO varied),
and they chose a distance of their L foot fromdhstacle that was presumably too close to allow a
correct kinematics of the limb. Also, they landédser to the obstacle with both limbs, increasing
again the risk of contact with the obstacle, amtirtht exploit their limb elevation to move forward
(lower step lengths). Provided that obstacle avwidais more expensive, in terms of energy
consumption, than plane walking (Chou et al, 1989, “unexploited” limb elevation in DS leads
presumably to additional energy expenditure resekst

For what concerns kinematics, in the OBST_HIGH aord N subjects adjusted their movement
to the presence of the obstacle by increasing hipkaee flexion, and by increasing ankle dorsi-
flexion bilaterally to avoid hitting the obstacletiwv the foot. As the limb was being lifted and
moved forward, pelvic obliquity and intra-rotatiomcreased. An increased plantar-flexion of the
ankle at final stance allowed N subjects to lanthwhe foot in an “tiptoe” position.

In OBST_HIGH condition DS increased their knee itbex and increased dorsi-flexion of the ankle
to avoid the obstacle with values similar to N, véas the trunk, pelvis and particularly hip joint
flexion remained higher than for N bilaterally, cheterizing DS’s movement in the sagittal plane.
Thus, on the sagittal plane, a strategy similaNtsubjects was found, even though the values of
flexion were higher for DS. In the other planeslyjeobliquity and hip abduction in DS showed
values higher than N bilaterally. Hip intra-rotatioemained higher than for N bilaterally. It is
known that the increase in pelvic obliquity and &f@luction represents a strategy to guarantee gait

progression in DS (Rigoldi et al, 2010). Thus, whil subjects modified their movement mainly in
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the main plane of movement (i.e. sagittal planesistently with the study by Patla and Prentice,
1995), DS displayed increased values for the sdgitontal and horizontal planes.

The upper limbs parameters revealed that the pcesafinthe obstacle was perceived as a source of
instability by subjects with DS, who in fact liftédeir arms (decreasing S-A angles at both siades) t
stabilize their centre of mass and flexed theipetb (decreasing E angles at both sides) to prepare
for possible falls. Thus, in DS the presence of dhstacle enhanced stabilization and safety
strategies at the upper limbs, which were eleviirgard and outward in an attempt to stabilize the
center of mass and to prevent for possible fatidine with the upper limbs movement strategies

described by Marigold et al (2002) in healthy satgechallenged with perturbations during gait.

These results provide evidence for a different daoce strategy in DS, and for a difficulty in
regulating gait parameters when challenged withoaentomplex situation as the presence of an
obstacle. Thus, walking with obstacle avoidancenseto be more destabilizing for subjects with
DS, and their adaptation to the presence of théaolesseems to be more energy consuming than
for N. These results may be linked to an increasddof fall, as reported by anecdotal evidence
(Virji-Babul and Brown, 2004). A rehabilitative tfapy based on obstacle avoidance tasks could be
helpful in subjects with DS to improve stabilitydamotor strategies, and to decrease the risk of

falling.

Influence of the obstacle on perceptual-motor pssogy

Approaching and stepping over an obstacle requieg-motor coordination, which involves the
integration or process of visual information defgithe height and location of the obstacle with
precise control of a limb’s motion (Law and WebB03). The integration prompts the subject to
proactively adjust the distance between the suppplimb and the obstacle (T_FO, L_OF), which
allows sufficient space for the crossing limb teaslthe obstacle with adequate foot clearance.

In the present study the OBST_LOW condition did elatit significant changes in step length, foot
elevation nor velocity parameters in N subjects jgarad to the WLK condition, suggesting that
visual information about the obstacle was extraaedhe initiation of gait (Patla, 1997). In N
subjects, modifications of the mean obstacle vgloand T foot elevation in the OBST_HIGH
condition were found, while the other parametersai@ed consistent across conditions, suggesting
that the nervous system maintained a steady sédt@ajtern and modulated the gait in response to
the environment by varying these parameters.

In DS subjects the values of maximum T and L fdeva&tion in WLK and OBST_LOW conditions
were similar to those of N in both OBST_LOW and GBSHIGH conditions. The presence of the

99



“real” obstacle in the OBST_HIGH condition elicitead higher foot elevation in both groups
compared to the “subtle” ground-level obstacle IBS? _LOW condition. Thus, DS showed an
appropriate scaling of foot elevation to obstackght, with values similar to N. This is in
agreement with the study by Virji-Babul and Browa0Q4) about obstacle avoidance in children
around 5 years old with and without DS, where isvi@und that children with DS had values of
foot elevation in presence of the obstacle comparaithose of children without DS.

The correct scaling of foot elevation suggests Bfatas well as N, were able to extract information
about obstacle height and match it to their movdmédtowever, it should be investigated whether
this information was used in a feed-forward or meImode of control. The results by Virji-Babul
and Brown (2004) seem to indicate that visual imfation about the obstacle was not used
consistently to modulate movements early in the ggcle: the authors reported that, while
typically developing children showed a smooth pesgion from walking to stepping over the
obstacle, most of the children with DS stoppedramff of the obstacle before stepping over. In our
study subjects with DS in most cases did not stdprke the obstacle, but a significant reduction in
the mean approach phase velocity was recorded, Atsancorrect (too close) foot placement was

found relative to the obstacle.

These results seem to suggest that there is arlatie anticipatory movement adjustments in DS
when challenged with a more complex situation sagtihe presence of an obstacle on the walk-
path and provide further evidence of the presericdifficulties in perceptual-motor coupling in
DS. While the obstacle’s features seems to be cityrextracted by N as well as by DS, the way in
which this information is used to program the moeats seems to be different among N and DS.
The next study (paragraph 3.2) will analyze morelépth the role of motor programming in the

motor control deficits of DS.
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3.2 Motor strategies and motor programs during an eam tapping task with and without
obstacle avoidance in adults with Down Syndron

As we have previously discussed, recent studiegesighat the motor alterations are not ju
consequence of biomechanical impairments, but ratf®nsequence of a deficient central nen
system (CNS), whose inputs to the biomechanicatesysgeneate outputs “different” fron
normality.

An important aspect of performing functional movenseis related to the kind of motor stratec
that guide the movement, namely a -forward (preprogrammed) strategy or a feedback-line)
strategy. These twsirategies cooperate in complex movements to ardiit degree, depending
accuracy constraints, availability of perceptuébimation, degree of automatization of the te
The next paragraph will address the study of metoategies and planning DS during the

execution of an arm tapping task with and withcagtacle avoidanc

3.2.1 Introduction

Motor behaviors can occur along a continuum of @ntanging from feedback to feedforwa
Feedforward movements are made without the onlsgeadisensory feedback evolving during f
action, and require an internal model of accur&ych actions can occur rapidly, as there it
need to account for the delay of feedback loFigure 3.2.1 shows a simple scheme of feedfon
control: a command si@al comes from a hypothetical central controlled,aafter some processir
produces a certain output. Variables the contralss to formulate command signals are c:
control variables. It is assumed that the controifeay supply these variables ile ignoring
possible changes in the output or in any othermreatdactor. Certainly, this does not mean that
controller cannot change a control variable basegayipheral information. The important thinc

that it has a choice of reacting or ito this information.

Information that can be
used or ignored

[ CONTROLLER

X, (t)
X, (t)

X (1)

[ EXECUTION ]

Figure 3.2.1: in this scheme of feedforward conttted controller uses control variable:(t),..., X
(t)) to formulate command signals sent to loweleative) structure
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If the controller supplies the signal independewnfiyhe output, it provides feedforward control
open-loop control).

Feedback control, in contrast, involves modificatmf the ongoing movement using informat
from sensory receptors. This type control allows for a high degree of accuracy, a#l a® for
error detection and correction, but it is necesalow (figure 3.2.2). An important component o
feedback control system is a comparator, a unit tbanpares a system’s current output ' a
desired output and changes command signals bastuk aliscrepancy between the actual anc

desired effects.

X (t) X(t) + Ax
H[ CONTROLLER H EXECUTION ]

y ()

OUTPUT

Figure 3.2.2: feedback control changes commandsdrased on their outcon

Two important parameters characterizing feedbackdae gain and delay. Gain can be define:
the ratio of a change in a control variable to angje in a peripheral variablex/ ). Delay can be
measured in units of time. Feedback control aclsiégefunctional purpose of decreasing error (
if its gain is high enough and its delay is within certamils. Large delays can lead to unexpec
circumstances. Therefore, if speed is vital, feagiéod control may be preferred; if accuracy
more important than speed, feedback control is @ag@ous Optimal movement control likel
reflects a combination of both feedback and feedhod processes (Seidler et al, 20(

Reaching movements in healthy adults are charaeterby a be-shaped velocity profile th:
consists of one acceleration and one dration (Van der Heide et al, 2005; Jannerod 1984)en
reaching movements come into adult configurationjettories becomstraighter, faster and
smoother (KuhtBuschbeck et al 1998; Von Hofsten, 1991). The @seein smoothness
reaching movemenis due to the decreased number of correctionsemtbvement path, which
caused by several aspects. Among these are impomrebl of inertia and interaction torques ¢
increasing ability to process sensory informati®he development of feedfornd mechanisms,
which become prevailing respect to feedback basaeements, plays a central role as well, leau
to less reliance on sensory information and coreeiiyito a decreased number of correction

the trajectory.
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It is known (Elliott et al, 2010) that persons wilts have difficulty in performing precision goal-
directed movements with any degree of speed criefity. The movements in fact appear slower
in this population, with lower peak velocities awdh multiple discontinuities in the acceleration
profile in comparison with controls. The presendetltese discontinuities in the trajectory is
thought to reflect feedback-based corrections desido reduce the degree of discrepancy between
the position of the limb and the target. Becaussehcorrections are necessary, the assumption is
that performers with DS have problems with movenm@atning and feed-forward control (Elliott
et al, 2010). According to the authors, in facg pineprogramming part of the movement is spatially
inaccurate for subjects with DS, causing the nemdsticcessive corrective movements and for
greater reliance on feedback, rather than feeddmtwguidance.

A study by Charlton et al. (1996) analyzed the kia&c characteristics of reaching to grasp in a
group of seven children with DS (mean age: ninersjeaompared with two control groups, a
chronological age-matched and a mental age matgtoegp. Movement time, peak velocity of the
wrist and number of movement units (NMU) were amdtmg analyzed parameters. In particular,
NMU was derived from velocity profiles (von Hofstand Ronnqvist 1993; von Hofsten 1991), and
each movement unit comprised a period of acceteraind deceleration. The results showed that
children with DS moved slower and with reduced peglicity, as found in previous studies (Aruin
et al. 1996; Latash and Corcos 1991). More interglst trajectories of DS children exhibited
greater irregularities and a greater NMU. Accordimghe authors, the preprogramming part of the
movement is spatially inaccurate for subjects vid®, causing the need for successive corrective
movements and for greater reliance on feedbackeratan feed-forward, guidance than the
control children. Feedback-based corrections take &and thus larger NMU was associated with
longer durations of the deceleration phase. Asl@nmnative interpretation, the irregularities ireth
deceleration phase were interpreted as difficultith the grasping part of the action. Both the
studies by Elliott et al (2010) and Charlton e{Z896) suggest that persons with DS have trouble
performing a stable representation of the to-béepered action, and are dependent on direct visual
information for performance. It is still unprovedether the major reliance on feedback control in
subjects with DS comes from a specific impairmantpre-programming (Elliott et al, 2010;
Charlton et al, 1996) or as a strategy (LatasH. €t993; Latash 1992) to account for the perceived
instability and for their difficulty in finely-tunethe movement in response to perturbations.
According to this second view, it has been hypattees(Latash et al. 1993; Latash 1992) that the
central nervous system of persons with DS couldme®r strategies that are typically seen in
unimpaired subjects, but “prefers” to use differpatterns, to compensate for a primary deficit in

decision-making. For example, a prevalence of ssorihed bursts of activity in the agonist and
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antagonist muscles was found in subjects with DSsilogle-joint and multiple-joint upper limbs
movements (Aruin et al. 1996; Almeida et al. 19843 for the lower limbs joints during standing
and walking (Galli et al, 2008) instead of the pblmyical alternating patterns. These co-
contraction patterns of muscle activation incregsi@t resistance to external perturbations,
independently of the direction of the perturbati®hus, they can assure some acceptable level of
stability even if there is some degree of uncetyaatbout the direction of the perturbation, althoug
being unable to fully compensate for the effectshef perturbation (Aruin et al. 1996; Almeida et
al. 1994) and can be a valid compensatory mechatdscontrast muscle weakness and ligament
laxity (Galli et al, 2008).

Another difference in patterns activation is thecsdled “distal-to-proximal” activation pattern,
contrary to the “proximal-to-distal” activation petn recorded in typical population (Karst and
Hasan 1991). Neurologically normal individuals fact, tend to activate proximal muscles prior to
distal muscles (Anson and Mawston 2000; Karst amdad 1991). One reason and a potential
advantage of a proximal-to-distal activation isttihanay provide opportunity for on-line (feedback
based) corrections or the chance to “fine-tune”tdreninal phase of the response. Although it is
not clear why subjects with DS adopt an inversevaitbn pattern, the distal-to-proximal behavior
of individuals with DS may be seen, in light of &ah’s interpretation (Latash 1992), as a deliberate
behavior resulting from a central nervous systeat trealizes” its own limitations. For individuals
with DS performing fast and accurately may be dfity quite different benchmarks, in which
generating a response in itself might be regardesbiacessful, independent of the “finer” issues of
accuracy and speed. According to this view the gy abnormal patterns of muscle activation
in persons with DS should be considered adaptitreerghan pathological. On the other hand, by
using abnormal patterns of activation, subjecthidt are trading efficiency for safety, and this
choice may be at the cost of experiencing the richiness of motor opportunities (Anson and
Mawston 2000). The “adaptive reaction” perspectsigggests that there is ample room for
improving motor performance of these individuals dsfining clinical therapeutic interventions
(Aruin et al. 1996; Almeida et al. 1994; Latash &wtcos 1991;).

The studies reviewed above mostly deal with pasterhmuscle activation. Whereas a detailed
characterization of these patterns is given, ligléold about the kinematic output generated by
these activations, apart from considerations algeaeral slowness and reduced velocity peaks in
subjects with DS compared to typical populationujAret al. 1996; Latash and Corcos 1991).

In the present study, we evaluated the movemeatesfies of adult subjects with DS and of age-
matched controls during an arm tapping task witkh anthout obstacle avoidance. We used

guantitative motion analysis not only to describeveament differences in DS respect to typical
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population, but also to provide a means of intemgesuch differences in terms of the underlying
different control processes. In addition, our stagins at adding body of evidence to the work by
Charlton et al. (1996) on children with DS, by exdimg the evaluation to adults with DS. These
authors gave two alternative interpretations ofitteeeased NMU in children with DS, one due to
feedback programming and one related to problents giasping. We hypothesize that, if the
former hypothesis is correct, than a higher NMU v present in our reaching task as well, where
no final grasping is required.

Finally, by introducing a perturbing factor (i.ex abstacle) during the arm tapping task, we aim at
expanding the evidence about motor control in DSWgluating the influence of the obstacle on
motor control strategies. Obstacle avoidance imBSreceived very little attention in literaturee t
only studies that are present (Smith and Ulricl)80WNu et al, 2008; Virji-Babul et al, 2004)
regarded lower limbs obstacle avoidance during iwglkHowever, it is evident from literature that
the presence of an obstacle on the pathway cahrabdlifications in the gait patterns and can give
insight on the motor strategies that are regulatitegmovement. Literature, however, completely
lacks of studies about upper limb obstacle avoidancdDS. This is surprising if we consider that
most of everyday tasks involve reaching movemehteeupper limbs towards objects for the aim
of manipulation. In these conditions, an obstaee frequently be on the path, and needs to be
avoided for the safe and efficient accomplishmérihe task. Also, the object itself can become an
obstacle if not adequately approached (for instahitBng a cup of hot tea could cause a burn).
Thus, daily life is full of obstacle avoidance taglerformed with the upper limbs. The evidence for
obstacle avoidance difficulties during lower limi®vements in DS suggests questions about how
obstacle avoidance is managed by these subjeth® inpper limb movements. Starting from this
evidence, we analyzed if the presence of obstatteduced modifications in the motor control
strategies elicited a higher reliance on feedbamhkirol in the two groups respect to the plain

tapping (without obstacle) condition.

3.2.2 Methods

Subjects

13 right-handed subjects with DS (mean age * stdndeviation: 24.2 + 7.1 years; 84.6% males,
15.4% females) and 22 right-handed, age-matchegbi¢cts (mean age + standard deviation: 22.6
+ 6.8 years; 58.8% males, 45.2% females) were atedu Inclusion criteria and more details can be

found in appendix I.I and L.I1.
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Acquisition

Participants sat comfortably on a chair, holdingylndrical wooden dowel with the right hand. In
front of them was a table with six target positiomgenly spaced around a semicircle. The
experimental set up was adapted from a previowygan der Wel et al. 2007), although the aim
of our study was different from the one of thatdstuThe targets were black dots that had been
printed on adhesive paper pasted on the tableréfig2.1). In the first condition (plain tapping,
figure 3.2.1, on the left) subjects tapped conseelyt between targets 1 and 2, 2 and 3, 3 and 4, 4
and 5, 5 and 6, a total of five tapping movemeritsthe second condition (tapping with obstacle,
figure 3.2.3, on the right), an obstacle (10 cnheight) was placed between targets 3 and 4; the
subjects were asked to tap on the targets as Hedan the first condition, and to avoid the obkgac
by crossing over it with the dowel.

Figure 3.2.3: experimental set up for plain tappingdition (on the left) and tapping with obstacle
condition (on the right). The numbers indicate dnder in which the targets were tapped, but were
not present on the table. the subject tapped flamget 1 to target 6 (black dots) with the dowel
(grey rectangle). Labels T1 to T5 indicate the nagiven to each tapping movement (e.g. T1=
tapping 1) . In the “obstacle” condition an obstashs placed between targets 3 and 4

This task was selected because it required theugracof a sequence of movements, and thus
allowed studying how and if pre-programming strasgwere adopted in DS. In addition, the
sequence was easy enough to be understood alsebjgcts with intellectual disability, and the

protocol was administrable in clinical settings lwitninimum requests of space and short

administration time.
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Instrumentation

The tasks were acquired using quantitative movernaeatysis, composed of an optoelectronic
system (Elite2002, BTS) with eight infrared camefdsre details about the laboratories and the
instrumentation can be found in appendix II.

Markers were placed on specific body landmarksguaimarker set derived from previous studies
(Petuskey et al. 2007; Menegoni et al, 2009). bhiteah, three markers were placed at the top of the
dowel to identify the dowel’s position during thegaisition, and three markers were placed on the

table to identify a reference system on the talideie 3.2.4). a marker was placed on the obstacle.

Figure 3.2.4: protocol for markers placement; ghtj I=left

Parameters
Data was analyzed with Smart Analyzer software (Bieéy) to define a dedicated protocol for the
extraction of quantitative parameters (see Appeidix
To characterize the movement strategy of DS andilijests we considered the elbow and wrist
angles, defined according to the vectors betweetkermon the shoulder, elbow, wrist and finger,
and the rotations of the trunk in the three plasfamovement respect to the reference system on the
table, as illustrated in figure 3.2.5, and we coteduthe following parameters for upper limb
kinematics:
- Trunk ROMs (°): range of motion of the rotations tbe trunk respect to the reference
system in the three planes of movem@&mntink ROM: ROM of rotation in the frontal plane;
Trunk ROM: ROM of rotation in the horizontal plan€unk ROM: ROM of rotation in the
sagittal plane.
- Elbow ROM (°): range of motion of the elbow angle

- Wrist ROM (°): range of motion of the wrist angle.
107



These ROMs were calculated by subtracting the mimnmangular value from the maximum

angular value during the total movement.

Figure 3.2.5: definition of the elbow and wrist &gy trunk reference systemy,{xz) and table

reference system (x, vy, z)

We named the tapping movements consecutively fraan5l so that tapping between target 1 and 2
was named “tapping 1”, between target 2 and 3 vaased “tapping 2” and so on, as illustrated in
figure 3.2.3. We then calculated, for each tappmuyement, the following parameters:

- Number of Motor UnitsNMU: a MU consists of one acceleration and one dest@ber in
the velocity profile of the marker on the wrist. NMs the number of velocity peaks over a
threshold represented by the 10% of the mean PYo(&i et al. 2012; Menegoni et al,
2009; Van der Heide et al. 2005). In healthy aduked-forward movements, NMU
approaches the value of 1 (Von Hofsten and Ronhd®83; Von Hofsten 1991).

