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General introduction

The foot is a complex structure composed of 26 bones, 32 muscles, and more than 20 tendons, all
organized into 33 joints. Surrounding this intricate system is the skin, which plays a vital role in
protecting the underlying structures and conveying sensory information to the central nervous

system (Drake et al., 2005) (Figure 1).
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Figure 1: Bones and muscles insertions of the human foot (dorsal surface (left) and plantar surface (right)). Henry Vandyke
Carter, Public domain, via Wikimedia Commons

The foot is the subject of study and intervention by podiatrists. Podiatry is a paramedical specialty
in France that focuses on diagnosing, treating, and preventing issues related to the feet, ankles, and
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lower extremities. Podiatrists are skilled in managing musculoskeletal disorders that can affect
posture, balance, locomotion. Their expertise, which is regulated by several laws in France (Law
2023-379, law 2020-475, law 2019-774 article 27, Law 2009-956) (Journal officiel, n.d.), lies
therefore in evaluating these functions through plantar analysis (Bonanno et al., 2017; Spink et al.,
2011). Additionally, they are well-equipped to handle various foot-related conditions such as pain,
injuries, deformities, and infections. Podiatrists can also provide orthotic devices, prescribe
medications, and offer advice on proper foot care and suitable footwear. With their expertise, they
contribute to improving the patient's mobility, have a significant impact on overall musculoskeletal
health and posture, and overall quality of life. Collaborating with other healthcare professionals,
such as physical therapists and orthopedic specialists, can further enhance the comprehensive care
provided to patients with complex musculoskeletal conditions (Law 2023-379, law 2020-475, law
2019-774 article 27, Law 2009-956) (Journal officiel, n.d.)

Evaluation is then a fundamental aspect of podiatrists’ tasks. Several tools and assessments are
classically used (Harrison-Blount et al., 2019):

- Patient history: allows gathering a detailed medical history, including any relevant past foot
injuries, medical conditions, or surgeries (Woodburn & Sutcliffe, 1996).

- Physical examination: a comprehensive examination of the feet, ankles, and lower limbs is
conducted to check for signs of inflammation, deformities, and overall foot structure (Wrobel
& Armstrong, 2008). The height and structure of the foot arches are assessed to detect
conditions such as flat feet (pes planus) or high arches (pes cavus).

- Footwear assessment: The type and condition of the patient's footwear are evaluated to
identify any issues that may contribute to foot problems (Barton et al., 2009).

- Range of motion (ROM): the ROM in the foot and ankle joints is evaluated to detect any
limitations or abnormalities (Martin & McPoil, 2005).

- Muscle strength and flexibility: the strength and flexibility of the muscles surrounding the
foot and ankle are evaluated to identify any weaknesses (Liebermann & Katz, 2003).

- Foot posture assessment: both the static and dynamic postures of the foot are evaluated with
tests such as Foot Posture Index to identify pronation or supination tendencies and any
abnormalities (Redmond et al., 2008).

- Kinematics of gait: the podiatrist focuses on the patient's gait during walking to understand
how the foot functions and to identify any abnormalities. This analysis may involve visually
observing the gait or using specialized equipment such as gait analysis systems, force
platforms or pressure platforms (Barnett, 1998). This provides insights into areas of excessive
pressure or abnormal weight distribution, but also abnormal gait patterns.

- Static balance assessment: the podiatrist evaluates the patient’s static balance. This analysis
may involves force platform or pressure platform (Najafi et al., 2013).

The sensory function of the foot is well documented as its informational role (Tresilian, 2012).
Collectively, the information sent by the feet to the brain contributes to overall proprioception and
body awareness. Good communication between the feet and the central nervous system is crucial
for balanced gait, proper posture, and harmonious coordination of movements. Hence, the
informational role of the foot is of crucial importance in our daily life and physical activities
(Shumway-Cook & Woollacott, 2007). There are several ways to evaluate the sensory capacity of
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the foot. Sensory tests are commonly used by healthcare professionals such as podiatrists,
neurologists, and physiotherapists to assess the tactile and proprioceptive sensitivity of the foot.

Here are some key aspects of its role and its evaluation:

- Somatosensory role: the foot is covered with an abundance of sensory nerve endings that are
highly sensitive to touch, but also pain receptors. As we walk or encounter different surfaces,
these receptors send crucial information to the brain regarding texture, temperature, pressure
on the skin, pain or vibration (K. Johnson, 2001). This sensory information helps us to
navigate and interact with our environment. Various tests can assess the foot ability to
perceive that information. This may include Semmes-Weinstein monofilaments to test the
ability to detect light touch at different areas of the foot (Feng et al., 2009). Tactile
Discrimination Tests assess the foot ability to discriminate between different textures and
shapes (Lundborg & Rosén, 2004). Vibratory Sensation Testing evaluate the foot ability to
detect vibrations, which is crucial for sensory feedback during movement. Sensory Nerve
Function Testing assesses the integrity and function of the sensory nerves in the foot. Pain-
sensitive nerve endings in the foot signals the presence of painful stimuli, such as injuries or
inflammation. This sensation of pain is a protective reaction that alerts us to potential harm
to the foot.

- Proprioception: proprioception is the body ability to perceive its position in space without
having to look at it. The feet are rich in proprioceptive receptors that inform the brain about
the position, orientation, and movement of the feet and ankles (Dietz, 2002). This helps
maintain balance and coordinate body movements. Proprioception tests evaluate the foot
capacity to perceive its position and movements without visual input(tests of ankle joint
position sense, toe orientation, and joint awareness during balance tasks).

- Postural Feedback: the foot provides important information about postural balance. When we
are standing or moving, information from the feet allows the brain to regulate posture and
constantly readjust the body's position to avoid falls or imbalance. It can detect irregularities
in the ground, variations in surface, and changes in terrain. This information helps adjust gait
and react appropriately to different ground conditions. Several assessments can provide
insight of the foot capacity: balance assessments help determine how well the foot contributes
to maintaining stability and posture (balance tasks on different surfaces) (Preszner-Domjan
etal., 2012), evaluation of the foot role in gait can provide insights into how the foot interacts
with the ground, and how it adapts to changes in the walking surface (or orthopedic devices)
and foot pressure analysis shows how pressure is distributed across the foot during standing
and walking.

One of the clinically used tools is the foam pad to assess the patient's balance control (Figure 2).
The foam pad is made of an unstable and padded surface designed to create an unstable
environment under the feet and challenge patient balance control. This assesses the ability to
maintain balance under static conditions and is analyzed with a force platform recording the Center
of Pressure (CoP) movement (Patel et al., 2008). This assessment is especially useful in identifying
any balance issues or proprioceptive deficits that may be related to the foot sensory capacity.

19

PUIL, Carole. Standardizing and evaluating clinical practices in Podiatry : postural control and Gait - 2023



Foam pad

Force platform

Figure 2: Static position on foam pad in between the feet and the force platform

Static balance refers to the ability to maintain stability and control while in a stationary position
such as standing (Shumway-Cook & Woollacott, 2007). Dynamic balance, on the other hand, is
the ability to maintain stability and control during movement or locomotion, such as walking,
running, or jumping (Rosenbaum, 2009). Unlike static balance, dynamic balance requires
continuous adjustments in response to changing conditions, such as shifts in weight distribution
and variations in terrain. The link between static balance and dynamic balance lies in their
interdependence. Static balance provides the foundation for dynamic balance. Proper alignment
and control in a static position are essential for initiating and sustaining controlled movements
during locomotion. During walking, the body's center of mass is continually shifting and
transitioning from one foot to the other. This requires a well-developed static balance to execute
smooth and coordinated movements without compromising stability (Lajoie et al., 1993). The
sensory inputs utilized for static balance are crucial during locomotion, where they continuously
inform the brain about the body's position, movement, and interaction with the environment. As
static balance and dynamic balance are complementary components of postural control, the deficit
of one can influence the effectiveness of the other, and both are vital for maintaining stability and
efficient locomotion. To gain a comprehensive understanding of podal sensory integration during
locomotion, it is essential to incorporate gait analysis which can provide more accurate information
about the foot interaction with the ground, weight distribution, and proprioceptive responses
during walking (Robb & Perry, 2022). While static tasks can provide useful information about
static balance and sensory integration, they may not fully represent a person's dynamic podal
sensory integration during locomotion. Both static and dynamic task should then be considered
when evaluating foot function.

By combining static and dynamic evaluations, healthcare professionals can gain a more
comprehensive view of a person's podal sensory integration and its impact on balance and stability
during different activities. This allows for the identification of potential dynamic imbalances or
locomotion-specific issues and enables more tailored and targeted interventions especially on
orthotics devices.
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As our understanding of healthcare advances, the importance of evidence-based practice becomes
a priority. It is essential to adopt an evidence-based approach to care, which involves utilizing the
latest scientific literature, the patient's preferences, and the clinician's expertise to provide the best
possible solutions. By integrating up-to-date scientific information into the diagnostic and
treatment processes, healthcare professionals can ensure that their decisions are well-informed and
based on the most current knowledge available. This approach not only enhances the quality of
care but also promotes patient-centered treatment.

This thesis is deeply grounded in its clinical applications. The objectives of this research are to
better understand plantar integration assessment and provide guidelines for clinicians to perform
such an evaluation. This thesis is particularly interested in evaluations using foams. The first
chapter presents the literature related to the topics addressed in this work. The second chapter aims
to assess the evaluation of foot information on a static task. As no gold standard evaluation of its
function exist, it is necessary to understand and make norms of the impact of the visio-podal
information. The third chapter aims at assessing the podiatrist intervention in static and in dynamic
with the example of an orthopedic insole.
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Chapter 1: State of the Art

A. Motor control and balance control

Motor control includes complex processes and mechanisms to plan, execute, and coordinate
movements. These movements can range from simple actions such as walking to complex
activities such as playing drums or performing gymnastics. Motor control involves various
sensory, neural, and muscular components working together to achieve precise and purposeful
motion. It includes both central (CNS) and peripheral (muscles, nerves, and receptors)
contributions. The CNS generates motor commands, while the peripheral components carry out
those commands through muscle contractions (Rosenbaum, 2009).

Several motor control theories have been proposed to explain how the CNS plans, executes, and
coordinates movements. Those theories have been reviewed by Shumway Cook (Shumway-Cook
& Woollacott, 2007) and help us understanding the underlying mechanisms and processes
involved in human motor behavior. We can first refer to the internal model theory which is based
on feedforward control, where the CNS anticipates the consequences of movements and adjusts
them in advance (Francis & Wonham, 1976). The CNS creates internal models of the body, its
dynamics, and the environment which are used to predict the outcomes of motor commands before
they are executed. It is linked to the optimal control theory which provides mathematical
solutions to describe the generation of movement in order to realize specific goals. Movements are
planned to minimize or maximize certain criteria, such as the amount of energy utilized or task
precision (Kleinman et al., 1970). It considers movements as solutions to optimization problems.
In the same way, the task-dynamic theory explains the role of task-specific goals in guiding
motor control. Movements are organized around the task's requirements, and the CNS adjusts
muscle activations to achieve the desired task outcome. It highlights the importance of the
interaction between the task and the CNS in movement generation. The hierarchical theory
which is based on a top-down control with an interaction between different levels of the CNS
(Latash et al., 2010) (Figure 3). It implies that the CNS organizes movement control in a
hierarchical manner. It proposes that higher brain centers, such as the cerebral cortex, plan and
initiate movements, while lower centers, such as the spinal cord, execute the movements. The
motor programming theory refers to the processes by which the brain organizes and plants motor
skills and movement. This involves the cognitive processes that occur before the initiation of a
motor action. It includes tasks like selecting the appropriate motor program, setting the parameters
for the movement, and organizing the sequence of muscle activations. The theory also considers
how the CNS uses sensory feedback, such as proprioception (awareness of body position) and
vision, to monitor the ongoing movement and make adjustments if errors occur, and it suggests
that the CNS stores motor programs for frequently used actions, making it easier to perform them
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in the future without needing to re-plan the entire movement from scratch (Latash et al., 2010).
The motor schema theory is linked to the motor programming theory (R. A. Schmidt et al., 2018)
(Figure 4). These theories help explain how movements can be adapted to different situations while
maintaining their essential characteristics and how complex movements can be performed with
relative ease and efficiency (Summers & Anson, 2009). They suggest that CNS stores general
schemas for producing movements. These schemas are learned through experience and guide the
selection and modification of motor commands to achieve goal movements. To initiate a
movement, the appropriate motor program is selected and executed. In the dynamic systems
theory, motor control is considered as a result of interactions between various factors, such as the
environment, the musculoskeletal system, and the CNS (Davids et al., 2003). Movements emerge
from the self-organization of these interacting components. This theory highlighted the
adaptability and flexibility of movement patterns to changing conditions. Equilibrium Point
Hypothesis is based on the fact that the CNS controls movement by modulating the activation
levels of muscles around specific joint equilibrium points. These equilibrium points correspond to
stable configurations of the musculoskeletal system. The CNS adjusts muscle activations to move
between these equilibrium points and generate coordinated movements (Feldman, 1986; Feldman
& Levin, 2009). Both theories acknowledge that complex interactions between muscle systems
and nervous system lead to adaptative motor behaviors.
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Figure 3: The hierarchical control model is characterized by a tom-down structure, in which higher centers are always in charge
of lower centers (Shumway-Cook, Woollacott, 2007)
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Figure 4: Schmidt's schema theory of motor learning (Schmidt, 2018)
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These theories provide different perspectives on how the CNS controls movement, and many of
them are not mutually exclusive. One of the keys to an efficient movement is stability. Indeed,
motor control and balance control are fundamentally rooted in the intricate relationship between
movement and stability. Balance control is a specialized aspect of motor control that focuses on
maintaining equilibrium and stability during various activities (Winter et al., 1990). Those two
concepts are closely linked both in static and dynamic. On one hand, equilibrium is a state in which
forces and torques balance out, resulting in no net acceleration. Stability, on the other hand, is a
measure of how well an object or system can return to equilibrium after being disturbed.