- Exceeding NMUeNMU: proportion of trials during which the tapping neorent consisted
of more than one MU (Van der Heide et al. 2005)s darameter is important to understand
the motor program being used by the subject.

- SkewenessSK, %: for each tapping movement it describes the tinpeak height (figure
3.2.6) of the trajectory of the vertical coordinait the marker on the wrist and it is

calculated as:

Where (s) is the time from the start of the movementh® maximum height of the
vertical coordinate of the marker on the wrist ag}, (s) is the tapping duration at tie

tapping movement, witm=1-5 (figure 3.2.6). The mean skeweneSi#, was then
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calculated by averagin@K,. It gives information about the shape of the timey
(Menegoni et al, 2009).

- Peak velocity, (m/s) of the marker on the wrist during theéapping movement, with
n=1-5; The mean peak velocityV,) was then calculated by averagify..

- Index of curvature, I ratio of the actual length of the reaching pathhe n tapping and
the length of the straight line between targetsidn+1. The mean index of curvaturkC,)
was then calculated by averagit@,. This is a measure of movement effectiveness: the
lower the IC is, the closer the subject is to aigtit, optimized path towards the target
(Menegoni et al, 2009).

- Tapping duration, TD, (s), calculated as the time needed to completenth@pping

movement, witm=1-5;

Figure 3.2.6: definition of the time to peak anppimg duration parameters

Statistical analysis

Significance level was set at p-value=0.05. Nortpalistribution of the data was tested with the
Kolmogorov-Smirnov Normality Test. The median, 2&id 75° percentiles were computed for
each parameter for the two groups. A 2 (conditisny (target location) x 2 (groups) mixed
ANOVA was used to analyze the presence of stai$fisignificant differences (p-value < 0.05).
Post hoc analysis, with Bonferroni’s correction houltiple comparisons, was then used for further

investigation.
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3.2.3 Results

For the plain tapping task no difference was foantbng the parameters due to target position in
DS. As well, no difference was found for N grouther. Thus, target position did not influence the

parameters in the plain tapping condition. For tl@ason, the median, 25° and 75° percentiles
values of the parameters over the five tapping mmmrés are shown in the results. Table 3.2.1
displays the median, 25° and 75° percentiles amdrésults of the statistical analysis for the

considered parameters in the two groups of subjects

DS N DSvs N
Plain tapping | With obstacle | Plain tapping| With obsacle
Trunk ROMXx (°) | 33.46 27.71 12.02 11.16 1,2
(23.52,39.27) | (21.88,31.47) | (8.41,16.83) | (9.64,16.64)
Trunk ROMy (°) | 46.19 38.80 30.21 27.14 1,2
(41.00,51.83) | (34.52,45.60) | (26.39,38.09) | (22.39,34.19)
Trunk ROMz (°) | 18.22 19.87 13.41 15.98 1,2
(14.34,25.17) | (15.40,22.69) | (12.01,17.41)| (10.66,19.96)
Elbow ROM (°) 22.97 26.53 3341 34.35 1,2
(20.57,25.93) | (23.62,33.50) | (29.02,40.05) | (30.35,39.03)
Wrist ROM (°) | 8.49 13.71 7.91 11.46 2
(5.93,10.04) | (11.02,23.72) | (4.72,8.44) (10.03,15.40j
eNMU, 0.50 0.00 1,2
(0.00,1.00) (0.00,0.10)
eNMU, 1.00 0.00 1,2
(0.00,1.00) (0.00,0.10)
eNMU; 1.00 1.00 0.00 1.00 1,2
(0.00,1.00) | (1.00,1.00) (0.00, 0.20) | (0.00,1.00)
eNMU, 1.00 0.00 1,2
(0.00,1.00) (0.00,0.10)
eNMUsg 0.50 0.00 1,2
(0.00,1.00) (0.00,0.10)
SK; 59.07 46.90 1,2
(54.85,62.98) (45.11,48.39)
SK, 58.72 44.28 1,2
(54.10,62.19) (42.53,47.33)
SK3 54.63 50.30 46.42 45.08 1,2
(52.59,59.64) | (47.34,55.24) | (42.49,48.63) | (42.72,46.93)
SK4 54.54 45.27 1,2
(48.77,61.67) (41.97,49.62)
SKsg 55.35 45.42 1,2
(51.32,60.27) (42.98,48.15)
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PV, (m/s) 0.61 0.53 1
(0.47,0.70) (0.48,0.59)
PV, (m/s) 0.52 0.48 1
(0.46,0.57) (0.44,0.56)
PV (m/s) 0.42 0.90 0.53 0.86 1
(0.40,0.48) (0.70,1.07) (0.48,0.57) (0.81,1.02)°
PV, (m/s) 0.57 0.53 1
(0.51,0.66) (0.46,0.63)
PVs (m/s) 0.49 0.53 1
(0.40,0.60) (0.47,0.61)
TD, (s) 0.73 0.56 1,2
(0.54,0.83) (0.49,0.62)
D, (s) 0.61 0.55 1,2
(0.48,0.83) (0.49,0.62)
TD3 (s) 0.89 0.93 0.64 0.83 1,2
(0.71,1.00) (0.76,1.37) (0.58,0.72) (0.78,0.88)°
TD4 (S) 0.67 0.58 1,2
(0.60,0.81) (0.53,0.66)
TDs (s) 0.72 0.58 1,2
(0.57,0.87) (0.53,0.64)
IC, 1.54 1.13 1,2
(1.24,1.62) (1.05,1.17)
IC, 1.52 1.13 1,2
(1.29,1.82) (1.10,1.23)
ICs 1.33 2.37 1.16 2.19 1,2
(1.23,1.45) (2.16,3.02) (1.08,1.26) (2.03,2.34y
IC4 1.50 1.19 1,2
(1.41,1.63) (1.15,1.33)
ICs 1.39 1.16 1,2
(1.23,1.60) (1.10,1.20)

Table 3.2.1: results. Median (25°,75° percentilésjp-value<0.05 DS vs N in plain tapping
condition; 2=p-value<0.05 DS vs N in tapping witbstacle condition; °=p-value<0.05 plain

tapping vs tapping with obstacle in p-value<0.05 plain tapping vs tapping with obstanlDS

The ROMs at the trunk were higher in DS than imNhe three planes of movement, with similar
values across conditions. Elbow ROM was lower f& than for N in the plain tapping condition,
but the values increased in DS in the tapping witktacle condition, where DS approached but did
not reach N values. Wrist ROM was comparable amgmogips in the plain tapping condition,

where for both groups the angular motion was lichitgith respect to the total wrist ROM
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(approximately 140° in flex-extension) (Boone arzkA, 1979), because the task did not require a
major involvement of wrist motion. The value incsed for both groups in the tapping with
obstacle condition, where the presence of the olestaquired a higher motion of the wrist during
the crossing, with higher values for DS.

The exceeding number of motor units was very ctoseero for N subjects, both in the plain and
obstacle conditions, with the exception of eNMluiring tapping with obstacle avoidance, where
the value increased in N. In DS NMWalues were always higher than for N in both tagpin
conditions. In NMU the value further increased in DS.

For what concerns the skeweness of the trajedtioeyanalysis of plain tapping and of tapping with
obstacle avoidance revealed that DS’s trajectalugsg tapping were more skewed than N’s, with
a delayed peak of maximum vertical height. A deseeaf the value was found for DS in $¢f the
tapping with obstacle condition compared to theinpkapping condition, although the values
remained higher than for N.

Peak velocity was lower for DS than for N in thaipltapping condition but not in the tapping with
obstacle condition, where it reached N values. N@ubjects values remained comparable across
conditions, with the exception of B\bf the tapping with obstacle condition, where tradue
increased compared to the plain tapping condition.

Trial duration was higher for DS than for N in batbnditions. In tapping with obstacle avoidance,
an increase in TPwas found for both groups, but DS maintained higtsdues than N. TPand
TD, decreased in DS in the tapping with obstacle ¢amrdcompared to plain tapping, but values
did not reach N values.

The index of curvature was higher for DS than fomNooth conditions, leading to less efficient
trajectories. In tapping with obstacle avoidariddncreased Ialues compared to plain tapping
only in the 1G, whereas DS maintained higher values than N acr@a@sed IC during tapping with
obstacle during tappings 1 to 4.

3.2.4 Conclusions
Conclusions will follow the two main topics of fdgatk reliance during an arm tapping in absence

and in presence of a perturbing factor such aslhiseacle.

Feedback reliance during an arm tapping task
The results of the plain tapping condition hightegh a major involvement of the trunk in DS
compared to N, while the elbow had narrower ROMsD& than N. Thus, the two groups of

subjects followed distinct motor strategies to aeplish the tapping task: N subjects privileged the
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motion of the elbow to pass from one target to rib&t and reduced trunk rotations, while DS
maintained a stiffer elbow, with low ranges of mati and used the trunk to progress from one
target to the other. The behavior of the two growas similar only at the wrist, which was kept
rigid to hold the dowel, with very low excursiomadstly below 10°). Thus, at the wrist both groups
were using a co-contraction strategy to enhandalisgain response to external perturbations, but
while N subjects exploited the movement of the eilio create fluid trajectories between targets,
DS reduced the degrees of freedom at the distalsj@nd compensated with higher movements of
the trunk.

These findings may be in agreement with the presehna reverse pattern of co-contraction (Aruin
et al. 1996; Almeida et al. 1994) and muscle attwa(from distal to proximal) in DS (Anson and
Mawston 2000; Karst and Hasan 1991), with the mardrbeing mostly executed by the trunk and
only to a reduced proportion by the elbow.

As revealed by the exceeding number of motor unitsch was around zero in the control group,
the tapping trajectories of N subjects were comgjsbf one acceleration and one deceleration, in
agreement with Van der Heide (2005) and Rigoldale(2012). Instead, for subjects with DS, the
exceeding number of motor units displayed highdwas Thus, DS corrected their wrist trajectory
more than N subjects, giving shape to a multi-pdalaocity profile. Lower peak velocity and the
multiple discontinuities in acceleration led to ¢@nm trial durations. These results are in agreement
with the findings by Charlton et al. (1996) on dnédn with DS, and support the hypothesis of a
great reliance on feedback programming in subjedts DS. The skewed vertical trajectory of the
wrist further supports this hypothesis, since iggasts that the motor program was not defined
before starting the movement (feedforward), wheeefisst trajectory was implemented at the start,
which was then corrected by successive feedbacfrgmuming when the hand got close to the
target (Rigoldi et al. 2012; Van der Heide 2009)u§, feedback-based corrections are designed to
reduce the degree of discrepancy between the gositi the limb and the target in DS. The
presence of these corrections suggests that ssiyettt DS rely more on feedback control, and
particularly on sensory feedback, because they pavelems with movement planning and feed-
forward control (Elliott et al. 2010). The clinicahplication of these findings is that, while defig

a rehabilitative strategy for subjects with DS, tpaf the rehabilitation should be directed to
retraining feed-forward control mechanisms or, ubjects where the reliance on feedback is too
prevailing, to empowering and improving feedbacktoal mechanisms.

Longer duration of the trials and a higher indexcafvature suggest that the different strategy
operated by subjects with DS led to a differenk fasrformance, that was somewhat less efficient.

On the other side, this different strategy wasiteht enough” to accomplish the task, given that
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no speed and accuracy constraint had been givethidnsense, an analysis of the accuracy of
tapping (position of the dowel respect to the bldcks) would have been useful to quantify the

trade-off between task achievement and efficacthefperformance in DS. However, to facilitate

the task, in this experimental set up black dotd aahigher diameter than the dowel’s, so an
accuracy analysis could not be performed withoasibig the results. Further analysis may stress
the aspects of accuracy and velocity during arritgpin DS, extending the interpretation of motor

planning and parameters optimization in subjecth BS.

Effect of a perturbing factor (obstacle) on motontrol strategies

In the study by Virji-Babul and Brown (2004) abauélking with obstacle avoidance in children
with DS it was found that the presence of an olbstaw the pathway elicited online corrections in
the walking trajectory, whereas there was a lacénticipatory movement adjustments in DS. The
results from paragraph 3.1 provided similar evigent adults with DS. Here we combined an
obstacle avoidance task to an arm tapping taskn&dyze the presence of obstacle-introduced
modifications in the motor control strategies aadlarify if the presence of an obstacle elicited a
higher reliance on feedback control in N and DS.

As for plain tapping condition, the results of ttepping with obstacle avoidance condition
confirmed a major involvement of the trunk in DS bwth tapping conditions. During tapping with
obstacle avoidance, however, the ROM at the elbwweist increased in DS. The presence of the
obstacle, in fact, required higher ROMs at theatliglints to allow a successful avoidance. Subjects
with DS were partially able to cope with this nesitgs by modifying their patterns of muscle
activation and thus increasing the ROMs at elbodnarist. Thus, they were able to switch from a
muscle co-contraction pattern to a more physiokligsattern of activation of the distal joints.

The exceeding number of motor unit, in agreemett Wie previous work, was higher for DS than
for N across both conditions. Interestingly, howewbe value increased in both groups during
tapping 3, when the subjects were clearing theaohest

Figure 3.2.7 shows an example of the velocity seed the MUs of a N subject and of a subject
with DS during plain tapping and tapping with oletta The figure depicts the increased variability
in the velocity profiles of DS and the effect okthbstacle on the performance of both N and DS

subjects (increased NMU).
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Figure 3.2.7: example of the velocity traces arel MiJs of a N subject (upper panel) and of a
subject with DS (lower panel) during plain tappify the left) and tapping with obstacle (on the
right). Note that NMU is higher for the subject WwiDS, and it increases for both subjects from
plain tapping to tapping with obstacle

Although an increase in trajectory corrections icashd for both groups, eNMlwas higher for
DS than for N. Thus, the presence of the obstdadieel a higher reliance on feedback control in
both groups. Probably in presence of an obstaelsbjects preferred to privilege a safe execution
of the task (avoiding collisions, that can be daags in real situations), and thus switched to the
more controlled feedback modality. The effect o$talole presence on trajectory modifications was
higher for DS, who already relied on feedback adrfor plain tapping. Probably, the increase in
ROMs at the distal joints, with consequent incraaste degrees of freedom to be controlled, led
this subjects to rely even more on feedback guieanc

The delayed peak of vertical trajectory of the w(skeweness) in DS remained unchanged across
conditions, although a little reduction of the \@duin DS was found for SKThis parameter,
together with eNMU, provides evidence for onlingreotions in DS, since it suggests that the

motor program was not defined before starting thevement (feedforward), whereas a first
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trajectory was implemented at the start, which wWasn corrected by successive feedback
programming when the hand got close to the taRjigo(di et al. 2012).

In N subjects, during tapping with obstacle avoma@an increase in peak velocity was recorded
only for tapping 3, when obstacle avoidance toace) while peak velocity increased in all tapping
movements in DS compared to plain tapping, appiogchut not reaching N values. As seen for
the elbow and wrist values, DS were able to modybatak velocity in presence of an obstacle. The
use of higher peak velocities can be seen as ampittto optimize the movement: in fact, the
presence of the obstacle increased the time negess@omplete the task (because of a longer
trajectory to be drawn over the obstacle). By iasneg peak velocity, however, the subjects
compensated for the longer trajectory and thusghigroptimized the movement in relation to the
presence of the obstacle. However, for DS an iseré@a IG to ICs was found, with values higher
than for N, whereas in N the index of curvature@ased only during tapping 3, because obviously
the trajectory required to clear the obstacle veagér. Probably DS subjects introduced a safety
margin over the obstacle, which was kept for afl thppings, thus rising their arm higher from
tapping 1 to tapping 5. This increased the chatwassiccessfully avoid the obstacle, at the price of
a less efficient movement.

In the plain tapping condition the longer duratafrthe trials and the higher index of curvature in
DS suggested that the different strategy operatedubjects with DS led to a different task
performance, which was somewhat less efficienthéntapping with obstacle avoidance condition
we found that the presence of an obstacle in ttienzey elicited some corrective strategies in DS:
some were in the direction of increasing efficierfhigher peak velocities and shorter durations,
increasing ROMs at the distal joints) but some iothere in the direction of increasing safety and
stability of the performance (higher index of cunra, higher reliance on feedback contrélor
most of the parameters, DS modified their valuehétapping with obstacle condition in the same
direction of N (for instance they increased elbo®@NR wrist ROM and peak velocity) but they
usually were not able to reach N values. The cdipabo increase ROMs at the distal joints, in
particular, suggests that subjects with DS are ablewitch between one motor strategy and the
other when needed, although they “preferred” tHerseo-contraction strategy, in agreement with
some authors (Latash et al. 1993; Latash 1992) pastulate that the motor strategies selected by
DS are those that allow them to account for thegeed instability and for their difficulty in
finely-tune the movement in response to perturinatio

In presence of an obstacle, DS subjects were &¢ctalale to modify their motor strategy, but they
tried to balance the uncertainty caused by thesdifibations by increasing online corrections on

the trajectory. However, DS were not the only gradisubjects that increased feedback reliance
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during tapping with obstacle avoidance: N subjewetsp moved in a pre-programmed fashion
during plain tapping, switched as well to a higherance on feedback control during tapping with
obstacle avoidance, thus partially adopting DSiatsgy. Therefore, we can conclude that the
presence of an obstacle elicited changes in theomsttategies of both DS and N, with a

destabilizing effect that led subjects to rely monefeedback control.

DS showed some aspects of movement efficiencywibed in accordance with N strategies, but the
prevailing factor of optimization in these subjemsained safety. A focused rehabilitation could
help DS subjects to develop more efficient motaatsgies in the presence of motor uncertainty and
perturbations by developing a more conscious appro&n particular, rehabilitation could be
focused on two different aspects: on one sidegifswppose (in agreement with Latash et al. 1993;
Latash, 1992) that DS subjects have the capalditgxploit feedforward programs but prefer to
rely on feedback control because it's safer, thmylat be trained to switch from a feedback-based
modality to a more feedforward-based modality tigfoappropriate exercises and practice. On the
other side, improving feedback control could alsad to better performance in daily activities. In
both cases, we believe that these data evidenteethabilitation techniques for subjects with DS
(reviewed in chapter 1.7) should go beyond the Engmd most used muscular strengthening
therapies to a higher level therapy that takes adoount both the motor and neural level. In
particular, subjects with DS could benefit fromstkind of therapies from the very early stages of
their lives, when most of motor programs are formgkis would allow developing their motor
milestones sooner.

An important development of the study would beititeoduction of neural measurements (such as
electroencephalography and electromyography) iatedr with kinematic measurements, which
could possibly provide a deeper insight of theicattand peripheral correlates of feedback in DS.
As a further development, the study of activatidntree arm and forearm muscles could add

important information about the co-contraction amtal-to-proximal activation strategies.

3.3 General conclusions drawn from these studies

We have seen how the evaluation of movement indd8dently beginning to be studied not only in
relation to the biomechanical outputs of movemarttdiso in relation to the neural mechanisms
that guide motor control. The lack of incisive tygies and focused rehabilitative guidelines for

persons with DS, in fact, puts forward the needdadeeper understanding of how the nervous
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system of these persons counteracts its own limitgatand of how to help maximize the residual
motor capacities of these persons.
From the literature review it appears that threxdis mainly affect motor control in DS: perception
and extraction of sensory information, motor plawgnand decision making processes (Virji-Babul
and Brown, 2004). Based on this, in this chaptetried to investigate how these processes worked
during the execution of “functional movements”,real-world situation based movements. These
movements are more complex from the point of viéwhe definition of the experimental set ups,
because they require controlled conditions on meagables, but they are more cognitively
challenging for the subjects, because they immiei environmental conditions. For this reason,
these movements can give a deeper insight on therrdeficit of persons with DS. In particular,
we focused on obstacle avoidance tasks that rebjlaveer limb or upper limb clearance. The main
findings of our experiments in this chapter werattfl) whereas the persons with DS seemed to
correctly extract the sensory information (i.e. thteysical characteristics of the obstacles) this
information was not used in a pre-programmed fastoglan the movement in advance and (2) the
movement of persons with DS was highly dependenteedback mechanisms. However (3) the
subjects with DS were able to successfully comptéte tasks, although at the price of less
movement efficiency. Thus, as for a system thalizes its own limitations, the central nervous
system of persons with DS seemed to choose differetor strategies and to trade movement
efficiency for task accomplishment and safety.
We have demonstrated the presence of differencmimotor control of subjects with DS but this
is not enough to draw some rehabilitative guidalifer subjects with DS. Some important clinical
guestions still need to be answered:

- What are the neural bases of these differences?