As motor control, balance control relies on sensory input from the vestibular system, visual system
and somatosensory system. They provide information about body posture, motion and
environment. Those information are used to generate motor commands that permit movement (L.
M. Nashner, 1982) (Figure 5).
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Proactive

Support
surfaces
s

Figure 5: Systems model of Balance control (Shumway-Cook, Woollacott, 2007)

The sensory input integration uses information from the vestibular system in the inner ear by
detecting changes in head position and motion (Peterka, 2018). The visual system provides
information about the body's orientation and location of potential threats with respect to external
environment landmarks. The somatosensory system includes receptors in the skin, muscles,
tendons, and joints. It provides information about body position, movement, and forces acting on
the body. Information from these sensory systems is transmitted to the brain via dedicated neural
pathways. The vestibular information travels through the vestibulocochlear nerve, visual
information through the optic nerve, and somatosensory information through various nerves
associated with different body parts. The CNS processes the incoming sensory information in
specialized areas, such as specific brain regions (cerebellum, brainstem nuclei and the
somatosensory cortex). By integrating that information from different sources, the CNS creates a
realistic image of the body motion and position in the surrounding environment. The CNS has a
capacity of learning from experience and is able to compare the sensory input to the previous
reference model of balance (Shumway-Cook & Woollacott, 2007; Tresilian, 2012). That is a more
efficient way to react and anticipate balance challenges by learned strategies. That is called the
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plasticity of the CNS. This learning process involves strengthening neural pathways and
optimizing motor commands (Surgent et al., 2019; Winter et al., 1990). Based on the integrated
sensory information and the comparison with the internal reference model, the CNS generates
motor commands to activate muscles for balance adjustments. As muscles respond to the motor
commands and make adjustments, sensory feedback is generated (Dietz, 2002). This feedback
provides information about the effectiveness of the muscle contractions in maintaining balance.
CNS continuously monitors this feedback and can adjust motor commands in real-time to ensure
stability. Neural processing for balance control is highly adaptive. CNS constantly fine-tunes
motor commands based on changing sensory input and feedback. For instance, when standing on
an unstable surface, CNS might increase muscle activity and tension to counteract the instability.
The same neural mechanisms that coordinate muscle activations for movements are engaged to
stabilize the body during balance challenges with constantly ongoing minute adjustments in order
to counteract perturbations and maintain stability. Muscles, especially those in the legs and trunk,
play a crucial role in balance control (Laughton et al., 2003). Neural processing in balance control
involves the intricate communication and integration of sensory information, neural pathways, and
motor commands within the CNS (Figure 6). This communication and process are called
multisensory integration (Barnett-Cowan & Harris, 2009; Bronstein, 2016). It is a neurological
and cognitive process through which information from sensory modalities is combined and
processed to form a unified perception or representation of the external world. This integration
allows individuals to perceive and interact with their environment in a more comprehensive and
accurate manner. As it involves the brain's ability to merge and combine information from different
sensory sources, this integration results in enhanced perception and improved sensory processing
compared to relying on a single sensory modality alone. This can lead to more accurate judgments
and faster reaction times.

SENSORY INPUT ————— INTEGRATION OF INPUT———= MOTOR OUTPUT ————> BALANCE
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Figure 6: The human balance system (Courtesy of the Vestibular Disorders Association)

To better understand the impact of environment on static and dynamic balance, it is necessary to
know the different systems of afferences and their role in those tasks.
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B. Sensory Systems

B.1. Vestibular system
The vestibular system is essential for maintaining balance, coordinating movements, and
perceiving the body's position in space in relation to gravity. It works in conjunction with other

sensory systems to provide a comprehensive picture of the external world and the body's

relationship to it.

1.1. Anatomy

The vestibular system is located within the inner ear and consists of the vestibular organs, which
include the otolith organs (including utricle and saccule), and three semicircular canals (Goldberg,
2012; Tresilian, 2012) (Figure 7).

anterior canal

Horizontal

Saccule

End of cochlea

Utricle

Figure 7: Vestibular apparatus (Created with BioRender.com)

a. Otolith organs
They are composed with the utricle and the saccule. These organs are essential components of the

vestibular system.

Utricle

The utricle is a small, sac-like structure located within the vestibule of the inner ear. The vestibule
is a central chamber that connects the cochlea (responsible for hearing) and the semicircular canals.

The utricle is situated horizontally within the vestibule.
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Saccule
The saccule is a small, sac-like structure situated within the vestibule of the inner ear, alongside
the utricle. It is positioned vertically within the vestibule, perpendicular to the utricle.

Physiology and function

Inside both the utricle and the saccule, there are specialized sensory hair cells (called stereocilia)
and a layer of jelly-like substance containing tiny crystals called otoliths or otoconia. These
otoliths are made of calcium carbonate and provide weight to the utricle and the saccule. When
the head moves or accelerates linearly, the otoliths move and stimulate the hair cells. The utricle
primarily detects changes in linear acceleration and head movements in the horizontal place
(forward backward or side to side motions). The saccule detects changes in linear acceleration and
head movements in the vertical plane (up-and-down motions or head tilts). Those movements
make otoliths shift. It bends the hair cells creating electrical signals that are transmitted to the CNS.
This information helps maintain balance and adjust muscle tension during movement (Angelaki &
Cullen, 2008; Goldberg, 2012).