- Are these differences present since birth or dy tlesult from the interplay of neural

development and sensory, cognitive and motor egpees as the child grows up?
- What are the rehabilitative strategies that couldsgply lead to a maximization of the
residual abilities of DS?

A number of early studies points out to the conolughat the brain with DS at or shortly before
birth is in main respects indistinguishable frore tirain of a normal individual (Bar-Peled et al.
1991). The idea of a relative normalcy at birttp@entially of the greatest significance, since it
seems to create the opportunity to do somethingitathe not-yet-created differences that quite
clearly do emerge during the period right aftettbitJnderstanding if differences in motor control
are present since birth is thus very important tfeg definition of rehabilitation strategies: if

primitive control mechanisms are preserved in D&htive can hypothesize that the nervous system
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of children with DS is potentially normal at birténd that differences develop with growth. Instead,
if primitive reactions are found to be differensspect to controls, we can hypothesize that the
differences in DS are present since birth, and gdsbbbefore. Choosing between these hypotheses
may provide information about the validity of eaayd late intervention programs in DS.

In order to provide a partial answer to these gomest in the following chapters we will study the
first movement control mechanisms, the ones thaeldp since the very early stages of life:

monosynaptic reflexes and pre-programmed reactions.
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Chapter 4

Mechanisms for fast movement correction

In chapter 3 we studied perceptual-motor abilitsesl motor control during complex, functional
movements in subjects with DS and in controls. His tchapter, we will introduce the most
primitive forms of motor control: monosynaptic etes and pre-programmed reactions, which will
be the focus of the experimental study of the cbapter.

Most human voluntary movements are performed nédaboratory controlled conditions but in the
real world life, with unexpected changes in sensofgrmation, force fields, targets etc. During
multi-joint movements, corrections to unexpectedysbations can occur at different levels within
the system for movement production, at differendirabteristic time delays, and with different
degrees of controllability. Some of these mechasiane muscle and tendon elasticity and muscle
reflexes, that generate changes in muscle forcastghe perturbing force. Other mechanisms, that
come at a short delay (although the delay is lotigen that of monosynaptic reflexes), are called
pre-programmed reactions (PPRs) and provide cospeedific corrections of movement or posture
in cases of unexpected external perturbations $bat2008). Finally, voluntary (conscious)
corrections intervene.

Monosynaptic reflexes and PPRs are known to besptessnce the early stages of life. Evidence for
the presence of immature monosynaptic reflex pageweas found by 14 weeks post conception
(Clowry, 2007). Bawa (1981) evaluated changes énghort latency and postmyotatic reflexes of
children between 2 and 10 years of age. He foumt bly 8 years of age the reflex reactions
resembled those of adults. Bawa (1981), ForssbedyNashner (1982) and Myklebust (1990)
stressed the importance of these reflexes for togisition of early motor skills. Maturation of
human behavior, in fact, passes from the primiteféexes to the gradual appearance of automatic,

postural and adaptive reactions which make higbivities possible (Fiorentino, 1972).

4.1 Monosynaptic reflexes
Among the several definitions about “reflexes” dstconsider this: a reflex is a muscle contraction
induced by an external stimulus that cannot be gbay pure thinking, that is, by a volitional act

that is not accompanied by another muscle contmagtiatash, 2008).
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Many reflexes have been studied inmal preparations. Such procedures may involve caltygi
separating the spinal cord from the brain (spimappration). If we assume that every volitional
comes from the brain, then in a spinalized animalmaiscle reactions to external stimuli :
apparently reflexes, because signals from the lmammot reach the spinal cc

In the beginning of the J0century, muscle reflexes were considered buildiegks for voluntary
movements, based on the experiments by Sir Ch&tesrington and colleagues performed
spinalized animals (Stuart et al, 2001) and onsthdies by Pavlov (reviewed in Bernste003).
Later, the growing awareness of the complexity aadability of voluntary movements le
Bernstein (1967, see also Bongaardt, 2001) to adeckhat movements cannot be viewec
combinations of reflexes. Recently, muscle reflewese once again ought to the center
attention by hypotheses of motor control which ed@svoluntary movements as consequence
central modulation of parameters of certain reféefie. equilibrium point hypothesi

A central notion common to all muscle reflexs the reflex arc (figure 4.1.1

a-motoneuron

Efferent [a-afferents
nerve
muscle muscle
spindle

Figure 4.1.1: a monosynaptic reflex has only ormeapge in its reflex arc. This synapse is betw

an afferent fiber and amotoneuro

The reflex arc consists of an afferent neuron flesises an external stimuluscentral processing
unit and an efferent neuron that induces a musmhraction. The central processing unit may
very simple, involving just one synapse (monosycapeflex), or very complex, comprisir
numerous synapses and integrating informatiom different sources (polysynaptic reflex). Ei
reflex involves a time delay between the stimulad ¢he reaction, called reflex latency (figi
4.1.2) (Latash, 2008). It consists of three comptsietime of afferent conduction, central del
and timeof efferent conduction. Conduction time appareitypends on the speed of the ac
potential propagation along the involved neurag¢ffdband on the length of the fibers. Central d
depends mostly on the numbers of synapses invalvgatocessing tF afferent volley and i

generating an efferent commal
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Figure 4.1.2: the delay between a stimulus andlexreeaction is called reflex latency. It consists
of an afferent conduction time [,), a central delay (T¢) and an efferent conduction timeT(g)

One type of monosynaptic reflex is the stretchesefor myotatic reflex) which exerts a muscle
contraction in response to stretching within thesahe, providing automatic regulation of skeletal
muscle length in response to perturbations. Acogrdo the original description by Liddell and
Sherrington (1924) the stretch reflex represengsréflex contraction of a functionally isolated
muscle which is passively extended. When a mugcigthens, the muscle spindle is stretched and
its nerve activity increases. This increases alpbtoneurons activity, causing the muscle fibers to
contract and thus resist the stretching. A seconsietr of neurons also causes the opposing muscle
to relax. The reflex functions to maintain the mest a constant length.

4.2 Pre-programmed reactions

Strong perturbations commonly induce muscle regmas an intermediate latency (50—-90 ms) that
have been addressed as long-latency reflexes, rpgegmmmed reactions, functional stretch

reflexes, M2-M3 and triggered reactions (Tattoraletl978; Cordo, 1981; Bawa, 1991; Forssberg
and Nashner, 1982; Chan and Kearney, 1982 Myklei@80). The variety of terms reflects the

different understandings of the nature and funetiosignificance of these reactions. For

convenience, we will refer to these reactions asgsogrammed reactions (PPRS).

PPRs have been described for both single-jointnamiti-joint tasks (Nashner, 1976, Marsden et al.,
1978, Cordo, 1981, Lacquaniti and Soechting, 19®bkoshland et al., 1991). Their salient
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features involve, in particular, dependence onitis&ruction or context in a wide sense. PPRs are
triggered by a sensory stimulus and induce fagtjecorrections based on an earlier assessment of
the mechanical effects of the perturbation (Marseteal., 1981, Rothwell et al., 1982 and Rothwell
et al., 1986).

In multi-joint tasks, PPRs have been shown to mssaenumber of features that suggest their rather
complex central organization. These features irvalon-local character of PPRs (their emergence
in muscles whose state is not directly affectedhgystimulus), their relative independence of the
local joint kinematics, and the fact that theirotfemyographic (EMG) patterns look like those
during voluntary movements performed by the sameaheugroups (Lacquaniti and Soechting,
1986, Gielen et al., 1988 and Koshland et al., 19B&nce, it has been hypothesized that PPRs
represent peripheral effects of control patternsesponding to fast corrective movements in
involved joints (Gielen et al., 1988).

Pre-programmed reactions have been hypothesizegpi@sent a transcortical reflex (a reflex
whose loop involves neurons in the brain corteryl this idea is still very much alive (Chan et al,
1979; Cheney and Fetz, 1984; Day et al, 1991). Wewethese reactions were observed in
decerebrate animals and even in spinalized aniaaisnals without neural pathways connecting
the cortex with the spinal cord) (Ghez and Shind®&8; Miller and Brooks, 1981).

Latash (2008) describes one of the most commonedwes for eliciting a PPR as follows. A
subject maintains a constant position in a jointhvai steady muscle contraction against an external
load. For example, a load provided by a motor. $hieject is instructed to return to the starting
position as fast as possible in cases of extemralifbations. The motor produces unexpected, rapid
changes in load that give rise to a sequence of EMEBLs in the muscle (figure 4.2.1).

The first event M1 corresponds (according to iteray) to monosynaptic transmission and
probably represents the phasic stretch reflexflaxraimilar to the one observed during a tendon
tap T-reflex. After that, two (sometimes poorly fdientiated) peaks appear at an intermediate
latency. The first peak is addressed as M2, wihiée decond one is called M3. These peaks are
followed by a voluntary reaction. The latency of ihtermediate reactions typically ranges from 50
to 100 ms, depending on the position of the muskte bottom panel of figure 4.2.1 shows an
actual EMG activity of a human biceps brachii isgense to loading (stretch), in which the M2-M3

peaks are clearly visible.
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Figure 4.2.1: an unexpected perturbation of a jaigates a sequence of EMG events in
stretched muscle. Ehfirst comes at a short latency (under 40ms, Mé)t are two peaks (M2, M:
that come at a latency between 50 and 100ms. Tdres@PRs. Later, voluntary reaction con
The bottom panel shows an actual recording of #eetion of a human biceps mus to an
unexpected loading (perturbati

PPR differ significantly from other reflexes in thithey strongly depend on the instruction to
subject. For example, if we repeat the experimeasicdbed earlier but this time we instruct
subject not taesist to the perturbation, the amplitude of the-programmed reaction decrea:

significantly, and the reaction may even disap|

4.2.1 Preprogrammed reactions versus stretch reflexe

Several experimental findings prevent us from adersng PPRs i a stretch reflex because in PF
the magnitude of the response does not depend ugaouisly on the change in muscle leng
Depending on the instruction to the subject, PRPishe observed in stretched muscles, in mu:
shortened by the perturbationdaeven in muscles whose length is not changethéyperturbatiol
(Cordo, 1981). In addition, the amplitude of theRP@&es not correlate with the amplitude of
applied perturbation if the latter cannot be presticby the subject. Thus, in differerrials the
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compensation of the perturbation by PPRs can vam 0% to 100% to overcompensation (Hc
1976).

The fact that these responses are independenteahn#gnitude of perturbation suggests that
perturbation represents a ngraded signal forhe response generationa-trigge- and that the
response magnitude is define before the stimulusear The, certainly, these reactions car
called triggered or preprogramme:. Consider figure 4.2.2: the instruction to mainta joint
position againsa load requires the subject to generate a valuntammand to the muscl

controlling this joint.

Figure 4.2.2: a subject sends a central commardnboiscle to hold a position in a joint again:
load. If the subject knows that a perturbation occur he can prepare the central comman
compensate for the predicted perturbation. The RP®) is triggered by peripheral signi

generated by the perturbation and attenuates tbhanial effects of the perturbat

If the subject knows that a perbation can occur, a corrective command can beapegpin
advance and be ready to be triggered by an apptepperipheral signal. Note that this sche
implies that a “higher” center such as the corteeppres the PPR, while the loop of the reac

may not involve the “higher” centers (Latash, 20

4.2.2 Afferent source of the pr-programmed reactions

Considering PPRs as triggered by a signal provided perturbation suggests that the search
unique afferent source of these responses willigeounreliable results. In fact, the actual sowft
the triggering signal is not important as long he signal carries sufficient information about
occurrence of the perturbation. In this contexgnals for the PPRs can be provided by virtually
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peripheral receptors that deliver information oargdes in load, position, pressure on the skin, etc.
that is why experiments that selectively blocked transmission along certain afferent systems
have not provided conclusive information about thke of these afferents in generating PPRs
(Latash, 2008). The PPRs disappear after totafeteatation of the limb, when the CNS does not
receive any signals about the perturbation (BavebMa Kenzie, 1981).

4.2.3 Main features of pre-programmed reactions
Three features of PPRs are worthy emphasize (La2&€18; Latash et al, 1993):

- PPRs depend significantly on the instruction giterthe subject. Namely, the responses
take place when the instruction is to compensatéhi® effects of perturbations as quickly
as possible, whereas they are small or absent wiheninstruction is to ignore the
perturbation. Thus, the subject can decide whethpre-program or not.

- The emergence of PPRs in a muscle shortened bytarkegion is quite understandable
since the subject can program any combination ofirsand functions to any muscle or
muscle group independently of a future perturbatiothe muscle length.

- Since the amplitude of the PPR is defined befoeegprturbation occurs, random changes in
the perturbation amplitude do not determine the lange of the PPR — there is no
correlation. This reflects the preprogrammed natdithese responses

- PPRs are assumed to be triggered by multimodal osgngputs, with important

contributions from propioceptive, visual and vesl#r receptors.

4.3 Voluntary activation of muscles

Presently, two views exist on voluntary muscle vatton. According to the first view, central
commands directly specify the activity levels efnotoneuronal pools and therefore specify the
levels of muscle activation (Gottlieb, 1996; Geftli et al, 1989a,b). Reflex mechanisms are
assumed to play a minor role, contributing mostlycases of unexpected changes in the external
forces (perturbations).

This view, however, is incompatible with some olbiaéipns. For example, imagine that a person
strongly activates a muscle against a large loadisimstructed not to change the level of muscle
activation (figure 4.3.1) (Latash, 2008).
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Figure 4.3.1: the subject holds a position at thew by activating the biceps against a load. The
load is suddenly removed. The EMG of the bicepswsha period of complete silence (the
unloading reflex) even if the subject tries to kdbp biceps activity constant. This means that

muscle activity is not an independently controNediable

Now if the load is unexpectedly and quickly remowethst movement will occur. An EMG of the
muscle will show that, immediately after the unlivagl there is a period of virtually total silence i
the muscle activity. This effect is called the wdmg reflex. Unloading leads to a quick shortening
of the muscle (a decrease in its length at a hegative velocity), and so the sensory endingsen th
muscle spindles become silent and their reflexceffen the homonymousmotoneuron disappear.
The unloading reflex may be considered an invefsth® stretch reflex. The disappearance of
muscle activity during the unloading reflex showattthe reflex effects may be strong enough to
eliminate 100% of voluntary muscle activation. Thhe alternative view, the equilibrium point
hypothesis, looks much more attractive.

According to the second view on voluntary musclévation, central commands use muscle
reflexes to change the levels of muscle activity apecify parameters of these reflexes. This view
emerged as a formal language for describing a lbddxperimental data on single-muscle force-
length characteristic curves in animals and sifgle-torque-angle characteristic curves in humans
(reviewed in Latash, 1993). Most animal experimemse performed on cats with a lesion of the
CNS leading to a lack of the ability to make voamt movements. An electrical stimulator was
placed on the stump of the residual part of thendmastimulate different descending commands. At
a fixed level of stimulation and a constant exteroad, the muscle-load system will be in

equilibrium at a certain length.
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The combination of muscle length and force at dgpuuim is called equilibrium point (figure
4.3.2).

Figure 4.3.2: according to the equilibrium poinpbthesis, muscle reflexes specify a relationship
between muscle force and muscle length. This cglas called the invariant characteristic (IC).the
muscle-load system is in equilibrium when the meigorce equals the external force (load). This
point is termed the equilibrium point (EP). If tleeternal load changes both muscle force and

length will change and reach a new EP{EMuscle activity (EMG) changes along the IC

This is a central notion within the equilibrium-pbhypothesis (Feldman 1966, 1986; reviewed in
Latash, 1993; Feldman and Levin, 1995). A chandherexternal loads leads to a change in muscle
length that alters the level of muscle activatioa the tonic stretch reflex arc. Thus, a constant
descending command does not mean a constant Iéveluscle activation. Altered muscle
activation can be accompanied by changes in botbclmdength and muscle force until a new
equilibrium point is achieved. For a fixed descagdcommand, all the equilibrium points form a
curve on the force-length plane. This curve isezhthe invariant characteristic (IC).

In an animal experiment, if a different level ofeetrical stimulation is used to change the
descending signals, a new IC emerges that is dhifth respect to the first one (figure 4.3.3). We
can introduce a variable that encodes the locatian invariant characteristic, such as the pdint a
which activation of -motoneurons occurs (the threshold of the tonietshr reflex). This variable
may be viewed as a control variable because chaimgése external load can only move the
equilibrium point along the IC (Latash, 2008). Wfithhis scheme, movements may result from
changes in the external load, as in figure 4.3.Zram central shifts of the IC, as in figure 4.3583
shift of the IC may have different peripheral efl'edepending on the external load. In figure 4.3.3

a standard shift of the IC may change muscle le(mgmpare EPO and EP1, isotonic conditions),
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muscle force (compare EPO and EP2, isometric congit, or both (compare EPO and EP3, if the
load is elastic).

Figure 4.3.3: a central command specifies the logaif an IC for a muscle. This can be described
as a shift in the threshold of the tonic reflex. Depending on the external load, a shift inan
change muscle length (isotonic conditions;)ERuscle force (isometric conditions, £&Por both

(elastic load, EF). EMG changes will depend on both the centrehanges and the external load

As far as neurophysiological mechanisms are coecertie equilibrium-point hypothesis assumes
that the tonic stretch reflex, providing for the sole ICs, incorporates all the reflex loops that ca
be influenced by the activity or excitability ofmotoneurons, -motoneurons and inter-neurons. It
does not single out one anatomical structure asgbiie most relevant. Moreover, the feedback
loops from receptors other than muscle receptorseftample skin and subcutaneous receptors) can
also help define the shape of the ICs. Thus itssumed that central commands for voluntary
movements involve a balanced combination of sigtalall types of spinal neurons (figure 4.3.4)
(Latash, 2008).

Control of voluntary movement consists in the cantodulation of the threshold of the tonic
stretch reflex for the participating muscles. Tosteetch reflex and the peripheral muscle and
tendon elasticity provide for the spring-like mesblehavior. Reflex effects play an important role

in defining the levels of muscle activation.
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Figure 4.3.4: according to the equilibrium pointpbthesis a central command represents a
balanced combination of descending signals to aflugs of spinal neurons, including-
motoneurons, -motoneurons and interneurons (INs). The tonictdtraeflex is assumed to
incorporate all the reflex effects from all the ipberal receptors. Changes in muscle length
(movement), muscle force and muscle activation gmeith equally important contributions from

central commands and signals from peripheral recgpt
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Chapter 5

Monosynaptic reflexes and pre-programmed reactionsr Down Syndrome

In daily life movements result from the balancenssn feedforward and feedback control (Seidler
et al, 2004). However, in the previous chapter \@eehseen that motor planning is impaired in
persons with DS and that they rely more on feedlibhek feedforward control. This results in
slower movements. In addition, feedback controhrset be less efficient than in subjects without
DS, leading to clumsier movements in DS.

We have demonstrated the presence of differencéiseimotor control of subjects with DS but
before drawing some conclusions about rehabilgagjuidelines for DS we need to clear out what
the neural basis of these differences are and ahwboint of the neuromotor development
differences between infants with and without DSibdg affect motor control. Understanding if
differences in motor control are present sincenhbistvery important for the definition of early and
late intervention in rehabilitation.

A number of studies points out to the conclusiaat the brain with DS at or shortly before birth is
in main respects indistinguishable from the brdirmmormal individual (Bar-Peled et al. 1991),
whereas changes are present within 6 months ofiferssen, 2012). If this is confirmed, then
subjects with DS should be able to exploit earlgtoml mechanisms, which are automatic responses
to external perturbations, in the same way of asitrlf not, they should always reveal different
motor control strategies and different EMG actiwatipatterns, as found in chapter 3 for more
complicated functional movements. For these reas@ndecided to focus on the most “primitive”
motor control mechanisms, the monosynaptic reflexss the pre-programmed reactions (PPRS),
reviewed in chapter 4. These reactions allow testigate how the first control mechanisms, the
ones developed since the earliest phases of lek wn DS, drawing important information on the
early neuromotor development in DS.

Bawa (1981), Forssberg and Nashner (1982) and Mykle(1990) stressed the importance of the
stretch reflex and PPRs for the acquisition ofyearbtor skills. Maturation of human behavior, in
fact, passes from the primitive reflexes to thedged appearance of automatic, postural and
adaptive reactions which make higher activitiessgme (Fiorentino, 1972). Monosynaptic reflexes

and PPRs are the first to occur and the principat¢hanisms for fast movement correction. From
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these mechanisms all the more sophisticated fekdhad feedforward mechanisms develop as
consequence of experience.

Monosynaptic reflexes have been studied in liteeattegarding DS because they are strongly
linked to hypotonia. The physiological basis fopbionia, in fact, have been defined as decreased
segmental motoneuron pool excitability and pathplofjithe stretch reflex mechanism (Gilman et
al, 1981). Hypotonia has been largely addresseth@smain problem in the motor deficits of
persons with DS (Cicchetti et al, 1976; Dyer etl&8I90; Akerstrom and Sanner, 1993; Lauteslager
et al, 1998), as reviewed in chapter 2. Recent whdwever, casted doubts on this hypothesis
(Davis and Kelso, 1982; Shumway-Cook and Woollac#385; Latash and Corcos, 1991; Anson,
1992).

In this chapter we will review the principal litéuae about PPRs and the stretch reflex in DS and

we will further analyze these phenomena.

5.1 Introduction
Stretch reflex and PPRs have been studied in @alat postural control of the standing position

and in relation to responses to external pertushatin the upper limb, as reviewed following.

Stretch reflex and pre-programmed reactions dupogtural control

Stretch reflexes and PPRs are important compordrageryday activities, particularly of postural
control and locomotion. Unexpected perturbationseatical posture, in fact, elicit compensatory
reactions at low and intermediate latencies befotantary reactions intervene at longer latencies
(Nashner, 1976; Nashner et al, 1979).

Studies on postural reactions usually employ aingar translating platform on which the subject
is standing and have shown that normal children rfighths to 10 years) and healthy adults
compensate for externally induced body sway in $hgittal plane through the activation of
automatic postural responses. These response$iaiacterized by stereotyped patterns of muscle
activations in the leg and trunk (Nashner, 1976 ®lay-Cook and Wollacott, 1985). Some of
these reactions seem rather general, such as\@tawi agonist-antagonist muscle pairs stabilizing
a postural joint regardless of the direction of gezturbation. Other reactions are specific to the
direction and type of perturbation (Latash, 2008)ese long latency postural responses have been
shown to be more effective than the monosynaptetat reflex in returning the centre of mass
within the base of support (Gurfinkel et al, 1971).

Shumway-Cook and Woollacott (1985) studied the dyina of postural control in children with

DS and developmentally normal children in two ageugs (1-3 years and 4-6 years) by using a
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displacement platform and measuring EMGs from diweet limbs muscles. They pointed out some
interesting observations about the nature of foneti balance deficits in DS. Their results
guestioned the common view that attributes devetoypal delays and balance problems in DS to
decreased segmental motoneuron excitability andopmgy of stretch reflex mechanism leading to
hypotonia (Gilman et al, 1981). In fact, the preseonf the monosynaptic reflex during platform
perturbations at normal latencies suggested tlab#hance problems in children with DS did not
result from hypotonia, but rather resulted fromed#s within higher level postural mechanisms.
This is in agreement with a previous study (Dawmsl &elso, 1982) which demonstrated a
comparable ability in subjects with DS and withmat development to set or modulate voluntarily
muscle stiffness. However, Shumway-Cook and Wootta(1985) found that onset latencies of
long latency responses (PPRs) in children with D&ewsignificantly slower than in normal
children, and resulted in increased body sway amdsome instances, in loss of balance. The
presence of myotatic reflexes at normal latenaresdnjunction with significant delays in long
latency postural responses is consistent with éselts from studies that examined the effect of
cerebellar lesions on long latency postural respen3hose studies found normal short latency
(myotatic) responses but delayed PPRs in patieitts @erebellar lesions and in animals with
reversible cooling of the cerebellar nuclei (Nasteteal, 1983; Marsden et al, 1977; Vilis and Hore,
1980).

Stretch reflex and pre-programmed reactions dudpger limb movement perturbation

Stretch reflex and PPRs during upper limb movemeat® been studied in literature with several
modalities (Gielen et al, 1988; Latash et al, 19Q8shland et al, 1991; Yamamoto et al, 2000;
Latash and Corcos, 1991). Usually, they have bdmerged in response to load perturbations
applied at the wrist joint during isometric elbol@xion-extension and/or supination-pronation by
measuring EMG activity to the flexors and extensaiscles. A pre-load was usually applied to the
arm and perturbation magnitude and direction ctnalcither known or unknown to the subject in
advance.

Latash and Corcos (1991) studied the kinematicEi& characteristics of single-joint movements
in ten teenage and young adults with DS and inagj@-matched controls. The subjects were
required to occupy the initial position (90° flerion the elbow joint) against an extensor bias
torque and wait for the perturbation. Changes m lilas torque were delivered randomly about
every 8 seconds, with loadings and unloadings.&tbjwere asked either to “let the arm do what it

wants” (let go) or “to return to the initial positi as fast as possible” (react). Superficial EMG
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activity from the biceps brachii, brachioradialindalateral and long heads of the triceps was
measured.

All the subjects with DS demonstrated all the tgpiEMG components seen for the control
subjects. These included a short-latency reflexdéurbOms), presumably monosynaptic, and a
longer-latency PPR about 70 to 80 ms. These reecstarted as an increase in the agonist activity
in cases of loading and a decrease in case of dingpaWhen the instruction to the subjects was
changed from “react” to “let go” the PPRs EMG comewots did not demonstrate any visible
modulation for 9 out of 10 subjects with DS. Thilgse subjects failed to demonstrate appropriate
changes in the PPRs when the instruction was cldaicgeroborating the idea that individuals with
DS are deficient in their ability to adapt their tmocommands to unexpected changes in sensory
information (Cole et al, 1988; Shumway-Cool and labtt, 1985). For the f0subject, however,
the biceps EMG burst at a latency of about 80 tan80was considerably higher under the “react”

instruction (figure 5.1.1).

Figure 5.1.1: averaged data for the only subjetit WS who demonstrated modulation of the PPRs
to perturbation (torque). Note three componentthefreaction to the biceps loadings in the EMGs
of biceps (thick traces): the first one, monosyitgptith a latency of about 30ms, the second one,
re-programmed, with a latency of about 70ms andtliltd one, voluntary, with a latency of about
250ms. when the instruction was changed from “dibreact” to’react” the amplitude of the second

component increased. EMG scales are\Mintime scale in ms
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This is an encouraging finding because it suggeéstisthe ability to modulate these reactions might
not be totally absent in all individuals with DStprather, that these reactions may be profoundly
impaired.

To further analyze PPRs in DS, Latash et al (1988plied predictable and unpredictable
perturbations to a group of eight persons with B¢l between 15 and 35 years), with the same
apparatus of the previous study. Subjects undertheae sessions: in the first session they were
instructed not to react to an unpredictable loadheé second session they were instructed to teact
the unpredictable load and in the third sessiog tial to react to a predictable perturbation (they
were told the direction of the perturbation). THeynd PPRs occurring at about 60 to 70 ms (figure

5.1.2).

Figure 5.1.2: examples of the averaged EMG reastiorihe biceps and lateral head of the triceps
of a subject to the maximal loading (increase m éltending torque, broken traces) and maximal
unloading (decrease in the extending torque, stbdes). The upper pairs of EMG traces
correspond to the instruction “react”, and the Iowaces correspond to the instruction “let go”.
The EMG for the “let go” are inverted to providettee visual comparison. P=instant of

perturbation onset. EMG scales are \fy time scale in ms.
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Unlike their previous study (Latash and Corcos, 1)98nd other reports on deficits in pre-
programming in DS (Sumway-Cook and Wollacott, 198%)of the subjects with DS were able to
modulate their PPRs in at least one muscle groupegponse to a change in the instruction,
although with quite different patterns of modulatioPatterns of muscle activation in DS
represented a mix of reciprocal strategy for treejps and of a co-activation strategy for the other
muscles acting around the elbow joint. The autlexglain these finding in light of a decision-
making problem that may have caused an incomplatierstanding of the instructions in previous
work. Also psychological variables, such as nermess, may have played a role in masking the
capacity of PPRs modulation in previous work.

Subjects with DS demonstrated the ability to modutae PPRs depending on the direction of the
perturbation (loading or unloading). In particularconsistent increase was found in the corrected
EMG integrals for the biceps in response to theliligs and a consistent decrease was found in
response to the unloading. Unexpectedly, however,predictability effect was found, and
predictable perturbations did not lead to moreadpcible and pronounced PPRs, probably due to a
residual doubt about the task conditions.

The authors stress that no abnormality was fourtdeémmotor control mechanisms of subjects with
DS. In their opinion this happened because theotemible and “friendly” conditions of the
laboratory lead to virtually normal performancetiwe motor tests, whereas in daily-life conditions
persons who feel unconfident in their abilitiesntake quick judgments concerning current motor
tasks, current conditions of execution and thessgae future changes will tend to suppress those
control mechanisms that may be potentially harndulch as fast movements and modulation of
PPRs. If this hypothesis stands, the authors cdec¢lmost of the differences between DS and
controls may be subjected to correction by extensikplanation and practice. This is in agreement
with what has been demonstrated by Corcos et &3)18nd Almeida et al (1994) for single joint
voluntary movements in individuals with DS: thesghars showed that subjects with DS can use
patterns of muscle activation that are quantitativendistinguishable from those used by
neurologically normal individuals and, with appriape training, they can achieve similar levels of

motor performance.

Methodological problems in the analysis of stratetlex and pre-programmed reactions
When analyzing the EMG signal, especially in relatto PPRs, some methodological difficulties
are stressed in literature. These problems aréetela the analysis of the signal and to physical

features of DS.
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Analysis of EMG signal

A core problem when analyzing stretch reflex andR®#s signal processing. Most of the studies
record EMG signals from surface electrode to avbelinvasive and painful needle technique, at a
price of a more noisy measure. Once the signabbas recorded (at a frequency000Hz) it must

be processed. As stated by Latash (2008), it id twaoffer rules for EMG processing, particularly
when dealing with a very noisy signals, such asRR&s components in persons with DS, whose
peaks are quite commonly merged and poorly diffgaed. However, some guidelines are present
in literature (Yamamoto et al, 2000; Latash etl@93). The EMG is amplified (1.600x) and high-
pass filtered with a cut-off frequency of 40-60 Itz reduce instrumentation noise as well as
possible electrode reactions to purely mechanaabfs. A low-pass filter with cut off frequency of
500 Hz is then used. Trials are full-wave rectifi@ad smoothed by a 10 ms or 25ms moving
window. The instant of the perturbation onset {#0jlefined by visual inspection and all the EMG
signals were aligned at time tO for averaging. Abb@+12 trials are collected for averaging. The
latencies of the M1 (monosynaptic reflex), M2 an8 PPRs) peaks are then calculated. Starting
from the time of perturbation (t0), different labsn ranges have been proposed for the
monosynaptic and PPRs reflexes of the upper lirepedding on the distance between the muscle
and the spinal cord and on the type of perturbatiable 5.1 in the next page shows different
activation ranges for the upper limb muscles, asculeed in literature, during external
perturbations with a preload and the request teisteéhe perturbation”.

It can be noted that the ranges of latency arealikriacross authors and that the latencies for
subjects with DS and for control subjects resuiitetihe same ranges. Authors agree that reasonable
latencies for the monosynaptic reflex of the flexamrd extensor muscles of the upper limb are
around 25ms whereas PPRs should occur between d@Gms. Yamamoto et al (2000) found
higher values for the peak M3, whereas Gielen €388), who performed needle EMG, noted that
over 75ms voluntary reactions already start to plagle.

Extraction of PPRs peaks is complicated by the faat the amplitudes of the reflexes are not
defined in the papers and peak M2 is not alwayseprie(Latash, 2008). Thus, the identification of a
peak relies mostly on the kind of pre-processingdusn the latency range defined for that reaction

and on visual evaluation of the signal.
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Authors Group Kind of | Muscles, Monosynaptic | PPR lat.
(number) | analysis | perturbation direction lat. mean (sd)| mean (sd)
(ms) (ms)
Gielen et al,| Healthy | needle Triceps b., 31(2) ms 56 (4)
1988 adults EMG flexion
(5) Triceps b., pronation none 61 (4)
Brachialis m., extension| 28 (1) 52 (2)
Biceps b., extension25 (2) 50 (4)
pronation
Biceps b., 31 (3) N/A
flexion supination
Yamamoto | Healthy | Surface | Biceps b., extension 15-30 M3: 75-90
et al, 2000 | adults EMG
(10)
Latash and Teenagers Surface | Biceps b., extension <50 70-80
Corcos, and adults EMG
1991 with DS
(10);
Healthy
adults
(6)
Latash et al| Teenagers Surface | Biceps b., extension <50 60-70
1993 and adults EMG
with DS
(8)

Table 5.1: activation ranges for the upper limb aesduring external perturbations with a preload

and the request to “resist the perturbation”

Velocity of signal conduction and allometric feasi in DS

When analyzing EMG signals one should take int@antat least two possible features of subjects
with DS that may play a role in nerve conductiod aesult in differences in the EMG signals of

controls and subjects with DS.
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The first difference deals with velocity of sigr@induction. Some evidence (Chen and Fang, 2005;
Epstein, 2001; Ferri et al, 1996; Shah, 1979; Sinret al, 1969) is present of a slowed velocity of
conduction in children and adults with DS, whicls Heeen linked to DS-specific neuropathologic
and neurochemical abnormalities, such as abnorreadrdic spine morphologic features and
numbers and different myelin composition. Othehatg (van Trotsenburg et al, 2006) suggest that
thyroid hormone deficiency may also be relatedetove conduction abnormalities in DS.

The second feature to be considered is allomet&gple with DS, in fact, have lower heights than
the general population, with shorter arms and ledgsch obviously affects conduction time. In
general, the studies reviewed about EMG analysB3n(Gielen et al, 1988; Koshland et al, 1991;
Yamamoto et al, 2000; Latash and Corcos, 1991; Sfays€ook and Wollacott, 1985) do not take
into account these problems, except for Latash €993), in which the authors did not provide a
control group of reference because of allometiifeténces between controls and DS. However, the
authors discussed their findings in light of qualite comparisons with the control population of
other studies present in literature.

Thus, it seems that velocity of signal conduction allometry do not prevent EMG analysis and
comparisons with controls. Another considerationsupport to this hypothesis is the notable
amount of experiments regarding reaction time task3S (for example Brunamonti et al, 2011;
Obhi et al, 2007; Davis et al, 1991; Nettlebeck &nelwer, 1981). Clearly, velocity of conduction
and allometry play an important role in this kinflstudies, which are among the most used to

analyze rapid processing and decision-making infD&mparison with controls.

Literature stresses the importance of the stre¢flex and, moreover, of PPRs mechanisms for

movement correction and proper motor control. Thesehanisms develop since early ages and

can thus help investigate the early stages of matoirol development. Since subjects with DS

show impairments in higher motor control mechanigtnsould be interesting to evaluate the

efficacy of the primitive control reactions in tipspulation, to understand whether the difficulties

in motor control are present since birth or if trdgvelop later as a consequence of the different

child’s sensorial, cognitive and motor experiences.

To partially shed light on this important topic, @ealyzed the pre-programmed reactions (PPRS).

These reactions were chosen because they had staresting features:

- they are among the first mechanisms to developaity estages of the child development

and, given the fact that children with DS expereergdelays in the motor milestones
compared to their peers without DS, they can bé&etinto early phases of motor

development in DS;
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- since they are crude responses modulated by mstnuction, once the instruction has been
fully understood by the subject they are less &by decision making deficits: while the
preparation of the PPR implies the work of a “higleenter such as the cortex, the loop of
the reaction does not involve the “higher” centard it allows studying control mechanisms
with a less masking effect from voluntary will;

- they can be studied with a simple experimentaupdin terms of instrumentation, duration,
instructions to the performer), avoiding fatiguel doss of attention by the subjects.

In combination to this, the study of stretch refleay add evidence to the hypothesis of the
presence/absence of a deficit in the regulationthef stretch reflex in DS, providing important
information on the role of hypotonia in DS, and sequently on the therapeutic strategies that may
be applied. For these reasons, and given the litdeature regarding DS, we analyzed fast
movement correction mechanisms during resistanem texternal perturbation of the upper limb in

subjects with DS and in controls.

5.2 Methods

Subjects

8 subjects with DS (mean age * standard deviaB@ré + 9.2 years; 58.8% males, 45.2% females)
and 21 age-matched normally developed subject{rffépan age + standard deviation: 29.0 = 4.0
years; 50.0% males, 50.0% females) were evaludtetiusion criteria and more details can be

found in appendix I.I and LII.

Acquisition

The experimental protocol was designed with poeabstrumentation, to allow easy transfer to
every laboratory or clinical structure. Most of tlmeethods in literature require controlled
movements. However, we decided not to constrainjaire movement, to allow more natural
conditions of testing (Latash et al, 1999; Lacqtiamd Soechting, 1986).

As shown in figure 5.2.1 the subject seated on airctvith his dominant arm flexed at
approximately 90° and holding the handle of a buakdiis dominant hand. This preload was used
to activate the motor units and elicit reflex atyi\(Gielen et al, 1988).

Two EMG sensors recorded the biceps brachii camgum and triceps brachii lateral head activity

of the dominant arm.
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Figure 5.2.1: experimental set up

At the bottom of the bucket a pressure switch weasdf a small hole at the bottom allowed the wire
to pass outside the bucket and to connect the sémgbe recording unit attached outside (figure
5.2.2). Subjects were told that the examiner wasgyto throw a weight inside the bucket and that
they had to resist the perturbation and come badke start position as soon as possible. Vision
was excluded to avoid preliminary adaptations &sweight approached the bucket. Extensive

explanation and demonstration was provided to nsake that they had understood the instructions.

Figure 5.2.2: the pressure switch (on the left) Weesd at the bottom of the bucket, whereas the
record unit (on the right) was attached outsidebtineket

Without giving notice to the subject, the experiteeriet a 2kg weight fall inside the bucket. The
initial position of weight-throwing was similar ass trials, and it was close to the bucket border.

The task was repeated 20 times, with pauses ewefhy®trials to allow arm rest.
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Instrumentation
The tasks were acquired using a portable wirelésstremyograph integrated with a pressure
switch (BTS, Italy). More details about the laboras and the instrumentation can be found in

appendix II.

Data elaboration

The EMG and switch data were exported in .txt files8Sng SmartAnalyzer (BTS, Italy), see
Appendix IV. The files were then uploaded and psseel in MatLab (MathWorks, USA). Each
trial was band-pass filtered between 20 and 499lith & 150" order zero-phase forward and
reverse digital FIR filter. A Kaiser window was dse design the filter. The Root Mean Square
(RMS) of the filtered signal was calculated usingOans time constant to enhance the EMG peaks
with no biasing of the temporal changes in the aigWeeks et al, 2000; Merletti and Di Torino,
1999).

Figure 5.2.3 shows the steps of elaboration (ragwadj filtering, RMS) for a single signal.

Figure 5.2.3: EMG signal (in blue) for a subjecthwDS and pressure switch signal (in red) that
shows the instant of perturbation onset. Upper Ipam@ev signal;, central panel: band-passed

filtering; lower panel: root mean square (RMS)

EMG signals were aligned at the perturbation ot@etlefined as the instant in which the switch
signal became “on”, and averaged for each partitjghen a moving average filter with a window

of 8ms was used to smooth the data (figure 5.2.4)
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Figure 5.2.4: average of 20 trials from the sanges with DS (upper panel) and smoothing v

a moving averagyfilter (lower pane

The peaks of latency for the monosynaptic refled)nd for the PPRs (M2, M3) were defined
visual selection on the smoothed data. In particallee M1 latency range was set between 20
49 ms, M2 and M3 latency ranges weset between 50 and 80ms (figure 5.2.5) (Latash
Corcos, 1991; Latash et al, 1993). After peaksatiete the M1, M2 and M3 latencies frctO (ms)

were computed.