They contribute to maintaining balance and stability during movements. The utricle is involved in
horizontal shifts and changes in head orientation parallel to the ground, while the saccule to vertical
shifts and changes in head orientation perpendicular to the ground.

Due to their specialty, the utricle helps determine the body position in relation to the horizon while
saccule to gravity. They participate to regulate postural adjustments to prevent falling.

The sensitivity of the utricle and saccule varies among individuals and can also be influenced by
factors such as age, health conditions... (Paillard et al., 2013). They are capable of detecting very
subtle accelerations, often in the range of um/s* or even smaller. This very specific sensitivity
allows them to perceive even minor changes in motion.

In a standing task, they help perceive the direction of gravity, allowing to maintain an upright
posture. The stereocilia respond to the constant pull of gravity on the otoconia, providing
information about the vertical orientation of the head (Cullen, 2012) (Figure 8).

In a locomotor task, they detect changes in linear acceleration. While doing forward and backward
movement, as well as changes in direction, the stereocilia respond to these changes in motion. This
information is integrated with input from other sensory systems such as vision and proprioception
to help you maintain balance and adjust your movements accordingly (McFadyen, 2004).
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Figure 8: Otolith organs (created with www.BioRender.com)

b. Semicircular canals
The semicircular canals are another integral part of the inner ear vestibular system, alongside the
otolith organs (Goldberg, 2012).

There are three semicircular canals in each ear, approximately orthogonal to each other. These
canals are named the anterior (superior), posterior, and horizontal (lateral) canals. Each canal has
a dilated end called the ampulla, which contains sensory structures known as the crista ampullaris.
They are situated in three different planes to detect acceleration in various directions.

Physiology and function
The canals are filled with a fluid called endolymph with a composition different from the
surrounding fluid, called perilymph.

When the head moves in different directions, the endolymph inside the semicircular canals lags
behind due to inertia. This differential movement of the endolymph causes the cupula, a gelatinous
structure with hair cells embedded in it, to deflect. Hair cells have tiny hair-like projections called
stereocilia. The cupula extends across the width of the ampulla, where the canal dilates. This
causes the hair cells within the crista ampullaris to bend. Bending of the stereocilia triggers a
mechanoelectrical transduction signal that is sent to the CNS through the vestibular nerve.

Each semicircular canal is specialized to detect rotations in a specific plane (Goldberg, 2012).

- Anterior (Superior) canal is oriented vertically and is primarily responsible for detecting

changes in pitch, such as nodding the head up and down.

- Posterior canal is also oriented vertically and detects changes in pitch, but in the opposite
direction from the anterior canal. It is responsible for movements like tilting the head backward
and forward.

- Horizontal (lateral) canal is oriented horizontally and detects rotational movements in the
horizontal plane.
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Semicircular canals are responsible for detecting dynamic movements and changes in angular
velocity rather than static tasks. However, they do indirectly contribute to maintaining static
balance and posture through their interactions with the otolith organs.

In a static task, they contribute indirectly by influencing the overall vestibular system's input,
which is integrated with visual and proprioceptive cues to ensure stability and proper orientation.
During locomotion, they play a crucial role in helping to maintain balance and stabilize vision by
detecting the rotational movements of your head that result from the natural swaying of your body
during each step. These movements include subtle changes in yaw, pitch, and roll as your body
shifts its weight. They help the CNS anticipate and adjust for these movements, allowing the
balance to be maintained and a stable visual field while walking (Lindeman, 2013).
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Figure 9: cardinal axis of head rotation (Tresilian, 2012)
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Figure 10: A: Effects of head tilt on the utricular maculae. B: Effects of translation acceleration of the head on the utricular
maculae (Tresilian, 2012)

Finally, the vestibular system's ability to function as an inertial sensor stems from the combination

of information derived from both the otolith organs and the semicircular canals. The otolith organs
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primarily detect linear accelerations and the direction of gravity, whereas the semicircular canals
focus on angular accelerations and rotational movements (Figure 9). The nonlinear interactions
between these two sets of sensory inputs are essential for achieving accurate and precise sensory
integration. By combining the two of them, the vestibular system effectively acts as an inertial
sensor that aids in perceiving changes in motion, spatial orientation and awareness (Angelaki &
Cullen, 2008) (Figure 10).

1.2. Evaluation

On one hand, the vestibular function can be medically assessed. On the other hand, several clinical
tests exist, such as vestibular evoked myogenic potential test, earth-vertical axis rotational testing,
caloric testing (van de Berg et al., 2018; Wuyts et al., 2007). To understand its role in the literature,
researchers use pathological populations and compare them to physiological ones. Unlike the
visual system, it is not possible to subject the vestibular system to different experimental
conditions (FAAN & MD, 2010).

B.2. Visual system

The visual system refers to the complex network of structures and processes within the human
body that allows the perception and interpretation of visual information from the environment. It
includes eyes, neural pathways and the CNS regions responsible for processing and making sense
of visual input.

2.1. Anatomy

The eyes are the primary sensory organs responsible for capturing light and converting it into
neural signals. They enable us to perceive colors, shapes, depth, and motion, contributing to our
rich visual experience (Prasad & Galetta, 2011).

The eye has multiple components (Remington & Goodwin, 2021) (Figure 11) :

- Cornea: it is a transparent outermost layer that is a protective barrier. It focuses incoming light
into the lens.

- Lens: it is a flexible and transparent structure which is located behind the iris. It focuses the
light going through the cornea to the retina. It is capable of focusing in order to better
accommodate.

- Iris: this is the colored part of the eye. It controls the amount of light coming into the retina by
adjusting the size of the pupil (in dark environment, it dilates, whereas in light environment, it
reduces).

- Retina: it is a layer of neutral tissue lining the back of the eye. Millions of photoreceptors (cells
which convert light into electrical signals for the CNS) are covering it. In the middle of the
retina, the fovea is responsible for central vision.

- Photoreceptors: there are 2 kinds of cells: rods and cones, that are detailed below.
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- Optic nerve: it is composed of nerve fibers that connect the retina to the CNS. It transmits
visual information to the CNS's visual processing centers.

Iris Retina

Fovea centralis
Cornea

Lens

Optic nerve

Vitreous body
Optic disk (blind spot)

Figure 11: Eye anatomy (created using www.Biorender.com)

Rods (Figure 12)

Those photoreceptors are composed of 3 parts (Remington & Goodwin, 2021):

- Outer segment: it contains stacks of membranous discs that contain the light-sensitive pigment
called rhodopsin. Rhodopsin plays a crucial role in the absorption of photons (particles of light)
and the initiation of the visual signal.

- Inner segment: it contains the cellular machinery necessary for maintaining the rod cell's
structure and function. It houses the organelles responsible for energy production and cellular
processes.

- Cell body: it contains the nucleus and other essential cellular components.

- Synaptic Terminal: it is the end portion of the rod cell that forms synapses with other neurons
in the retina.

Cones (Figure 12)

There are three main types of cone cells, each sensitive to a specific range of wavelengths of light

(Bowmaker & Dartnall, 1980):

- S-Cones (Short-Wavelength): sensitive to short wavelengths of light, which correspond to blue
colors. They are most responsive to light around the blue end of the spectrum.

- M-Cones (Medium-Wavelength): sensitive to medium wavelengths of light, primarily in the
green part of the spectrum.

- L-Cones (Long-Wavelength): sensitive to long wavelengths of light, primarily in the red part
of the spectrum.

Cones are composed of several structures (Remington & Goodwin, 2021):

- Outer segment: it contains stacks of membranous discs that house the light-sensitive pigments
responsible for color vision.

- Inner segment: it contains the cellular machinery necessary for maintaining the cell's structure
and function. It includes various organelles, such as mitochondria for energy production and
other cellular components that support the cell metabolic activities.
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- Cell body: it contains the nucleus, which contains the cell genetic material and controls its
functions. The nucleus plays a crucial role in regulating the cell's activities and responses to
incoming signals.

- Synaptic terminal: it is the end part of the cone cell that connects with other neurons in the
retina.

Pigment epithelium

Cone

Rod

Bipolar cell

Ganglion cell

149 ¢ 44
' LIGHT

Figure 12: Photoreceptors (Rod and Cone) (created using www.Biorender.com)

For cones and rods, when light stimulates the cone cells, they generate electrical signals that are
transmitted to neighboring retinal cells, such as bipolar cells and ganglion cells, through synapses.
These signals are eventually transmitted along the optic nerve to CNS for processing.

The ventral and dorsal pathways are two distinct neural pathways in the visual system of the brain.
They work in parallel and are interconnected integrating both objects and motion. The ventral
pathway primarily processes information related to the identification and recognition of objects
and their properties, such as color, shape, and texture. It plays a role in recognition, and
interpretation of visual scenes (Kravitz et al., 2013). The dorsal pathway is processing information
about the location, motion and special orientation of objects. It plays a role in guiding motor action,
perceiving depth (Siegel et al., 2008).

Physiology and function

Rod cells are specialized for low-light vision. In fact, they excel in conditions, such as dimly lit
environments or during nighttime. This type of vision is known as scotopic vision. Rods contain a
light-sensitive pigment called rhodopsin that allows them to detect even small amounts of light.
Rod cells are densely packed in the peripheral regions of the retina, particularly outside the fovea.
This distribution allows a better peripheral vision in low-light situations. The high sensitivity of
rods comes at a cost — they are less sensitive to fine details and do not provide high-resolution

vision like cones. We rely on the rods for detecting overall shapes and movements. Rods contribute
to our overall visual perception, but they do not provide the same level of visual acuity as cones.
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They do not discriminate between different colors. Instead, they primarily provide information
about light intensity, allowing us to perceive shades of gray in low-light conditions (Lamb, 2016).

The CNS processes the signals from cone cells to create the perception of color. When light enters
the eye and stimulates cone cells, the different responses of these cones to various wavelengths
allow us to perceive a wide range of colors. The combination of the signals from these cells
produces the full spectrum of colors that we see.

Opposite to rod cells, cones are most active in well-lit conditions, known as photopic vision. They
provide us with high-resolution color vision and allow us to discern fine details and differences in
color. Cones are also responsible for visual acuity, which refers to the sharpness and clarity of the
vision. Since cones are densely packed in the fovea, central vision is much more detailed and clear
than peripheral vision (Lamb, 2016). Cones and rod cells work in conjunction to provide us with
a comprehensive visual experience across different lighting conditions.

During a static task, vision serves several important functions. First, vision provides crucial
information about the alignment and position of our body in relation to the environment (Winter
et al., 1990). This visual input allows us to make small adjustments in our posture to maintain
stability and prevent swaying or falling. In fact, visual cues from stationary objects in the
environment serve as reference points that help us gauge our position and orientation (Peterka,
2018). These cues provide a stable frame of reference that we can use to adjust our posture and
maintain balance. If we detect that our body is leaning or tilting slightly due to external factors,
such as uneven surfaces, visual information allows us to identify these deviations and make
appropriate corrections to maintain an upright posture. They can influence the activation of
different muscles involved in maintaining posture (Perrin et al., 2009). Moreover, it is feedback of
self movement when near enough from a wall or a target. It allows the modification of the visual
field informing the CNS of self motion (L. R. Harris et al., 2000; Lappe et al., 1999). It also informs
about the surroundings. By observing nearby objects and obstacles, we can identify spatial
boundaries and obstacles that might affect our posture and stability and anticipate them
(Mohapatra & Aruin, 2013). Maintaining attention on a specific visual point or object can help
engage our cognitive focus during a static task (Gribble & Hertel, 2004). This can be particularly
important for tasks that require sustained attention, such as monitoring equipment or reading
instructions. Finally, visual feedback can enhance the sense of confidence and comfort by having
a clear knowledge of our environment (Peters, 2022; van Bommel, 2015).

In summary, vision plays a critical role during a static task by helping maintain postural stability,
make necessary adjustments, and navigate the environment effectively. Visual information serves
as a valuable feedback mechanism, allowing us to align our body correctly, prevent falls, and
ensure comfort and safety while performing stationary tasks.

Vision plays a fundamental role in goal detected locomotion. During a locomotor task such as
walking, the visual system provides essential information to help detect and avoid obstacles such
as other people, uneven surfaces, objects. Visually guided locomotion is essential to safe
navigation and has received considerable attention in the literature (Mohler et al., 2007; Patla,
1998). It allows to perceive depth and distances to objects and surfaces (Mohagheghi et al., 2004).
This information is essential for judging how far away objects are and making accurate decisions
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about movement, such as stepping onto or over an obstacle. As in a static situation, the integration
of visual cues inform the CNS of muscle adjustments needed to maintain balance and coordination
(Mohapatra & Aruin, 2013). Moreover, visual cues allow us to estimate self speed and object speed
(Durgin et al., 2005; Lappe et al., 1999). Vision helps us remain aware of our surroundings. This
is particularly important in crowded or dynamic environments where we need to monitor the
movements of others.