Monosynaptic reflex and PPRs peaks

=
E o015 /
f=2]
£
o
0.1 /

25 o 25 50 75 100 125 150 175 200 225 250 275 300 325
time [ms]

Figure 5.2.5: definition of the peaks M1 (in blus)2 (in green) and M3 (in black) f¢he biceps of
a subject with DS

The crosszorrelation functions (CCs) between the pairs @draged EMG signals were calcula

for each subject after filtering the EMGs with aH40secon-order Butterworth filter (figure 5.2.¢
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to analyze the presence @fnergies between the biceps and triceps musckasgh et al, 199!
Aruin et al, 1996).

== SR
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Figure 5.2.6: normalized crosstrelation function for biceps and triceps EMGnsilg in a subjec
with DS

Such additional filtering was done to obtain thkative timing of EMG envelops. The CCs descl
the probability as a function of time that thereadivity in one muscle given the activation
another muscle. Such an analysis provides a re@balization of the temporal relationsh
between the padtns of activation of different muscles. The CCswarmalized between 0 and
Peak values of the normalized CCs and time shiftg Of the peaks were measured (for conver
we defined the shift of the biceps respect to prje

Co-contraction wasefined as a zero time shift in the CC peak (CCts@iims) and the percenta
of occurrence of c@ontraction was calculated for the two gro

We preferred the CCs analysis rather than the measnt of time delays between the onset
EMG bursts becae the second method works reliably only in cageseti-defined EMG bursts
on the background of a relatively quiescent muselevious experience suggested that per
with DS could demonstrate a substantial level atkgeound muscle «-contraction tat would
make this method unreliable. In addition, holdihg forearm and the hand in the initial posit
required a degree of muscle contraction even in control subjects (Latash el@85; Aruin et al
1996).
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Statistical analysis

Significance level was set at p-value=0.05. Theribistion of the data was verified using the
Kolmogorov-Smirnov test of normality. A Mann-WhitnéJ- Test was used to compare results
from the Ds and N groups (p-value < 0.05). The med25° and 75° percentile values were used to

describe the data.

5.3 Results

All the subjects were able to complete the evatmatNone of the subjects reported fatigue or
demonstrated loss of attention during the execution

Data analysis revealed that peak M2, corresponiirige first PPR, was not always present in the
subjects, because sometimes the two peaks M2 anchéi@ed into one, in agreement with what
was found in literature (Latash, 2008; Yamamotastt 2000).

Figure 5.3.1 shows an example of a subject thatemted only the monosynaptic and M3 responses

(panel A) and of a subject that presented the cetaglet of peaks (panel B).

Figure 5.3.1: RMS of the EMG signals from a subjbat showed only the monosynaptic and M3
response (panel A) and of a subject who showeddhwlete set of peaks

Table 5.2 displays the latency values for the pédksM2 and M3 and the CC shift for N and DS.
Note that peak M1 was not considered for the ts¢cence the perturbation caused an extension

movement of the elbow, stretching the biceps amdtshing the triceps.
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DS N

Latency (ms)

Biceps
M1 34.00 35.50

(27.25, 38.75) | (28.25, 38.75)
M2 59.00 56.00

(52.50, 62.50) | (51.50, 59.00)
M3 60.00 60.00

(58.50, 62.50) | (59.00, 72.00)
Triceps
M1 -- --
M2 53.00 58.00

(52.00, 55.00) | (50.50, 59.25)
M3 64.50 67.50

(60.25, 66.75) | (64.50, 76.25)

Cross-correlation

Presence of cot 75.00 66.50
contraction (%)
CC shift (ms) -0.50 -2.00

(-1.25, 0.25) | (-6.00, 0.00)
CC peak 0.96 0.97

(0.94,0.98) (0.96,0.98)
Table 5.2: median (25°, 75° percentile) valuestha latencies of the peaks M1, M2, M3 of the

biceps and triceps muscles and for the CC shitSrand N.

The results evidenced no significant differenceMeen the peaks latencies of N and DS. Also the
time delay between biceps and triceps, as represédnytthe CC shift, was comparable in DS and N.
However, a tendency towards a more predominanbiuse-contraction was suggested in DS by the
percentage of co-contraction and by the valuee®faC shift (closer to 0.00), even though with no
statistical significance. More subjects may be eded the DS group to give this trend a statistical

significance.
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5.4 Discussion
In previous chapters we documented the perceptosdmdifficulties of subjects with DS when
executing a functional task and the decreased tiseedforward control in these subjects, with
consequent slowed down and less efficient perfooeanThe previous chapters gave proof of the
prevailing effect of motor planning deficits in DBut left us with some unanswered questions
about how to design a focused rehabilitative thgrap
- What are the neural basis of the motor controled#iices between subjects with DS and
controls?
- Are these differences present since birth or dy tlesult from the interplay of neural
development and sensory, cognitive and motor egpees as the child grows up?
- What are the rehabilitative strategies that couldsgply lead to a maximization of the
residual abilities of DS?
It is essential to understand whether motor condlitflculties are present since birth or if the
neuromotor patterns of subjects with DS are paaépthormal at birth, to provide evidence for the
necessity of early intervention programs in thigydation. In addition, it is important to provide
evidence on the debate about the role of hypotonaS. Hypotonia, which is associated to the
pathology of the stretch reflex mechanism (Gilmamle1981), has been largely addressed as the
main problem in the motor deficits of persons wiiB (Cicchetti et al, 1976; Dyer et al, 1990;
Akerstrom and Sanner, 1993; Lauteslager et al, 19898 this view as been recently questioned
(Davis and Kelso, 1982; Shumway-Cook and Woollac#85; Latash and Corcos, 1991; Anson,
1992).
To study the functioning of these elements in thegamcontrol of DS we defined a very easy-to-
apply set up. We chose portable and user-friendifrumentation to allow the acquisitions to take
place virtually everywhere.
We calculated the latencies from perturbation ofsethe monosynaptic reflex and for the PPRs,
and in addition we computed the cross-correlatiorcfion between pairs of antagonist muscles of

the upper limb to investigate the presence of gyasr

Mechanisms for fast movement correction in Dowrd&yne

This study evaluated the stretch reflex and PPRsharesms for movement correction. The results
about latency showed no differences between grtmrgke peaks in the biceps and triceps in terms
of peak delay from onset of the perturbation, ssgjigg that, in terms of latency, there is no eviden

difference between DS and controls in the monosymapflex and PPRs. This is partially in

agreement with Sumway-Cook and Wollacott (1985)0wbund normal stretch reflexes but
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delayed long latency responses during perturbatidhe standing position in children with DS, and
is in total agreement with Latash and Corcos (19@hp evaluated perturbations in the upper limb
in teenage to young adults with DS, an age ranggacable to the one of our study.

These results provide evidence that, since thé&chtreflex seems normal, motor deficits in persons
with DS do not result from hypotonia, or at ledsstis not the primary cause, but instead they
result from deficits in higher afferent pathwayslamn efferent pathways in response to the stimuli.
Thus, we can agree with Latash et al (1996) anaA($992) who questioned the role of hypotonia
as a central problem in DS, and stated that the oblhypotonia in accounting for movement
disorders in individuals with DS can no longer lmnsidered a default explanation. This may
explain why traditional treatments that focus ompiiaving muscle tonus in children with DS show
little functional gains in the acquisition of despmental skills.

In the course of this study we did not find anyibasbnormality in the early motor control
mechanisms of subjects with DS. The presence ohalostretch reflexes and PPRs suggests that
under friendly and encouraging laboratory condgiand extensive explanation of the task subjects
with DS can reveal normal patterns of activatiom fast movement corrections. Since these
mechanisms develop in the early phases of lifesetliesults provide evidence to the hypothesis that
neuromotor patterns in DS are comparable to thdseoomally developing infants at the very
beginning of their sensorial exploration of theeeral world. However, some changes occur very
soon after birth, which cause a delayed or a diffeneuromotor development in DS (we will try to
shed light on the possible causes of these chandbe next chapter). This is clear if we takeoint
account previous results from chapter 3, whereegtet complex functional movements, finding
not only slowed down performances, but also difierenotor strategies in DS. Whether
development in children with DS can best be undedstin terms of a slowed-down version of
normal development, i.e. with only the rate andpanat distinguishing development in children
with DS from normally-developing children, or whethdevelopment in DS differs in fundamental
ways from normal developmental processes is a $dagding debate in physiotherapy, because it
leads to different conclusions about the best néitettve strategy to be adopted. Some data support
the view that there are significant differenceshow development unfolds in children with DS
(Latash et al, 2008; Nadel, 2003), consistentlyhwihe growing body of data from the
neurosciences showing significant differences adtructure of the DS brain and in how it works
(Dierssen, 2012), whereas other propend for thayeddl development hypothesis (Sacks and
Buckely, 2003), noting that all the basic motoiiskare achieved by infants and children with DS
in the same order, but usually at significantlyesldges when compared with typically developing
infants and children (Sacks and Buckley, 2003 Bdrry et al, 1980, Winders, 1997).
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Patterns of muscle activation in Down Syndrome

Co-contraction is a well known feature of DS inwalary movements (Almeida et al. 1994; Aruin
et al. 1996). An indirect proof of the presence&micontraction strategies in voluntary movement in
DS was found in chapter 3 for the tapping task.eBdvgroups of researchers noticed that EMG
patterns during PPRs induced by external mechamedurbations looked like those during
voluntary movements performed by the same musdepgr (Gielen et al, 1988; Koshland et al,
1991; Lacquaniti and Soechting, 1986). TherefoRR& can tentatively be viewed as consequences
of central commands corresponding to a quick valyntmovement in an appropriate direction.
According to the views of Gelfand and Tsetlin (1p96luntary movements of a limb are controlled
not with individual commands to muscles and joibtg by uniting joints into a structural unit
which is controlled as a whole. One may hypothe#iaé such an organization is flexible and based
on the lifetime experience of a person. As sucbaiit show differences among persons while being
reproducible within each particular subject acrtesks (Latash, 2000). This would explain the
different motor strategies found for the subjedtour study as well: in fact, a mix of muscular
patterns was found in both groups, with subjectsvaing reciprocal patterns of muscular activation
and others showing co-contraction patterns.

The mixed strategies in the groups of subjectsltebin no significant difference between groups
in the patterns of muscular activation. A high petage of control subjects and subjects with DS
used co-contraction, with median values of the Gift slose to zero. Figure 5.4.1 in the next page
shows the RMS traces of the EMG of a subject whmwvell an alternated pattern of activation
(panel A) and of a subject who showed a co-contnacttrategy (panel B).

Two factors may play a major role in the organmatof muscular patterns: the desire to preserve
control over the trajectory of the most importaoinp, typically the endpoint (Latash, 1996) and the
desire to stabilize the trajectory of a joint whaosiations exert significant effects on the endpoi
trajectory (the elbow joint in our study). The &tfactor may lead to co-contraction of antagonist
muscles when a movement occurs, as we found in @6%ubjects with DS and in 66.5% of
controls. Latash (2000) compared the efficacy ef ¢b-contraction and of the reciprocal pattern
strategies by measuring deviations from initialipos at 200ms after movement perturbation. He
found that the reciprocal pattern of PPRs seemede nefficient than the co-activation one.
However, both strategies allowed task achievenard,co-contraction was more used in presence
of uncertainty in the external conditions, as ie tbase of our experiment, where a sudden,

unpredictable perturbation required a fast response
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Figure 5.4.1: RMS of the biceps (in blue) and eéin red) signals and cross correlation function
(in black). Panel A: subject who showed a syneagiséhavior with an activation delay between
biceps and triceps (CC peak it<0); panel B: subject who showed a co-contractimategy with a

simultaneous activation of the biceps and tric€S peak in t=0)

The fact that co-contraction during the preserk teas present in most of subjects with DS, but not
in all subjects, also highlights the fact that & jpé the subjects was able to use synergistiepadt

of activation. The presence of friendly, predictaldboratory circumstances and the extensive
demonstrations and explanations provided beforemxental execution may have lifted some of
the self-imposed restrictions in the subjects’ nmegats, leading to a change of motor strategy in at
least some of the subjects with DS.

Thus, it seems reasonable to hypothesize, in litle Aruin et al (1996) and Latash et al (2003),
that the presence of co-contraction may be an a@aptechanism in response to the inability of
subjects with DS to make quick, accurate correstiamd that it may be seen more like a voluntary
choice than like an inability in exploiting othectaation patterns. The fact that co-contraction
during the present task was present in most ofestdbwith DS, but not in all subjects, highlighted

the fact that a part of the subjects was able &sysergistic patterns of activation. The fact that
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most of control subjects used co-contraction ad,welggests that this strategy provided better
chances for task achievement in presence of urgtaddlity. Thus, the patterns of co-contraction,
so frequently described in subjects with DS, magdéen as an adaptive mechanism in response to
the inability of these subjects to make quick, aatmi corrections, revealing a decision making

problem more than a lack in the acquisition of otnetivation patterns.

These findings highlight the importance of earliemention programs in DS: the idea of a relative
normalcy at birth is potentially of the greategjrgiicance, since it seems to create the oppostunit
to do something about the not-yet-created diffezsrtbat quite clearly do emerge during the period
right after birth. There is increasing body of ende that early intervention can have a direct
impact on brain development in several pathologsesh brain plasticity is one of the best hopes
for bringing about significant improvements in fi@spects of individuals with DS. At this time it
is not known, from a theoretical or empirical prestive, the extent to which experience can cause
changes in normal brain development (Nadel, 20B®)wever, some of the differences found
within 6 months of age in infants with DS are exgzed in terms of the proportion of individuals
with DS who show abnormal values, rather than imseof a uniform abnormality in all instances.
Thus, the variability in the population with DS,esvin the first stages of life, seems to suppaet th
idea that early varied experiences may be fundaahéot the neuromotor development of these
subjects, leading to different degrees of neuromdisability based on the amount of experience
practiced.
The use of imaging techniques in infants with DSyrhalp investigate the delicate early stages of
their development, providing major information tbe definition of rehabilitative treatments. Two
guestions seem to be most relevant:

- What kinds of changes occur in the very first ssagé infants’ development, which are

responsible for the neuromotor development in DS?
- Should we refer to the motor development in DS a%elayed” version of normal
development or as a “different” development?

In the next chapter we will review the literatuteoat motor development in DS with a focus on the
neural patterns that develop at early stages. Wk also draw some conclusions about

rehabilitation in DS, based on this literature andhe results of this study.
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We have seen from the previous chapter that the prositive reactions, the ones that are present
since the very beginning of life, seem to be corabla with controls in DS. However, important
differences in motor control arise if we evaluatedtional movements, such as the ones analyzed in
chapter 3, where more complex reactions are neadddhe interplay between feedforward and
feedback mechanisms defines the successful accmpnt of the task. In this last case, in fact,
subjects with DS seem to employ different motoatsigies and to choose movement safety over
movement efficiency as the main parameter of og@tinon. For this reason, subjects with DS seem
to rely more on feedback control, whereas contrdijects rely more on feedforward control.
Clearly, something occurs in the very first phaskdevelopment, that leads from the potentially
normal mechanisms of control of the early stagel§eto the different motor control strategies of
older infants and adults with DS. This may be vidwe light of a retardation or in light of a
different development. A wide debate in literatuege present in fact about whether motor
development in DS should be considered as a slalwach version of “normal” development or as
a standalone development that follows alternatia¢hg If the first hypothesis applies then
rehabilitation could be focused at bringing back gatterns of movement into normality ranges.
However, if the second hypothesis applies, rehabidin should be focused at improving the
already formed strategies in the adult, whereaanaple room of improvement could be present in
the early stages of life. The purpose of this obiaistto review recent literature on the role afinad
pathways development in the acquisition of motalisskn infants with DS, to provide evidence
either for the “different” or the “delayed” motoowtrol hypothesis and to match the neuroimaging
findings to our results from previous chapters.particular, the following literature review will
focus on the development of the corticospinal traatormally developing children and following
brain damage. The study of brain damage can gipeitant insights also for pathologies, like DS,
where there is no focalized “damage” but generdldiéferences in several sites at different neural
levels, because it helps understanding how certhianges in the contour conditions affect

development of the neural circuits.
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Finally, based on all the considered factors, W autline some important therapeutic advices for

a focused treatment of children and adults with DS.

6.1 Corticospinal development and plasticity in nomal development and following damage

In the 1950s, animal research first showed devedopim the sensory regions after birth. During
sensitive periods, the environment plays a majde o normal development. This research
indicated that from early postnatal time through tfext several months or years, the brain went
through synaptogenesis followed by synaptic prunivigich represents the creation and elimination
of synapses during growth.

The corticospinal system (CS), critical for conlir) skilled movements, develops during the late
prenatal and early postnatal periods (Martin et2807; Porter and Lemon, 1993). Eyre (2003)
reviewed the studies about CS development and ptasticity in animals and humans. Studies on
embryonic human brain development between 6 andéksvpostconceptional age (PCA) revealed
that the cortical plate is barely formed at thateti Surprisingly, the most widely quoted studies of
human CS tract development (Humphrey, 1960; O’'Rahihd Muller, 1994) claim that CS tract
axons reach the medulla by 8 weeks PCA. Decussatithrought to occur before 15 weeks PCA,
and CS axons to reach as far as the lumbar enlargehy 18 weeks PCA. Remarkably little
neuroanatomical work on the developing human C$t theas been done since the original
observations. Eyre et al (2000a, 2002) recentlyficoed that human CS axons reach the lower
cervical spinal cord by 24 weeks PCA at the latEstlowing a waiting period of up to a few
weeks, they progressively innervate the grey matteh that there is extensive innervation of
spinal neurons, including motoneurones before bBth 40 weeks PCA CS axons have begun to
express neurofilaments and to undergo myelinatibhe anatomical findings of early CS
innervation are confirmed by neurophysiologicaldgs demonstrating that functional synaptic CS
projections to motoneurones and to spinal intermesiare established prenatally during the final
trimester of pregnancy (Eyre et al.,2000b). The lwoed morphological observations provide
strong evidence for prenatal establishment of fonal CS innervation in man, even though it is
not associated with a significant developmentakstdne of motor behavior (Eyre, 2003). Rather
than furthering motor control per se, this earlyarvation most likely occurs to allow activity imet

CS system as a whole to shape the developmenteahtior cortex and the spinal motor centers
(Eyre et al., 2000b; 2001).

In the newborn, Eyre et al (2001) demonstrated ifsegimt bilateral innervation of spinal

motoneuronal pools from each motor cortex. In ltudjnal and cross-sectional studies of normal
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babies and children, neurophysiological findingat thre consistent with withdrawal in significant
numbers of CS axons over the first 24 postnatalthsorhave been observed (Eyre et al., 2001).
Furthermore, rapid differential development of tpsilateral and contralateral projections occurs
over this time, so that responses at 2 years pastage in ipsi-lateral muscles are less frequent,
significantly smaller, and have longer onset laiencand higher thresholds than responses in
contralateral muscles, giving start to the neurdflei@ntiation and shaping. This differential
development of the ipsilateral responses is cadistvith a grater withdrawal of ipsilateral
corticonotoneuronal projections than contralateaalhas been observed during the development of
the CS tract in animals (Joosten et al., 1992)addition, it is consistent with faster growth of
axonal diameters in the contralateral CS projecti@m in the ipsilateral projection. The small and
late ipsilateral responses observed in older atmidmd adults are consistent with the persistehce o
a small ipsilateral corticomotoneuronal projectiaith slower conducting axons than contralateral
projections. This conclusion is supported by thauits of anatomical studies in man and monkeys
demonstrating that, in maturity, the CS tract hggreximately 8 to 15 percent of uncrossed axons
(Nathan et al., 1996). These ipsilaterally growpngjecting axons have been shown in man and in
non-human primates to arise from similar areahefdortex and to have a similar pattern of spinal
innervation to the contralateral projection (Liu@hambers, 1964; Nathan et al., 1996; Galea &
Darian-Smith, 1994).

It is now increasingly appreciated that the CSesysis capable of substantial reorganization after
lesions and such reorganization is likely to undetthe partial recovery of function (Eyre et al.,
2001; Eyre et al., 2002). Clearly the developingvaoas system has a much greater potential for
plasticity, which can involve plasticity not onlyf the motor areas of the ipsi-lesional cerebral
cortex but also of the contralesional cortex, tt& t€act, and the spinal cord network (Benecke et
al., 1991; Carr et al., 1993; Cao et al., 1994; ibevet al., 1994; Maegaki et al., 1995; O’Sulliven
al., 1998; Balbi et al., 2000; Eyre et al., 200Bgte et al., 2001). Since the young human brain is
highly plastic, brain lesions occurring during deyenent interfere with the innate development of
the architecture, connectivity, and mapping of fiows and trigger modifications in structure,
wiring, and representations (for review see Payre®aber, 2001).

Repeated observations in man have demonstratedastibk plastic reorganization of the motor
cortex and CS projections following prenatal oripatal lesions to the CS system (Benecke et al.,
1991, Carr et al., 1993; Cao et al., 1993; Lewinal ¢ 1993; Maegaki et al., 1993; Graveline et al.
1998; Balbi et al., 2000; Eyre et al., 2000a; 20Dickbroom et al., 2001), as reviewed by Eyre

(2003). The findings of these studies are remaykamnsistent with those made in animals
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following perinatal lesions to the CS system. Inldilen and adults who have suffered extensive
damage to one motor cortex early in developmegpifscant bilateral CS innervation of spinal
motoneuronal pools persists from the undamageddmare. These observations have been made
following perinatal unilateral brain damage risifigpm a variety of pathologies, including
infarction, dysplasia, and arteriovenous malfororadi (Benecke et al.,, 1991; Carr et al., 1993;
Maegaki et al., 1993; Balbi et al., 2000; Eyre let 2000a; 2001; Thickbroom et al., 2001). Short
latency ipsilateral responses do not occur in nbsubjects outside the perinatal period. Nor do
they occur in subjects who acquired unilateralicattlesions in adulthood, establishing that fast
ipsilateral responses are not simply unmasked liataral lesions (Netz et al., 1997; Eyre et al.,
2000). Furthermore, the responses in contralateradcles evoked by stimulation of the intact
motor cortex, although within the normal rangedge are abnormally clustered toward short onset
latencies and low thresholds (Eyre et al., 200bgether these findings imply not only bilateral
innervations of motoneuronal pools but also anease in the number of both fast conducting
ipsilateral and contralateral CS axons from thednhthemisphere following perinatal unilateral
lesions of the CS system. This conclusion is supgdoby the direct measurement of CS axonal
number in the bulbar pyramidal obtained at posttemor These measurements demonstrated
significant increases in the number of CS axongjqudarly the larger diameter axons projecting
from the intact hemisphere in adult subjects wjthstic hemiplegic cerebral palsy in comparison
with normal subjects and those with lesions acquire childhood (Verhaart, 1950; Scales &
Collins, 1972). Similarly, magnetic resonance stadf subjects with early unilateral brain damage
demonstrate an increased size of the CS projefrbiom and shift of cortical sensorimotor functions
to the intact hemisphere (Cao et al., 1994; Leveinal., 1994; Maegaki et al., 1995; Graveline et
al., 1998; Muller et al., 1998; Holloway et al.,989 Wieser et al., 1999; Chu et al., 2000). Taken
together, these observations support the persestehipsilateral and contralateral CS projections
from the intact hemisphere following unilateral iordamage early in development, which would
normally have been withdrawn during subsequent ldpw@ent. While the results of some studies
indicate that the increased ipsilateral CS propatiarise from the primary motor cortex of the
intact hemisphere (Sabatini et al., 1994) a morangon finding is that of the projection arising
from non primary motor and multimodal associatiogaa of the non affected hemisphere (Pascual-
Leone et al., 1992; Cao et al., 1994; Lewine €t1&194; Graveline et al., 1998; Chu et al., 2000).
These observations imply the maintenance of CSptions in the damaged nervous system from
areas of the cortex where axons projecting to pieas cord would normally have been withdrawn
during development. Thus, any lesion at the cemalous system level leads to a reshaping of the

neural pathways according to a “use it or loseitiiiciple. Although these studies regard damage at
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the central nervous system level, a similar reagpmay be applied if differences (not necessarily
related to lesions) occur in the peripheral nerveystem. Differences at any level of the neural

pathways, from afferent sensory pathways to effemgathways, in fact, may be related to a

different development of the central neural syséanthe loop of the neural system shaping evolves.
In this process, the role of afferent sensory disgcihat provide information to the nervous system

and through which the shaping of the neural systeaives, seems to be very important and will be
further discussed in the next paragraph.

6.1.1 Plasticity and the role of sensory-motor expiences

A key question is the extent to which motor develept reflects a sequence of events that is
largely independent of an individual’'s particulaqperiences. Early-developing brain stem motor
tracts (Martin et al, 1980) and spinal circuits ldomediate the simple postural responses and
rhythmic behaviors that comprise most of a neosatedtor repertoire. The late-developing CS
tracts (Martin et al. 1980; Martin, 2005) could nz¢d the more complex and integrated movements
that are expressed in older infants. Geneticathetd sequences of motor pathway and circuit
development could set the stage for an experigmapendent elaboration of controlled movements
that humans, and animals alike, show during eadgtratal life. Alternatively, early motor
development may depend on motor experience and attieity-dependent processes (Martin et al,
2007). It is known that the molecular guidance gosdhe formation of topographic sensory maps
in the brain function in cooperation with the aittivof sensory neurons. Moreover, learning of new
skills is a life-long function of the motor systentsarly motor system development may rely on
active learning and experience to help direct thgiad of structural changes taking place,
especially after motor pathway axons grow to tharmgets. Surprisingly, little is known of the
importance of motor experience and activity-depahgeocesses in shaping development of the
motor system and the behaviors they control. Maatial (2007) focused on the CS system and on
the development of some of the movements it cantihis system largely develops postnatally as
human infants and many animal species begin toesgpadaptive and visually-guided movements.
As the last motor system to develop, and the omr¢ develops in parallel with a neonate’s
expanding motor repertoire, the CS system is aelkxat candidate for examining the influence of
activity-dependent processes. As an animal mats@se CS axon branches are pruned, which
leads to more focused activation of spinal circu@her axon branches grow denser terminals and
develop more presynaptic sites, which leads tangigp connections with spinal motor circuits and,
together with stronger facilitation, a greater aagyaof the CS system to regulate spinal motor

circuit functions. This is development of connectb specificity, the process determining the
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particular circuits a CS neuron engages, and thes neuron’s motor control functions. To
understand what drives this refinement processiMattal (2007) conducted experiments in which
the level of CS activity was either decreased oraased during early postnatal development in the
cat. They decreased CS system activity betweensveend 7, the period when the distribution of
CS axons in the gray matter normally is refinede Tiactivation was reversible in 2-3 days after
cessation of the treatment. They examined the tetiethis inactivation on development of the
distribution of CS axon terminations in the spinatd (Martin et al. 1999). Unilateral inactivation
changes in the distribution of CS axon terminalsen®und from both the silenced as well the
contralateral active side. After inactivation, lpseral terminations from the active side may have
additional functions because they terminate inrétzones for controlling limb muscles. Thus, the
reduction in terminations of the silenced side vimdanced on that side by maintenance of
ipsilateral terminations of the active system, adow to the “use it or lose it” principle (Martigt

al. 1999). The anatomical changes seen after s paralleled the changes in CS system
organization in cerebral palsy patients with sgalsémiplegia (Carr et al, 1993). Importantly, left
untreated, these topographic changes persistednatirity. These findings show the importance of

the level of neural activity in shaping the earbsmatal refinement of CS terminations.

While aberrant CS connectivity in the spinal grawtier correlates with the motor control
impairments, this does not preclude a contribubgrother components of the motor systems. It is
plausible that the impairments also reflected awgrdevelopment of cerebellar circuitry, as a
consequence of aberrant CS system development. Matyres of motor map development in the
cat can be modified by early motor experiencesndutiie period of map formation (between weeks
7 and 14). By promoting early experiences with pregion training, the electrical threshold for
evoking responses decreased, while the percents#fgeBective sites and multi-joint sites both
increased (Martin et al. 2005). In contrast, préwgnlimb experience during development of the
motor map increased the threshold for evoking nese® and decreased the percentages of effective
sites and multi-joint sites. These changes in m@arozation reverted to control values several
months after normal experience returns (Martin [et2@05). This return back to control levels
reflected plasticity that persists throughout ligs, suggested by studies in the rat (Kleim et al.
2003). Activity independent processes, such as amatdrial transcriptional codes for CS neuronal
specification (Lee and Pfaff, 2001; Arlotta et 2005) and guidance cues for axon pathfinding
(Tessier-Lavigne and Goodman, 1996), play key rwidbe initial development of the CS system.
The role of activity-independent processes in theetbpment of the CS projection to the spinal

cord is only beginning to be understood (Dottoriabt1998; Joosten and Bar, 1999; Liu et al.
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2005). After CS axon terminals contact their spifaid brain stem) targets, activity-dependent
processes are key to refining connections and lestaly the mature pattern of topographic and
connectional specificity. Activity- and experiendependent mechanisms assure that neural events
at the time of motor circuit formation play a ardl role in the long-term function of the systend an

in the definition of motor programs for learning tmoschemes.

6.1.2 Relationship between the cat CS developmentahodel and human CS system
impairments

The pattern of bilateral CS projections from theévacside after unilateral M1 inactivation in thatc
(Martin et al, 2007) is remarkably similar to chargin the laterality of transcranial magnetic
stimulation (TMS)-evoked motor responses in celgbatsy patients with spastic hemiplegia after
perinatal brain trauma (Carr et al, 1993). TMSh&f kess impaired side in patients evokes bilateral
responses (Farmer et al. 1991; Carr et al. 199@: Etyal. 2001). By contrast, strokes in adult$ tha
produce hemiparesis do not augment the ipsilatesglonse, showing that the effect in cerebral
palsy is linked to damage during early developmpogsibly at a time when the CS system has
bilateral connections with the cord (Eyre et alOP0 These findings are consistent with the
hypothesis that the impaired side is rendered mesf competitive in securing and maintaining
spinal synaptic space than the normal or less iragaide. Cerebral palsy is a condition in which
the child “grows into” the impairment because sjgakemiplegia is not expressed immediately
after the perinatal traumatic event (Bouza et &94). Eyre and colleagues propose that the
damaged side progressively looses capacity to @ontotor circuits during development (Eyre,
2003).

Thus, cerebral palsy may be progressive duringyeddvelopment as CS terminations are
competing for synaptic targets and the hemipleggnss are becoming expressed. Later in
development, when the competitive balance betwéentio sides stabilizes in favor of the
undamaged side, the motor signs stabilize. In thdtawith stroke, instead, the learning has
occurred through the regular neural pathways antbmszhemes. The arise of the stroke causes a
loss of the possibility to use the schemes leauning development, leading to the necessity of

learning new motor schemes compatible with the newral condition after the stroke.

6.1.3 Prospects for harnessing activity to restor€S connections and function in the damaged
nervous system
In their experiments with cats Martin et al (20@Xamined whether after an early period of reduced

activity or limb disuse there could be room to i@ connections by activity- and use-dependent
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neural competition. To examine this question tleuged on the anatomical and behavioral defects
that are produced by inactivation of M1 between ksed and 7 from birth, with the goal of
augmenting functions and connections of the preshosilenced CS system. This may be done in
two ways: first, stimulation of the previously siteed CS system can increase the activity of its
spinal terminations, and this in turn may enhariegrtcompetitive advantage in securing and
maintaining synaptic contacts. Second, inactivatibthe controlateral CS system, the one that was
active between 5 and 7 weeks from birth, wouldnsdeboth its aberrant ipsilateral connections as
well as the controlateral terminals. The authorssehthe second approach and they showed that
alternate M1 inactivation significantly augmentde tdensity of ventral CS terminations on the
affected side of the cord (i.e., inactivated durthg critical refinement period) and significantly
restored more accurate visually-guided locomotiorthie cat. Bilateral CS synaptic interactions
onto common neural circuits, combined with a pmritd period of development of local
connectivity, established conditions conducivedorectional plasticity and rehabilitation.

They proposed that the spinal intermediate zona ley site of convergence of contralateral
projections from the affected side and aberrantagsal terminations from the unaffected side.
However, other sites where ipsilateral CS projextiodevelop after inactivation, such as the red
nucleus and reticular formation (Martin et al. 199%uld be affected by the alternate inactivation

treatment.

An important issue that is not yet resolved is éx¢ent to which the alternate inactivation, in

addition to promoting contralateral projectionsoateduces the efficacy of the aberrant ipsilateral
terminations from the unaffected side. From a chhiperspective, is it sufficient to promote a
normal topography of CS terminations or must ther@nt ipsilateral cortical terminations

additionally be diminished? These ipsilateral fdoearminate both laterally and medially in the gray
matter, where they could contact premotor circtorslimb and axial control, respectively. The

aberrant ipsilateral projection—especially the ratteone—is likely to be limited in control and

flexibility. In the cat, the ipsilateral projectioafter inactivation is predominantly comprised of
branches of CS axons projecting contralaterallyr(Meet al. 1999); and this may be the case in
hemiplegic cerebral palsy (Farmer et al. 1991; @aal. 1993; Eyre et al. 2001). Thus, the control
signals carried by these branches are likely tadsptive for contralateral control and maladaptive
for ipsilateral control. Indeed, motor unit actwiin cerebral palsy patients can be strongly
correlated between the two sides and mirror movésreme common (Farmer et al. 1991; Carr et al.
1993). Whether maladaptive or not, the aberrantatigsal projection may be the dominant CS
input to the affected side of the cord. And thisyrha better than not having any projections. Martin
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et al (2000) showed that the aberrant ipsilatemrahinations help to mediate more effective control.
Nevertheless, a reasonable working hypothesis as ithis first essential to restore the normal
topographic pattern in the hopes of restoring ampabe connectivity. The cat model shows that
one way this can be done is to block activity om ¢ther side (Martin et al, 2007). Preventing use
of the limb on the unimpaired side may be similar M1 activity reduction. Preliminary
experiments suggest that electrical stimulatiothefaffected side can also lead to a re-distrilbutio
of connections from dorsal to more ventral lami{@alimi et al. 2006). Importantly, these studies
show that an intervention is needed to restoretiomcone that is specifically targeted to enhance
the ability of the affected CS projections to comepeith other terminations to secure synaptic
space on spinal neurons. Without such an intereenthe disadvantaged CS system is unable to
catch up and regain lost connections and funcfidw results from Martin et al (2007) in the cat
lead to two considerations for devising rehabilitatstrategies in patients with cerebral palsy or
other conditions that affect development of CS eystconnectivity. First, it is essential to
synchronize an activity-based therapy with CS dgwalental periods. The refinement period for
CS axon topography in humans may be within the fiesar of life when the ipsilateral motor
potentials evoked by TMS diminish to their smallesfues (Eyre et al. 2001). Intervention during
this period could have the most robust effects. el@w, it is important to recognize that immature
CS neurons are very plastic and preventing actieitythe unimpaired side may impede motor
development on that side, similar to what was foumkiittens that were prevented from using one
forelimb. Here, lessons have been learned fronmtrr@@ment of children with strabismus, where
controlled daily monocular deprivation leads to mned performance of the impaired eye without
deterioration of the well-sighted eye (Mitchell &t 2003). Constraint induce movement therapy
(CIMT) may be necessary to permit sufficient pleisgion the affected side. In CIMT, the less-
affected arm is restrained to encourage the patense the affected arm in tasks. Many CIMT
protocols combine constraint with training of tHéeeted side (Gordon et al. 2005). Manipulations
of CS neural activity can be achieved non-invagiviel humans. Repetitive TMS, at lower
frequencies than the electrical stimulation usethécat, could augment activity levels. Moreover,
particular TMS parameters have been shown to sepphe contralateral M1 (Ferbert et al. 1992;
Kujirai et al. 1993). Thus, repetitive TMS to ondesof M1 would balance activity between the two

sides by concurrently activating the stimulatee @idd inhibiting the controlateral side.
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6.2 Patterns of neural organization in Down Syndrora

As reviewed in chapter 1, various pathophysioldgatenges in the brain have been associated
with the specific profile of intellectual disabifithat is observed in DS. These include changes in
size of specific brain regions and their connettivand alterations in the number and/or the
morphology of subpopulations of neurons (for aeexisee Dierssen, 2012).

At birth it is often difficult to differentiate thérains of normal and of individuals with DS (Bar-
Peled et al. 1991). The idea of a relative normaldyirth is potentially of the greatest significan
since it seems to create the opportunity to do soimge about the not-yet-created differences that
quite clearly do emerge during the period righe¢aktirth.

Yet, both postmortem studies and various, morenteg®n invasive neuroimaging studies have
demonstrated rather clear differences between theseroups as early as 6 months of age (eg.,
Schmidt-Sidor et al. 1990; Engidawork and Lubed3)0 In particular the brains of individuals
with DS are typically smaller than those of ageghatl controls. Another quite noticeable
difference concerns the postnatal delay in myabma(Wisniewski, 1990). Myelination is within
normal range at birth, while in 75% of the casessitwithin normal range throughout early
development. By early childhood there is an impmyenent in neocortex of subjects with DS.
Investigations of neural function, as opposed toucstire, in early infancy suggest some
abnormalities as well, such as the delayed or abeauditory system development (Jiang et al.
1990) and vision (Courage et al, 1997), that maghttribute to the widespread hearing and sight
disorders observed in DS and a more widespreadaatioy in EEG coherence (McAlaster, 1992)
that seems to reflect the generally impoverishewidéc environment. This difference, like many
of the others, emerges only sometime after birth.

These and other studies have shown that theregaiéant differences in the structure of the brai
in DS. However, there are considerable gaps inuoderstanding of the functional significance of
these structural differences (Virji-Babul et al,12). A key issue is neuroscience is how different
brain regions are connected functionally and hoev itlieractions between brain regions support
cognition, perception and motor control. Virji-Badtat al (2011) studied the spatial localization and
functional connectivity during voluntary movememtkthe right index finger in controls and in
subjects with DS, while recording cortical respanggth magnetoencephalography (MEG). They
found for the control group most significant activas approximately in the left primary motor and
sensorimotor regions (figure 6.2.1 a), whereasdigonct patterns of brain activation where found
in the DS group: a controlateral pattern and aiteifgsal pattern, as shown in figure 6.2.1 (b,Foc

the controlateral group the strongest peaks wesergbd in the left sensorimotor regions, similar

to the control group. The locations of the actibwat, however, were more anterior. The ipsilateral
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group showed largest activations in the ipsilatéemhporal region at low frequencies. At high

frequencies the distribution was bilateral, involyboth motor and temporal regions.

Figure 6.2.1: groups averages of peak activityhm @.2-12 Hz range in three groups: (a) control

group; (b) DS controlateral group; (c) DS ipsilategroup

This study represents the first evidence of altexgachronization during a simple motor task in
individuals with DS, showing the presence of twacstidct subgroups associated with the
performance of the same motor task, and both difteirom the patterns of activation of the control
group, suggesting that altered functional connégtimay be the basis of some of the motor control
impairments in DS. The ipsilateral DS group showather alterations in synchronization and in
the locations of peak activations in comparisonhwibth the control and the controlateral DS
groups. The pattern in this group was in fact ctter&zed by a more fragmented and less coherent
pattern of activation with phase locking occurringhin virtually all frequency bands in widely
different brain regions. Phase locking between alevetworks has been proposed as a mechanism
for integration and exchange of information (Varetal, 2001). Virji-Babul et al (2011) observed
two general differences between the control groogh the two groups with DS in relation to the
pattern of phase locking. First there was a laglooho evidence (depending on the group) of low-
frequency phase locking during the pre-movements@hé&ow-frequency coherence before the
onset of movement has been observed in a numbstudfes (Ohara et al, 2001). It has been

proposed that one possible role for low-frequendyvily may be in functional coupling between
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pre-motor sources and sensori-motor regions to igeovask-related information in terms of
movement planning or feedback (Darvas et al, 208Bgrnatively, the synchronization between
the frontal and parietal regions may be relatedognitive and memory performance related to the
task (Ohara et al, 2001). The functional signifeeif this low-frequency synchronization remains
unclear, however the alterations or lack of lowgfrency synchronization coupled wittactivation

in both groups with DS suggest that the coupling aregration for movement planning and
coordination may be impaired.

The second major difference between the groups mekged to activation. Gamma band
oscillations are considered to be important forticorcortical functional coupling, serving as a
binding function between different neural populasqFries et al, 2007). Gamma rhythms within
the 40-60Hz band, in particular, are thought t& liifferent neuronal regions involved in sensory
feedback and controlling the ongoing movementhgirtstudy, Virji-Babul et al (2011) observed
phase coupling in 40-60Hz activity primarily withsources in the left hemisphere, particularly
between the parietal and temporal regions, sugggeatrole for sensori-motor integration. The lack
of -coupling within these regions in both DS groupsimy the movement phase is further
evidence of impaired sensori-motor integration.