2.2. Evaluation
Evaluating the visual system involves assessing various aspects of vision, from basic visual acuity
to more complex functions like depth perception and color vision:

- The visual acuity measures the sharpness and clarity of vision. The most common test for
visual acuity is the Snellen chart, where individuals read letters or symbols from a distance to
determine how well they can see (Holladay, 2004; Lovie-Kitchin, 1988).

- The visual field testing assesses the entire scope of vision, including peripheral vision. Tests
like the confrontation test or automated perimetry evaluate any blind spots or visual field
defects (Atchison, 1987).

- Color vision can be evaluated using tests like the Ishihara plates, which consist of patterns of
colored dots, or the Farnsworth-Munsell 100 Hue Test, which assesses the ability to distinguish
between subtle differences in colors (Swanson & Cohen, 2003).

- Depth perception is tested using methods like the stereopsis test, which assesses the ability to
perceive depth and 3D structures. Other tests involve using special glasses to view images that
require both eyes to see correctly (El Jamiy & Marsh, 2019).

- Contrast sensitivity evaluates the ability to distinguish objects from their background in
various lighting conditions. Contrast sensitivity tests can identify issues not easily detected by
standard visual acuity tests (Haymes et al., 2006).

- Ocular motility and alignment are evaluating how the eyes move and align in order to detect
issues like strabismus (crossed or misaligned eyes) or nystagmus (involuntary eye movements)
(Ansons & Davis, 2008; Thorn et al., 1994).

- Pupil responses to light can indicate the health of the optic nerve and neurological function.
This evaluation can help diagnose conditions like optic nerve damage or brain injuries
(Bremner, 2004).

- During visual processing tests, more complex assessments are realized to evaluate higher-
level visual processing, such as visual memory, visual perception, and visual-motor
coordination (Steese-Seda et al., 1995).

- Refraction determines the best prescription for corrective lenses, assessing any refractive
errors like nearsightedness, farsightedness, or astigmatism.

- Comprehensive eye exams include a thorough evaluation of the eye's health, including the
examination of the retina, optic nerve, and other structures. This helps detect conditions like
glaucoma, macular degeneration, or diabetic retinopathy (Levin et al., 2011).

- Depending on specific concerns, additional tests might be needed, such as electroretinography
(ERG) for assessing retinal function or optical coherence tomography (OCT) for detailed

imaging of retinal layers.
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It is important to note that visual evaluation can range from basic screenings to comprehensive
assessments performed by eye care professionals such as optometrists or ophthalmologists.

B.3. Somatosensory system

The somatosensory system is complex and responsible for perceiving and processing various

tactile sensations and proprioceptive information from the body. It encompasses the ability to sense

and interpret touch, pressure, temperature, pain, and the position and movement of different body
parts. This system plays a crucial role in the interaction with the environment, self-awareness, and

motor control (Allum et al., 1998).

Its components are skin receptors, proprioceptors, nervous pathways, thalamus and primary

somatosensory cortex. Sensory information collected by these receptors is transmitted through the

nervous system via specialized pathways. There are two main pathways:

- The Dorsal Column-Medial Lemniscus Pathway transmits touch, pressure, and proprioceptive
information to the brain for precise localization and discrimination.

- The Anterolateral Pathway transmits pain and temperature sensations to the brain. The sensory
information is relayed to the thalamus, a crucial sensory relay station in the brain, and then are
processed and integrated into the primary somatosensory cortex, located in the parietal lobe of
the brain.

The somatosensory system allows us to perceive tactile perception (pressure, vibration, and

texture, on the skin's surface), temperature perception (changes in temperature), pain perception

and proprioception.

3.1. Proprioceptive system

This system provides information to the CNS about the position, movement, and orientation of
body parts. Proprioception allows us to have an innate sense of where our body parts are located
in space without needing to visually confirm their position. For example, you can touch your nose
with your eyes closed because of proprioceptive feedback. Kinesthesia is closely related to
proprioception and refers to the sense of movement and the ability to perceive the speed, direction,
and force of body movements. This is important for coordinating smooth and controlled
movements. Movements are executed by the muscular system.

There are three main types of muscles in the human body: skeletal muscles, smooth muscles, and
cardiac muscles. Each type of muscle serves distinct functions and is found in different parts of
the body. Skeletal muscles, also known as voluntary muscles, are the muscles that are attached to
bones by tendons and enable us to perform voluntary movements. These muscles are responsible
for locomotion, posture, and various voluntary actions like lifting, running, and jumping. They are
under conscious control and are part of proprioceptive system (Maclntosh et al., 2006).
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a. Anatomy

The proprioceptive system involves a complex network of sensory receptors, neural pathways, and
brain regions. The localization of the receptors are muscles, joints and tendons.

There are several types of proprioceptive receptors located in different tissues of the body:

- Muscles spindles (Matthews, 1964):

They are specialized sensory receptors found within skeletal muscles. They are key components
of the proprioceptive system, providing vital information about changes in muscle length and the
rate of length change.

Each muscle spindle is a fusiform (spindle-shaped) structure located parallel to muscle fibers
within the muscle belly. It consists of several specialized muscle fibers called intrafusal fibers,
which are innervated by sensory nerve endings. These fibers are encapsulated by connective tissue
and run parallel to the regular muscle fibers (extrafusal fibers) in the muscle. Intrafusal fibers are
attached to the surrounding muscle tissue at both ends, and their central regions are more sensitive
to stretch. The central region of intrafusal fibers contains sensory nerve endings known as primary
sensory endings or annulospiral endings. These nerve endings are sensitive to the stretch of the
intrafusal fibers (Figure 13).

They are sensitive to changes in muscle length. When a muscle containing muscle spindles is
stretched or contracted, the intrafusal fibers within the spindle are also stretched or contracted.
This leads to the activation of sensory nerve endings. They send signals to the spinal cord. From
there, these signals are transmitted to the CNS, where they are interpreted to provide information
about the changes. Muscle spindles are also sensitive to the rate of change in muscle length. The
faster a muscle is stretched or contracted, the more the intrafusal fibers within the spindle are
deformed, and the stronger the sensory signal generated (Tuthill & Azim, 2018).
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Muscle spindles are also involved in the stretch reflex, commonly known as the “knee-jerk reflex”.
When a muscle is stretched rapidly, the muscle spindle detects the stretch and triggers a reflexive
contraction of the muscle, helping to stabilize the joint (Dietz, 2002). This sensitivity to fast
changes contributes to the precision of the feedback provided by muscle spindles.

The activation threshold for muscle spindles depends on various factors such as the speed of the
muscle length change, the intensity of the stretch or contraction, as well as individual factors, can
influence the activation threshold (Hurley, 1997).

Muscle spindles are designed to detect minimal changes in muscle length (fraction of millimeters)
and provide accurate information to the nervous system about body position and movement
(Valenci¢ & Knez, 1997).

- Golgi Tendon Organs (GTOs):

They are specialized sensory receptors located at the junction between muscles and tendons. These
receptors play a crucial role in providing feedback to the nervous system about muscle tension and
force (Tuthill & Azim, 2018).

GTOs consist of bundles of collagen fibers that are intertwined with the muscle fibers and their
associated tendons. These collagen bundles are arranged in a way that makes them sensitive to
changes in tension. Within the Golgi tendon organ, sensory nerve endings are intertwined among

the collagen bundles. These nerve endings are known as "Golgi tendon receptor nerve endings”.
The entire structure is enclosed within a connective tissue capsule. This capsule helps protect the
Golgi tendon organ and maintain its integrity (Schoultz & Swett, 1972).

GTOs play a critical role in detecting changes in muscle tension and force during muscle
contraction. They code for tension sensing. When a muscle contracts and exerts force, the tension
generated is transmitted to the attached tendon. This tension causes the collagen fibers in the Golgi
tendon organ to stretch. This leads to the activation of the sensory nerve endings within the Golgi
tendon organ which send signals to the spinal cord and CNS to inform them about the level of
muscle tension being generated (Kandel et al., 2000) (Figure 14).
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One of the key functions of GTOs is to initiate the “Golgi tendon reflex”, also known as the inverse
myotatic reflex. This reflex serves as a protective mechanism against excessive muscle force.
When Golgi tendon organs detect high tension in the muscle, they send inhibitory signals to the
spinal cord, which results in relaxation of the muscle. This prevents muscle and tendon damage
due to excessive force. They also contribute to motor control by regulating muscle force during
voluntary movements (Jami, 1992). They help prevent overexertion and maintain safe levels of
force production. This is particularly important to prevent injuries.

GTOs sensitivity can be modulated based on the level of muscle activity. During intense or
prolonged muscle contractions, GTOs become more sensitive, providing the nervous system with
feedback about the level of force being exerted. The relative insensitivity of GTOs to low levels
of tension is essential for preventing unnecessary inhibition of muscle contractions during normal
activities (Fallon & Macefield, 2007).

- Joint receptors:
Joint receptors are sensory structures located within and around the joints of the body. These

receptors play a critical role in providing information to the nervous system about the position,
movement, and pressure changes within the joints. They are essential for maintaining proper joint
stability, coordinating movements, and ensuring accurate body awareness.

There are several types of joint receptors, each with specific functions and distributions within the
joint (Macefield, 2005) (Figure 15).

The “Pacinian corpuscles” are pressure-sensitive receptors found in the joint capsule and
ligaments. They respond to rapid changes in joint position and transmit information about joint
movement.

The “Ruffini endings” are mechanoreceptors located in the joint capsule and ligaments. They are
sensitive to changes in joint angle and contribute to the sense of joint position.

The “free nerve endings” are distributed throughout joint tissues, including the synovial
membrane, ligaments, and surrounding soft tissues. They respond to various mechanical stimuli,
such as pressure, tension, and movement.

The “Golgi-Like Receptors” look like GTOs and are found in joint capsules. They contribute to
proprioception by providing information about joint tension and movement.
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Figure 15: Joints receptors (example of the knee joint) (courtesy of www.caringmedical.com)
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b. Functions
They have different functions. They provide information about the angle and position of a joint.
As a joint moves, the distribution of pressure and tension on joint receptors changes. These
receptors detect these changes and provide feedback to the CNS, enabling it to accurately perceive
movement. That information contributes to joint stability by providing real-time information about
the joints position and orientation. They play a role in preventing joint damage by signaling the

brain when a joint is at risk of reaching its physiological limits or being subjected to excessive
force (Ferrell et al., 1987).

Proprioceptors work together in a coordinated manner to provide the CNS with comprehensive
information about body position, movement, and orientation. They all together contribute to
unique sensory information. Through their interactions, they help maintain balance, coordinate
movements, and ensure proper spatial awareness (Tuthill & Azim, 2018).

When a muscle contracts or stretches, both muscle spindles and Golgi tendon organs are activated.
Muscle spindles inform the brain about the muscle's length and contraction speed, while Golgi
tendon organs provide information about muscle force. Together, they help the brain regulate
muscle tone, adjust force production, and maintain muscle coordination (Kistemaker et al., 2013).
Joint receptors work with muscle spindles to provide information about joint position and
movement. As the muscles around a joint contract or relax, joint receptors contribute to the sense
of joint angle and movement, allowing the brain to accurately perceive limb position (Hurley,
1997). Proprioceptive feedback also fine-tunes movement accuracy. Vestibular receptors
contribute to overall balance and spatial orientation. They interact with visual information and
proprioceptive feedback to help us maintain our equilibrium while moving and changing positions.
Proprioceptive information is integrated with other sensory, such as the vestibular system and
visual system. This integration helps us make minute adjustments to body alignment to prevent
falls or imbalance. Proprioceptors also contribute to the awareness of body position without the
need for visual feedback. This is especially important when eyes are closed.

This multisensory integration creates a unified perception of body position and movement in
relation to the environment. The brain processes proprioceptive input and generates appropriate
motor commands to control muscle contractions and adjust movement patterns. Reflexes are
triggered to protect muscles and maintain posture. Proprioceptive input is integrated with other
sensory cues to create a cohesive perception of body position and movement even when we are
not actively engaged in dynamic activities (Sober & Sabes, 2003).