The atypical right hemisphere activation pattermbmed with the altered brain dynamics may be a
possible explanation for the impaired motor con&madl motor coordination that has been observed
in recent studies of DS (Virji-Babul et al, 2010rjW¥Babul et al, 2008) and in our studies presdnte

in the previous chapters.

6.3 Implications for intervention

Literature demonstrates that the high plasticityh&f young brain can lead to different shaping of
the neural connections depending on the sensaoghitive and motor experiences of the child,
and that following a lesion different shaping os;ueading to different neural pathways and to
redistribution of the neural activation. Literatwe new-borns with DS demonstrates that at birth
the neural structures of children with and withD& are quite comparable, however adults with DS
demonstrate differences in the neural patternsctfaion respect to controls. Thus, it seems
reasonable to hypothesize that during infancy amdeldpment the different experiences done by
infants with DS leads them to develop different mépathways and consequently different
activation patterns, causing the different motoratsgies observed in adulthood. Delayed
myelination (Wisniewski, 1990), aberrant sensorfprimation and sensory integrative dysfunction
(Uyanik et al, 2003; Courage et al, 1997; Jian@letl990; Roizen et al, 1994; Chen and Fang,
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2005), higher sensory thresholds and a decreasky &t localize stimuli (Hennequin and Feine,
2000) are among the factors that may cause tHerdiftiation in the early stages of life.

Since the deficit begins to develop as soon airdtenonths of life, the findings suggest that fuc
emphasis should be put on early intervention in Di&re is increasing body of evidence, in fact,
that early intervention can have a direct impacbain development, as underlined by Martin et al
(2007) in the case of cerebral palsy. At this tiinis not known, from a theoretical or empirical
prospective, the extent to which early experierene cause changes in normal brain development
but such brain plasticity is one of the best hdpesringing about significant improvements in the

prospects of individuals with DS as well (NadelD2p

6.3.1 Early intervention programs

Studies in literature have shown that differentrdpeutic approaches have been used to facilitate
mental and motor development in infants with maad/or cognitive developmental problems.
Among those, sensory integrative therapy, percéptotor training, neurodevelopmental therapy
(NDT), vestibular stimulation and play therapy h&een used either as sole treatment programs or
as combined programs according to the necessitiyeothildren (Woollacott and Shumway-Cook,
1986; Harris, 1981; Stratford, 1980; Kantner etlal{6; Kelly, 1989; Anderson et al, 1987; Bobath,
1980).

Some of these studies (Kantner et al, 1976; KdlB89) have shown that effectiveness of the
vestibular stimulation training had a positive effen motor skills in children with DS, increasing
reflex integration, balance, intellectual functipqeerception-motor skills, hearing-language and
socioemotional development. On contrary, neurodgrakental NDT did not show significant
improvements, as noted by Harris (1981). Anderdal €1987) stated that play therapy in addition
to NDT developed cognitive and perceptual skilld amas useful for increasing subjects’
motivation for participating in the therapy.

Blauw-Hospers et al (2005) reviewed and analyzesl dffect of early intervention programs
(between birth and 18 months of life) in childranhagh risk for developmental motor disorders.
They considered both specific intervention prograsash those aimed at improving walking skills,
and more general intervention programs, aimed gromng all developmental domains. The
review indicated that intervention which might kenbficial for infants at preterm age was different
from the type which was effective in infants whalh&ached at least term age. At preterm age,
infants seemed to benefit most from interventionesd at mimicking the intrauterine environment,
whereas after term age intervention by means dafisper general developmental programs, which

consisted in stimulation of motor development byamgeof the promotion of self-produced motor
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behavior, had a positive effect on motor developiméa evidence was found for a beneficial effect
of traditional forms of paediatric physiotherapylsuas NDT and treatments according to Vojta
(Bauer et al, 1992). Blauw-Hospers et al (2007)yaeal whether early intervention programs
focusing primarily on motor development had an @fidso on cognitive outcome. The hypothesis
underlying this assumption was that improvemenearfy motor development allows the infant
more opportunities to interact with the environmewhich in turn may facilitate cognitive
development. The review provided some evidence ititatvention during the neonatal intensive
care unit period in infants at high risk of devetggntal motor disorders had a beneficial effect on
cognitive development. The studies in which intatien had started after term age indicated that
intervention by means of a general developmentabnam might be beneficial for cognitive
development. NTD and treatments according to Vajtatead, did not produce benefits in the
cognitive domain, a finding supported also by earbtudies (Butler and Darrah, 2001; Harris
1981). Blauw-Hospers et al (2007) also studied dffect of a new intervention program, the
COPCA (Coping with and Caring for infants with nelegical dysfunction), based on the
principles of the Neuronal Group Selection ThedBET, Edelman, 1993) and on new insights in
the field of education and family care. Accordiog\NGST, typical development is characterized by
two phases of variability, i.e. primary and secaogdaariability. During primary variability, the
nervous system explores all motor possibilitiedlaisée. In typically developing infants, this phase
is characterized by abundant variation. At funcspecific ages, the infant reaches the phase of
secondary variability. The child gradually learaselect the most efficient solution for a giveskta
out of his motor repertoire. This selection is lohse trial and error. This means that during the
phase of secondary variability, the child learnadapt his/her motor behavior to specific situaion
(Hadders-Algra, 2000a). Infants with a brain lesresulting in a developmental motor disorder
have a reduced repertoire of motor strategies awailfor exploration. In addition, these infants
have problems with the selection of the most appaitg solution for a certain task out of the
repertoire (Hadders-Algra, 2000a). Therefore, COP&#ed at promoting variation in motor
behavior and trial-and-error experiences, withuhenate goal that the child will be able to find a
appropriate solution for any motor task. Equallyportant bases of COPCA are new insights in the
field of education and family care (Dale, 1996; Latnal., 1998; Rosenbaum et al., 1998). Family-
centered care implies a partnership between thdyfaand the professional, in which the family
defines the priorities for intervention, while thiberapist assists the family through-out the
intervention period (Law et al., 1998). Even thougtther research is needed to explore clinical
effectiveness of the COPCA programme, preliminasults on a group of 9 children assigned to

the COPCA intervention and 11 children assigned the control group (who received
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physiotherapeutic guidance indicated by the paedint) indicate that COPCA had a significant
effect on the development of sitting abilities ahdt COPCA might be able to counteract thea
cognitive deterioration.

Uyanik et al (2003) compared different therapewtmproaches aimed at improving postural
reactions in children with DS, and in particulauredevelopmental approaches sensory integrative
therapy and vestibular stimulation (Kokubun et1®891; Kantner et al, 1976; Sullivan et al, 1972).
The results showed that sensory integration, vastilstimulation and neurodevelopmental therapy
were effective in children with DS. The authors gesfed that when designing rehabilitation
programs for children with DS all treatment methstisuld be applied in combination, and should

support each other according to the individual seddhe child.

Programs for learning of functional early movensent

Physical activity and movement in children with amidhout DS is a critical facilitator of learning
(Ulrich and Ulrich, 1995). As infants and childrerove they learn about the changing properties of
their own systems (e.g., limb lengths, muscle gfitenpostural control) and their environment
(Thelen et al, 1994). Neural solutions to movenpmnblems encountered must be discovered as the
young child moves within his/her changing environin&/ery limited research has been conducted
on physical activity as it relates to learning whdtional skills in children with and without DSh&
common view based on parent and professional eperthat young children with DS are less
active than their age peers without DS (Henderd®86; Mc Kay and Angulo-Barroso, 2006;
Sharav and Bowman, 1992). Based in part on theszdatal reports, Henderson (1986)
hypothesised that children with DS have "a selpptrating form of sensory-motor deprivation
sparked off by an inbuilt passivity and disinclioatto move". If this hypothesis is true, it would
help to explain why infants and young children widB experience significant delays in acquiring
early movement skills. Limited research has beeblighed to test this hypothesis. Ulrich and
Ulrich compared the spontaneous leg movementsfahts with DS and two groups of typically
developing infants matched for chronological agd amtor age (Ulrich and Ulrich, 1995). Their
results suggest that the frequency of leg movemeete not different between the three groups.
These data suggest that poor motor skill developnoser time, is more likely responsible for low
levels of physical activity demonstrated laterifa than is an inherent disposition toward inatyivi
Early interventions that promote the developmerdgffi€ient functional motor skills may, therefore,
have a positive impact on multiple domains durini;mcy and may also create a solid foundation
for future success in movement settings. In thecbllrand Ulrich study (1995), where they

evaluated the spontaneous kicking movement in tafanth DS, they did report that the infants
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with DS produced significantly fewer complex pati leg movements in the form of kicks. In the
three infant groups, infants who produced morekiglso walked earlier. The explanation provided
for the relationship between kicking and age ofkivej relates to Edelman’s model (Edelman,
1987; Sporns and Edelman, 1993) which suggestdirfaits’ self generated kicks belong to the
same category of behaviors as the leg movementstasealk (hip, knee, and ankle flexions and
extensions). The flexion and extensions used irkimglare similar to what is seen in kicking.
Given that the overall frequency of leg activitysmot different between the three groups, it casts
doubt on the inherent inactivity hypothesis. lthigothesized that inactivity may be a learned or
adaptive pattern of behavior that emerges with(agtash et al, 2008).

McKay and Angulo-Barroso (2006) conducted a lordjital study of the spontaneous leg activity
of infants with and without DS from three to six mtles of age. They placed an activity monitor on
the right ankle of each infant for a period of 48ifs. Their findings suggest that infants with DS
spend a greater duration of time throughout theiddgw intensity leg activity. They also reported
a significant relationship between low intensity lmovement and the age of onset of walking. The
lower intensity activity might be attributable tet muscle properties and slowness of movement
discussed in the first section of this paper.

A small longitudinal intervention study was condettto test if it was possible to increase kicking
in 4-6 month old infants with DS and, if so, whhe teffects would be on age of walking onset
(Loyd and Ulrich, 2006). In this randomized studyants with DS were given a Kick Start Gym
(figure 6.3.1) or a Tummy Time Gym and the proto@muired parents to place their infant under
the device that employed a conjugate reinforcensgystem (Rovee and Rovee, 1969) for 20

minutes five days each week for 12 weeks.

Figure 6.3.1: Inexpensive Kick Start Gym

In brief, the Kick Start Gym is designed to reird®rkicking in a supine posture and the Tummy

Time Gym is designed to reinforce reaching in anprposture. Each time the infant produced a
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kick that resulted in the foot touching the kiclkdpa short burst of music and spinning toy resulted
in reinforcing the kick. The frequency of kickshith groups prior to the intervention was similar.
Results following 12 weeks of the intervention dastoated that the infants in the kicking group
significantly increased their kicking compared tee treaching group. The kicking group also
acquired the locomotor milestones earlier but ditineach statistical significance primarily due to
inadequate statistical power. Future researchadeck applying Edelman’s model (Edelman, 1987)
to early motor intervention and functional skilvééopment.

Programs for the development of functional locombthaviors

Acquiring the ability to locomote is important tofants because of the impact on cognitive and
social/lemotional skills, as well as for the moreviobs relevance to subsequent motor skill
development. At the cognitive level, researchensehdemonstrated that, for typically developing
infants, experience with locomotion accounts fa timset of a broad array of psychological skills,
which include: the onset of wariness of heightg® tloncept of object permanence (that objects
hidden from sight may still exist), a shift fromlfseentered to landmark-based spatial coding
strategies, the ability to follow the pointing gasts and gaze of another person, aspects of social
referencing, and detour reaching (Bertenthal anchfioes, 1990; Campos et al, 2000; Kermoian
and Campos, 1988). These data suggest that inti@ants more about spatial cognition and the
world around them as they become able to locomutependently and can actively explore their
environment than through passive observation, ibeing held or carried through space.
Rosenbloom further suggested that not only is lamgon important but the quality of movement
also effects subsequent development (Rosenblooii,)1Ble proposed that inefficient locomotion
may inhibit development by limiting the attentiondaenergy infants can focus on exploring stimuli
in their environment. Thus, acquiring stable mostills may be especially important for the
cognitive development of infants with DS (Lataslalet2008).

The onset of the ability to walk alone represemtsnaportant milestone for both infants and their
parents, for social and emotional reasons. Pardritdants with DS report that walking is one of
the goals they value most for their young childieamily and friends repeatedly ask them if their
child has yet begun to walk and talk, a disconngrtjuestion, as the delays become longer. These
are behaviors that are apparently universally aecegs important. When infants finally walk their
own parents are relieved and reassured by this tpigible evidence that progress is indeed being
made. Jones et al (1991) documented that, followiatking onset, typically developing infants

demonstrated greater independence (moved away rinother more frequently than when they
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could only crawl) and showed an increase in pasitiffect during play. Treatments are therefore
recommended to start early so that the child majeae optimal development (Latash et al, 2008).
In the motor domain, stable and efficient locomatkitls form the foundation for developing more
complex motor skills. Children use these skillsimderact with other children in games and
activities. In school and neighborhood settingsidebn with poor motor skills are often excluded
from, or, choose to avoid physical activity.

The unwillingness of persons with DS to exploreeralative strategies during walking, as
documented by the study by Virji-babul (2004) ang dur study on walking with obstacle
avoidance, is in line with their primary goal ofraining safe, other than optimizing efficiency of
the movement, as they move in their environmenta@ta 2000) and their inability to use advance
visual information as they move. Based on the acdation of research on the acquisition of early
motor behaviours in DS, one has to conclude thaearhers and clinicians have not been
successful in meaningfully reducing the delay irseinof critical locomotor behaviours and

improving performance (Latash et al, 2008).

One intervention approach, treadmill training, lsagsistently demonstrated positive outcomes in
reducing the age of onset of many locomotor mikesso(Ulrich et al, 2001; Ulrich et al, 2008).
Treadmill training of infants with DS is founded time theory of neuronal group selection (NGS)
(Edelman, 1987; Hadders-Algra, 20@®)d principles of dynamic systems theory (DST) i@pipto
motor and cognitive development (Ulrich and Ulrie®93; Thelen et al, 1994). Being supported on
a small infant sized treadmill by the parent (sigeiré 6.3.2), long before independent walking
emerges, affords the infant with skill specific gree using the alternating stepping pattern
employed later in independent walking.

Figure 6.3.2: Mother implementing treadmill traigin
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It was hypothesised that the experience resultiog fstepping practice over a longitudinal period
strengthens and stabilises the synaptic connecaamsng motor neurons (neuronal groups) that
drive the stepping pattern. By providing the infanth frequent opportunities implemented in the
home to explore multiple leg coordination patteman upright posture, promotes earlier selection
of alternation as the preferred leg coordinatioritgpa. The treadmill stepping practice also
advances critical subsystems needed to walk: legnegr strength and postural control.

Treadmill training increases leg strength needesufaport the child’sbody weight during walking,
and promotes specific postural control mechanidmas dre needed to maintain upright balance as
the infant transfers his weight from one leg to diger. The treadmill intervention initiated by 10-
11 months of age takes advantage of a period ofirmam neural plasticity and meets Latash’s
recommendation of encouraging the infant with DSetmage in early exploratory activity to
facilitate the discovery of general rules of matoordination (Latash, 2000).

The results of two randomized intervention studeesploying the treadmill intervention as a
supplement to physical therapy with infants who eh&S have clearly demonstrated that the
intervention significantly increases alternatingpgting and reduces the age of onset of independent
walking and other pre-walking locomotor behaviofée intervention did not produce obvious
harmful effects and may have had additional pasitutcomes related to gait and physical activity
(Ulrich et al, 2001; Ulrich et al, 2008).

More interventions, based on principles on prireggduch as NGS and DST, are needed to improve
important functional movement behaviors for chitdwith DS and other disabilities (Latash et al,
2008).

6.4 General conclusions

We have seen that the motor development of subyeitis DS may be seen either as a different
development, following its particular pathways,asr a delayed version of “normal” development.
Data coming from neurological and neuroimaging igsidconcerning both DS and pathologies
caused by brain damage at birth, however, seenndogty support the first hypothesis. Part of the
literature confirms that at birth the neural stawes of individuals with and without DS are not
distinguishable (Dierssen, 2012; Nadel, 2003), greament with our finding that the most
primitive mechanisms of motor control are compagabd control subjects. However, some
anatomical differences begin to emerge as soort ax anonths of life (Dierssen, 2012; Nadel,
2003), right in the period in which children withonrmal development experiment a large

reorganization of neural circuits (Galea and Dafamith, 1994; Eyre, 2001). Thus, it may be
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hypothesized that something occurs during thisodetihat may cause a different organization at a
neural level. Literature on early neural damagenfants with cerebral palsy seem to support this
hypothesis, since lesions occurring in the perlrzeaod lead as well to a different modeling o th
neural structures as the infant grows. Infants Wihdo not experiment a structural damage of the
neural structures, however they do have structamal functional differences compared to their
peers. These differences may include delayed rai#hin, delayed sensory and sensory-integration
development, biomechanical deficits and attentiodeficits and may dramatically affect the
infant’s interaction with the environment and thefant's early experiences. Since the
reorganization of neural connectivity is activitgpgendent (Eyre, 2001) and during the development
of the nervous system there is much more potefarigblasticity of the cortex and spinal networks
than in the adult (Balbi et al, 2000; Eyre, 200@20Thickbroom et al, 2001) it seems reasonable
that different contour conditions and different espnces caused by these difficulties and/or
deficits may lead to a differentiation in the patteof activation of the neural circuits, whichtimn
may lead, with time, to the prevalence of differaatiral synapses and to the definition of unique
neural patterns in the adults subjects with DSg\adenced by the neuroimaging study by Virji-
Babul et al (2011). This results in learning ofieliént motor strategies, as evidenced by the sudie
presented in chapter 3.

Given the high neural plasticity of the brain attlbiand given the activity-dependent nature of
neural modeling two most important suggestionstmmgiven to therapists and neurologists in the
field of DS:

- Early intervention is fundamental for the reorgatian of the neural pathways, and should
be given as soon as the child is born. Severallgesseatments are present, although there
is scarce evidence of which may be the best cormbmaf treatments to harness the best
results.

- Challenging the infant with an “enriched environitigguch as the kick-start gym of Loyd
and Ulrich, 2006) may help balancing his lack ofss®ial, cognitive and motor experiences,
leading to earlier development of the motor milas& In particular, development of
walking is fundamental because it allows the childtart exploring the environment in an
independent way, providing new sources for sensmgnitive and motor experiences and
resulting in a further enrichment of his environyenith major fallouts on the motor skills

development of the child.
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6.4.1 Limitations

In this study we analyzed both automatic correctimovements and functional voluntary
movements. The aim of the study was to switch feotnaditional use of motion analysis for the
evaluation of biomechanics to a newer approachrparating not only biomechanical analysis but
also considerations about upper level functions medhanisms that cooperate in the control and
execution of movement. Thus, this was a prelimirsingdy aimed at highlighting some important
matters that could be of importance in the treatno@S but, since it was a start up study, it did
not mean to be completely exhaustive. In fact, dvimitations were present due to these
preliminary features.

First of all, the group of subjects with DS wasited to 13 subjects for the tapping task and 8
subjects for the EMG evaluation. A higher numbdr $8bjects) was gathered for the obstacle task.
Although these numbers of subjects are comparalttestudies in literature that apply similar set
ups, it is evident that a limited number of sulgecan only give an indication of the trend of the
examined parameters, but of course it cannot beeseptative of the whole population, thus it is
necessary to extend the protocols to a higher nuwibgubjects. Subjects with DS were included
after a neurological evaluation from an expert nbagist to ensure a sample of subjects with
similar cognitive and physical characteristics, dhds to lower the standard deviations in the
parameters by collecting data on a group as honsmgenas possible. Inclusion criteria for the DS
group were teenage to adult age, no severe obksityp medium intelligence quotient, no clinical
sign of dementia and no orthopedic problems thatdceestrain the subjects from maintaining a
correct posture during the tasks. The variety efdyndrome, however, makes it difficult to provide
such a homogeneous group, and this again leati® toetcessity to extend the protocols to a higher
number of subjects with DS.

Finally, clinical scales about specific neurocoiyeit psychological and motor aspects, in addition
to IQ measures, may have helped to select the gsbspbjects with DS with more detail. 1Q, in
fact, is a general score, which takes into acceentral aspects of cognitive ability. This score
comprises an important part on verbal abilitiesetbgr with the evaluation of non verbal cognitive
performance. Thus, for instance, poor verbal gbddn influence the score. Since the test is not
focused on the cognitive abilities related to mogatmprogramming and generation, but on a wide
range of aspects, it may be useful to integrate fitzore with other evaluations for a detailed
characterization of the cognitive state of the ealy before including them in the study. An
example of a possible employable clinical scaleshe neurocognitive Arizona Cognitive Test
Battery for DS (Edgin et al, 2010) which includesngral cognitive ability and prefrontal,

hippocampal and cerebellar function and was deeeldp assess a range of skills, be non-verbal
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(so as not to confound the neuropsychological assest with language demands), have specific

correlates with brain function and be applicabla teide range of ages and across contexts.

6.4.2 Further developments

The future developments of this study should beestdd at correlating the kinematics and motor
performance of individuals with DS with the undermty brain dynamics to better characterize the
nature of the “clumsy” motor behavior observed his tpopulation. This may be of fundamental
importance in the definition of focused therapies.

The study should evaluate a higher number of stdyjetivided by narrower age ranges and by
different neuromotor disability (as evaluated bynmoéogical and clinical examinations) to define a
more detailed and precise picture of the perforraamicpersons with DS in these tasks and to
confirm the results of this preliminary study.

Other intellectual disabilities may be tested, &irte the points in common with DS in managing
automatic and functional movements and to undedstanvhat extent the operating approach seen
in persons with DS is characteristic of the syndraiself and to what extent it is a result of a
general condition of intellectual disability.

Finally, to provide strong evidence about the atimess or uncorrectness of the hypotheses drawn
by the results of this study (the hypotheses abmtbr development and the importance of early
intervention in DS), different early interventiomograms should be tested in infants and children
with DS to evaluate the impact of early interventio the development of motor milestones and
consequently in the development of functional &iférand efferent pathways that are fundamental

for the learning of motor skills.
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Subjects with Down Syndrome

37 subjects with Down Syndrome (DS) ageing fronmtage to young adulthood were enrolled for
the study. The subjects with DS were assignedddaliffierent experimental sessions as described in
table I.I. The acquisitions took place at the MoeatAnalysis Laboratory of IRCSS San Raffaele
Pisana, Tosinvest Sanita, Rome, ltaly.

The subjects and their legal guardians gave timéormed consent to the study. The study was
approved by the ethical committee of IRCSS SandeidfPisana, Tosinvest Sanita, Rome, Italy.

Inclusion criteria for the DS group were:

teenage to adult age (13<age<43);
- no severe obesity (normal to overweight Body MaseX, 18.5<BMI<34);
- low to medium intelligence quotient (34<1Q<80);
- no clinical sign of dementia;
- no orthopedic problems that could restrain the exxtbjfrom maintaining a correct posture
during the task.
Table 1.1 displays the list of subjects includedtie DS group and details to which experiments

each subject took part.

Code | Grou | Sex Age Exp. Code | Group | Sex Age Exp.
p (M/F) (years) | sessions (M/F) (years) | sessions
5644 | DS M OBST 6461 | DS M OBST
18 EMG 19 TAPP
5645 | DS F OBST 6487 | DS F OBST
TAPP
o3 | EMG 21
5647 | DS F OBST 6490 | DS M OBST
18 17
5686 | DS M OBST 6496 | DS M OBST
14 TAPP 18 TAPP
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5754 | DS OBST 6502 | DS F OBST
24 TAPP 14 EMG

5807 | DS OBST 6652 | DS F OBST
o8 TAPP 20

5907 | DS OBST 6672 | DS F OBST
17 TAPP 24

5911 | DS OBST 6673 | DS F OBST
20 23

5914 | DS OBST 6773 | DS F OBST
36 TAPP 18

5935 | DS OBST 6797 | DS F OBST
19 TAPP 29

5995 | DS OBST 6802 | DS F OBST
29 TAPP 35

6018 | DS OBST 6804 | DS F OBST
13 37

6081 | DS OBST 6400 | DS M EMG
19 25

6086 | DS OBST 1515 | DS M EMG
27 TAPP 42

6223 | DS OBST 6402 | DS F EMG
23 TAPP 15

6310 | DS OBST 6163 | DS M EMG
37 TAPP 15

6335 | DS OBST 7334 | DS M EMG
23 20

6391 | DS OBST X001 | DS F EMG
30 31

6460 | DS OBST
16

Mean age (standard deviation) 23.0+x7.4
Median (25°, 75° percentile) 21.0 (18.0, 27.0)
% Males 56.8%
% Females 43.2%

Table LI: subjects of the DS group. Experimentdssons: OBST = paragraph 3.1 “Perceptual-

motor integration during walking with obstacle alamce in adults with Down Syndrome”; TAPP=

paragraph 3.2 “Motor strategies and motor progrdareng an arm tapping task with and without
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obstacle avoidance in adults with Down SyndromeétG= chapter 5 “Pre-programmed reactions

in Down Syndrome”

Subjects without Down Syndrome

43 normally developed subjects (N) ageing from tege to young adulthood were enrolled for the
study. The subjects were assigned to the diffeegperimental sessions as described in table L.11.
The acquisitions took place at the Movement Analykaboratory “Luigi Divieti” of the
Electronics, Information and Bioengineering Depanitnof the Polytechnic University of Milan,

Milan, Italy. The subjects gave their informed cemisto the study. The study was approved by the

ethical committee of IRCSS San Raffaele PisanainVest Sanita, Rome, Italy.

Inclusion criteria for the N group were:

teenage to adult age (13<age<43);

no severe obesity (normal to overweight Body MasieX, 18.5<BMI<34);

no clinical sign of neuro-motor problems and/or éetig;

no orthopedic problems that could restrain the esttbjfrom maintaining a correct posture

during the task.

Table 1.1l displays list of subjects included irethN group and details to which experiments each

subject took part.

Code | Grou | Sex Age | Exp. Code | Group | Sex Age Exp.
p (M/F) (years) | sessions (M/F) | (years) | sessions

1580 | N F OBST 1609 | N M 24 EMG
o4 | TAPP

1584 | N F OBST 1610 | N M 29 EMG
o5 TAPP

1585 | N F OBST 1611 | N F 28 EMG
oq | TAPP

1586 | N M OBST 1612 | N M 26 EMG
o5 TAPP

1587 | N F OBST 1613 | N F 33 EMG
o5 TAPP

1588 | N M OBST 1614 | N F 25 EMG
27 TAPP

1589 | N F OBST 1615| N F 27 EMG
25
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TAPP

1590 | N M OBST 1616 F 25 EMG
21 TAPP

1591 | N F OBST 1617 F 35 EMG
26 TAPP

1592 | N F OBST 1618 M 35 EMG
26 TAPP

1593 | N M OBST 1619 F 34 EMG
o0 | TAPP

1594 | N F OBST 1620 F 29 EMG
27 TAPP

1595 | N M OBST 1621 F 36 EMG
27 TAPP

1596 | N F OBST 1622 M 35 EMG
29 TAPP

1598 | N F OBST 1623 M 30 EMG
21 TAPP

1599 | N M OBST 1624 F 24 EMG
22 TAPP

1600 | N F OBST 1625 F 28 EMG
26 TAPP

1602 | N M OBST 1626 M 28 EMG
29 TAPP

1603 | N M OBST 1627 F 26 EMG
o5 TAPP

1606 | N F OBST 1628 F 25 EMG
26 TAPP

1607 | N F OBST 1629 F 27 EMG
26 TAPP

1608 | N F OBST
28 TAPP

Mean age (standard deviation) 26.9 (3.9)
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Median (25°, 75° percentile) 26.0 (25.0, 28.0)

% Males 34.9%

% Females 65.1%

Table LII: subjects of the N group. Experimentaksions: OBST = paragraph 3.1 “Perceptual-
motor integration during walking with obstacle adamce in adults with Down Syndrome”; TAPP=

paragraph 3.2 “Motor strategies and motor progrdareng an arm tapping task with and without

obstacle avoidance in adults with Down SyndrométG== chapter 5 “Monosynaptic reflexes and

pre-programmed reactions in Down Syndrome”
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The study of functional movements in subjects affiédy cognitive and motor abnormalities can
yield crucial information in establishing the levef functional limitation attributable to the
underlying pathology and in following its evoluticsver time. Furthermore, these studies can
provide important elements for the evaluation of #ifectiveness of rehabilitative interventions
aimed at reducing the functional limitation dueatpathology.

Most commonly, observational movement analysis ssduto evidence gross abnormalities in
movements such as walking; however, as functiomatdtion and movement complexity increase,
objective and more precise analysis becomes nagedd®e specific clinical needing is to reach
multi-factorial and quantitative information of fetional limitation related to the pathology - i.e.
3D quantitative kinematics (abdo-adduction, flexemsion, intra-extra rotation angles of the main
joints, velocity and accelerations profiles), 3Dagtitative kinetics (forces, joint moments and join
powers), quantitative evaluation of muscle actiyéectromyography) and energy expenditure. The
availability of innovative techniques and avantegamstruments for the description, quantification
and evaluation of motion achieves precisely thigective. Quantitative evaluation of motion
emerges as a fundamental instrument in the anabfsisuman movement, thanks to several
important features: it is non-invasive, it allowe texamination to be repeated a number of times

within a short period of time and it supplies quiatitze and three-dimensional data.

Il.I The laboratories

The present study was possible thanks to the aobdibns between two Motion Analysis Labs
(MAL): the “Luigi Divieti” MAL at the Electronicsnformation and Bioengineering Department of
Polytechnic of Milan (Milan, Italy) (Figure Il.I.Iand the MAL of the IRCCS San Raffaele Pisana,
Tosinvest Sanita, Rome (figure IL.L11).

Acquisitions of the control group took place at theigi Divieti” MAL, were also data analysis
and interpretation was carried out, whereas adtpnsi of subjects with DS took place in San
Raffaele Pisana’s MAL.

Both labs are equipped with equivalent instruméonaior quantitative motion analysis.
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Figure II.1.I: “Luigi Divieti” MAL at Polytechnic d Milan

Figure ILLII: IRCCS San Raffaele Pisana’ s MALgsSinvest Sanita, Rome

[I.Il The equipment
The instruments present in the MALSs that took pathe study are the following:

Optoelectronic system

The optoelectronic system measures the three-dior@aioordinates of reflective markers (figure
3a) positioned at specific points of reference lum patient’s body. The markers are illuminated at
regular intervals by an infrared light on each leé tameras (figure Il.Il.1a) and the reflection is
captured by the camera positioned coaxially inti@tato the light source (figure IL1L1b).

Acquisition frequency is 100Hz.
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Since these cameras use infrared rays the systeotaily non-invasive. The system measures the
three-dimensional coordinates (XYZ) of the markpositioned on the patient’s body. Once the
three-dimensional coordinates of the markers amvkn it is possible to calculate angles of flex-
extension, ab-adduction and intra-extrarotatiothef main joints, speed, accelerations, and thus to

know, in detail, the kinematics of the body segreeamt which the markers have been positioned.

Figure ILIL.1: a@): markers used in gait analy$¥.optoelectronic camera

Since these cameras use infrared rays the systastally non-invasive. The system measures the
three-dimensional coordinates (XYZ) of the markpositioned on the patient’s body. Once the
three-dimensional coordinates of the markers amavkn it is possible to calculate angles of flex-
extension, ab-adduction and intra-extrarotatiothef main joints, speed, accelerations, and thus to
know, in detail, the kinematics of the body segreesmt which the markers have been positioned.
The markers are usually fixed to the patient’s bsidyply using bi-adhesive tape and they are not a
source of hindrance or irritation to him.

Two optoelectronic systems were used in this stad¥lite2002(BTS, Italy) and émartD(BTS,
Italy). The first one was used for the walking witbhstacle study (paragraph 3.1), because the
cameras of this system cover a higher calibratiminne that is necessary to analyze several steps
of walking, whereas the second one was used foartmetapping study (paragraph 3.2), where the

person was sitting at a table, and a reduced adililor volume was needed.

Force Platforms

Force platforms measure the system of ground wradtirces (figure Il.11.1I) with an acquisition
frequency of 200Hz. Once the system of ground m@actorces is known and the kinematic
parameters have been acquired using the optoetectsgstems, the moments and powers of the
different joints can be calculated.
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Figure ILIL1I: a) force platform. b) an examplé @RF during gait

Electromyography

Electromyography is a system that, via surfaceteddes, records the responses of muscles to
electrical stimulation - i.e., electrical signalsngrated by muscle contraction (figure Il.11.1With

an acquisition frequency of 1000Hz. The systemirgless, is portable and is able to collect and

store data.

Figure ILILIII: Electromyograph (FreeEMG, BTSaly)

Pressure switches
Pressure switches (BTS, Italy), integrated withpgbheable electromyograph, record on/off pressure

signals with an acquisition frequency of 1000 Hgufe IL.II. 1V).

Figure ILILIV: switch unit and sensor of pressure
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Video recording systems

Video recordings allow the clinician to observehadldis motor action from a qualitative point of
view (figure IL.I1.V). Analysis of video recordings very important from a didactic point of view,
because a graph representing the joint kinematics be easily understandable if there is the

opportunity to observe the patient’s actual moventeo.

Figure IL.11.V: Camera system for the video recogl{(Video Controller, BTS, Italy)

This instrumentation allows extremely precise gitative information by means of multifactorial
integrated analyses, that is the acquisition oémkiatic (e.g., motion trajectories) and kinetic data
(e.g., ground reaction forces), and data relatechiscle activation (electromyographic, or EMG,
data) at the same time.
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lIl.I Markers’ placement an d acquisition of walking

In the walking with obstacle experiment (paragrdpl) we used the most widely used internatic
protocol for the evaluation of walking, known a® tBavis’ protocol. The protocol starts w
measurement of the subject’'s anthimetric parameters (height, weight, tibial lengtistahce
between the femoral condyles or diameter of theekdestance between the malleoli or diamete
the ankle, distance between the anterior iliac espiand thickness of the pelvis). Most of M#£
generally use the Davis protocol for gait analygsduse of the international nature of this prot
and the need to generate data that conforms totgmational literature. Once these measuren
have been taken, reflective markers are placegecial points of reference on the subject’s ¢
(figure 1LLI, on the left). The optoelectronicyssem measures the coordinates of the ma
placed on the subject’'s body (figure lll.LI, inetlcentre) and through an algorithm estime
starting fromthese trajectories and from the anthropometric oreasthe centres of rotation of 1

joints (Figure l11.1.1, on the right)

=

Kinematics +
anthropometric measures A

/“% m) (37
4
ij i> c} "Ko

Coordinates of the Coordinates of the
Davis’ protocol external markers centres of rotation
Figure l1ll.1.I: on the left: marker positioning amcling to Davis. In the centre: acquisition of

coordinates of the exteal markers. On the right: estimation of the cooatks of the centers

rotation of the joints
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Starting from these calculations the angles ofidleyextension, abduction-adduction and extra-intra
rotation of the hip, knee and ankle joints arerded; the ground reaction forces measured using the
force plates and the kinematic data are then usedltulate the moment and power at the different
joints.

The patient is required to maintain a normal ugrigbsition for around 5 seconds to allow
measurement of the orthostatic parameters. After lie is asked to walk at his normal speed, each
time starting from a pre-defined point so that heces just one foot on each of the force plates.
Once this procedure has been repeated enough timesstablish the consistency of the
measurement (usually 5/6 acquisitions), then tbission is over. Generally, it is also deemed
opportune to carry out additional tests positionmog only reflective markers, but also electrodes,
in order to record muscles EMG activity.

[11.11 Data Processing and Results

Once the acquired data have been analyzed usimg@jgte data processing techniques, a stick (or
segmental) representation of the patient’s body lbancreated. From this representation the

following information can be derived from gait ayss:

* spatial-temporal parameters, such as duratioheftance and swing phases, and stride length,
walking velocity, step width, etc;

» kinematic data, especially the angles of flexéxtension, abduction-adduction and extra-intra

rotation of the main joints (hip, knee, ankle amdifs);

* kinetic data, in particular moments and powershef hip, knee and ankle joints (data relating to

the sagittal plane are particularly significant);

* EMG data, in particular the electrical signalsasated with muscle activation and deactivation.

[1.111 Clinical report
Figure IILIILI shows the results of a GA trial iparticular a GA report, which is organized as
follows:
- Page 1: anamnesis data of the patient and spatipst@l parameters (figure 2a);
- Page 2: kinematic graphs relating to motion onftbetal plane (figure2b, first column), on
the sagittal plane (figure 2b, second column) andhe horizontal plane (figure 2b, third

column) of the pelvis (figure 2b, first line), theép (figure 2b, second line), the knee (fig
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figure 2b, third line) and the ankle joints (figu2b, fourth line) of the right leg (blue line)
and left leg (red line) of the patient;

- Page 3: kinetic graphs relating to moment (figuce s=cond line) and power (figure 2c,
third line) on the sagittal plane of the hip (ficxilumn), the knee (second column) and the
ankle joint (third column);

- Page 4: Graphs of forces and centre of pressgar €fi2d);

- Page 5: EMG signals (figure 2e).
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Figure IILIILI: The five pages of a standard atial report
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The data acquired from the laboratories of motioalysis was collected and analyzed at the “Luigi
Divieti” Laboratory at Polytechnic of Milan usingedicated software, as briefly described

following.

IV.I Tracklab and SmartTracker

The first step in data elaboration is the labelaighe centroids of the markers that have been
acquired during the trial. This can be done usiracRlab Software (BTS, Italy), if the trajectories
were acquired with Elite2002, or with SmartTrackaftware, if they were acquired with SmartD.
By labeling the markers, each centroid is assigiedcorrect label from the protocol. In figure
IV.l.la and IV.l.Ib the main steps of the labellipgocess are illustrated in the case of the Davis

protocol.

Figure IV.l.1a: on the right: centroids of the mark acquired during a standing trial. On the left:
Davis protocol with the labels of the markers thed to be assigned to the centroids on the left
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Figure IV.L.Ib: the labels of Davis protocol (onethight) are assigned to the centroids of the

markers acquired (on the left)

In this way it is possible to proceed with the c#tion of the parameters using two software:
EliteClinic, which allows computing the standardgraeters for gait analysis according to Davis,
and SmartAnalyzer, which is a more powerful toaitthllows defining “ad hoc” protocols for the

study of movements other than walking.

IV.1I EliteClinic interface

The EliteClinic interface (figure IV.IIL.I) allowshe computation of the spatiotemporal and
kinematic parameters commonly used in gait analgs referred to the definition of the Davis’
protocol (see Appendix lll). Starting from the &ejories of the labeled centroids, and from the
anthropometric measures of the subject, it estisntite centres of joint rotation at the pelvis, hip,
knee and ankle joints. Then, it allows the caléatabf spatiotemporal and angular parameters for

the lower limb joints over a gait cycle. Startingprh the force platform data and from the
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kinematics, the software allows computing the kineatterns of the lower limb joints. Muscular

activation patterns can also be viewed over thecssdl gait cycle.

Figure IV.1L.1: EliteClinic interface: definitionfothe gait cycle during a walking trial

The output of these elaboration is a standardageitysis report comprehensive of spatiotemporal,

kinematic, kinetic and EMG parameters (see Appetiix

IV.IIl Smart Analyzer interface

Smart Analyzer allows the calculation of the saraeameters implemented in EliteClinic, but in
addition it is possible to define “ad hoc” semi@muttic protocols for the evaluation of parameters
that are not commonly used in standard gait arglgsich as the parameters analyzed in this study.
In figure IV.IIl.I an example of a Smart Analyzenterface is shown. The parameters are calculated
in a block diagram fashion, and can be plottedraplts. The software allows the calculation of

both trajectories and punctual parameters.
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Figure IV.1IL.I: Smart Analyzer interface. Left ®dshows the part of the interface where data
contained in the acquisition can be observed, bagetvith the new variables defined during the
definition of the protocol; in the centre the caddtion blocks that compose the protocol are shown;

on the right the trajectory of the parameters tdrigst can be plotted as graphs

A report can be then realized starting from the poted parameters (figure IV.IILII).
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Figure IV.111.1I: one page from the report realizegth Smart Analyzer software
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