During a static task, muscle spindles provide feedback about the degree of muscle contraction and
tension, helping to regulate muscle tone. This ensures that the muscles are neither overly
contracted nor overly relaxed, maintaining a balanced and stable posture (Hassan et al., 2001).
Meanwhile, GTOs monitor muscle tension. and provide information about the level of force being
exerted on the muscles. This information helps prevent excessive muscle contraction, which could
lead to fatigue or discomfort. Joint receptors contribute to maintaining a stable joint position by
providing information about joint angles and pressure changes within the joints. minor adjustments
are continually made to maintain stability. Reflexes triggered by proprioceptors help regulate
muscle tone and maintain joint stability (Massion, 1994).
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During a locomotor task, proprioceptors contribute to kinesthetic awareness, particularly during
locomotion (environment obstacles detection). They provide feedback about the extent and speed
of muscle contractions and stretches and ensure that the right muscles contract at the right time
and with the appropriate force. They manage dynamic adjustments with reflex control. The minute
sensitivity of the proprioceptive system is especially important for fine motor control. When
engaging in delicate tasks or intricate movements, the brain relies on their feedback to adjust
muscle contractions accurately. They also interact with other inputs (vestibular, visual) to maintain
the accurate navigation or motion (Dietz, 2002).

3.2. Skin receptors

Skin receptors are specialized sensory structures located within the skin that permit it to perceive
various sensations related to touch, pressure, temperature, and pain. These receptors are essential
for interactions with the external environment and play a crucial role in providing information
about the objects touched, the temperature of the surroundings, and eventual threats to our well-
being (Roosterman et al., 2006) (Figure 16).

9

\ : & /
ROOT HAIRPLEXUS ~ FREE NERVE ENDINGS MEISSNER CORPUSCLE PACINIAN CORPUSCLE  RUFFINI ENDINGS MERKEL DISKS

Figure 16: Skin receptors (www.biorender.com)

a. Anatomy and function
There are 4 categories of skin receptors based on their function (Vallbo & Johansson, 1984).

- Mechanoreceptors (K. Johnson, 2001)

Merkel cells are found in the stratum basale of the epidermis (the outermost layer of the skin).
They are typically located close to nerve endings, forming a specialized sensory unit known as a
Merkel cell-neurite complex. The primary function of Merkel cells is to contribute to tactile
sensation, particularly in the context of touch discrimination. They work in conjunction with nerve
endings to detect mechanical stimuli, such as pressure and indentation, which helps us perceive
detailed information about the objects we touch. Merkel cells are especially sensitive to sustained
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pressure and are responsible for our ability to distinguish fine textures and shapes on the skin's
surface, even without relying on visual cues.

Merkel cell-neurite complexes facilitate communication between Merkel cells and sensory nerve
fibers, allowing for the transmission of tactile information to the CNS. The nerve fibers associated
with Merkel cells are specialized mechanoreceptors that respond to mechanical deformation and
pressure. When pressure is applied to the skin, the complex is activated. This activation generates
electrical signals that travel along the nerve fibers to the brain where they get interpreted as tactile
sensations.

Merkel cells exhibit a slow rate of adaptation to pressure. This means that they continue to generate
signals as long as pressure is maintained on the skin. This property makes Merkel cells well-suited
for detecting sustained pressure and maintaining continuous tactile feedback during interactions
with objects.

Meissner's corpuscles are elongated structures located in the dermal papillae, which are small
projections of the dermis into the epidermis. Each corpuscle consists of a stack of flattened cells,
surrounded by connective tissue and encapsulated by Schwann cells. Their function is to detect
light touch and changes in textures on the skin's surface. They are highly sensitive to mechanical
deformation and vibrations, making them particularly suited for detecting subtle changes in
surfaces. When an object comes in contact with the skin, it causes the skin to deform and compress
the Meissner's corpuscles within the dermal papillae. This deformation generates electrical signals
that travel along sensory nerve fibers to the CNS where they are interpreted as sensations of touch.
They are especially sensitive to light touch and low-frequency vibrations. They excel at detecting
rapid changes in pressure and texture. This sensitivity allows us to discriminate between different
textures and materials, contributing to our ability to recognize objects based on touch alone. They
exhibit rapid adaptation to continuous pressure. Their firing rate decreases quickly when pressure
is maintained, allowing them to respond to changes in pressure rather than constant stimulation.
This property is important for detecting dynamic changes in surfaces and textures.

Pacinian corpuscles are oval-shaped structures that consist of concentric layers of connective tissue
and nerve fibers. They are encapsulated by Schwann cells and connective tissue layers. They are
located in the deeper layers of the skin's dermis, as well as in other tissues such as tendons,
ligaments, and internal organs. Their function is to detect mechanical stimuli, particularly rapid
vibrations and changes in pressure. They are highly sensitive to mechanical deformation and can
respond to stimuli over a wide range of frequencies, including those in the high-frequency
spectrum. When a mechanical stimulus, such as a vibration or a tap, is applied to the skin, it
deforms the layers of the Pacinian corpuscle. This deformation triggers the activation of sensory
nerve fibers within the corpuscle. The nerve fibers then transmit electrical signals to the brain,
which interprets these signals as tactile sensations, allowing us to perceive vibrations and rapid
changes in pressure. They are particularly sensitive to vibrations in the high-frequency range. They
respond strongly to the initial change in pressure or vibration but quickly reduce their firing rate if
the stimulus is maintained.
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Ruffini endings are spindle-shaped structures with elongated capsules made of collagen fibers.
They are encapsulated by connective tissue and are found in the deep layers of the skin's dermis,
as well as in joint capsules, ligaments, and tendons. Their function is to detect mechanical changes
in the skin and surrounding tissues, especially those related to skin stretch and deformation. They
are responsible for providing information about skin tension and pressure variations. When the
skin or surrounding tissues are stretched or deformed, the collagen fibers within the Ruffini
ending's capsule are also stretched. This mechanical deformation leads to the activation of sensory
nerve fibers within the corpuscle. These nerve fibers transmit electrical signals to the brain, which
interprets these signals. They play a role in detecting continuous pressure and show slow
adaptation to continuous stimuli. They continue to generate continuous feedback as long as the
mechanical deformation or stretch is maintained.

Those receptors (Table 1) have temporal and spatial adaptation properties: fast or slow. Their
receptive field sizes correlate with their tactile spatial acuity.

Table 1: Cutaneous mechanoreceptors organs (Tresilian, 2012)

Merkel Disk Meissner Ruffini end Pacinian
Receptor
receptors corpuscle organ Corpuscle
Diagram
Merkel cell
axoﬁ £
terminal axon
terminals
Fiber group AP AP AB AB
Adaptation . . . .
characteristic Slow adapting Fast adaptation | Slow adapting Fast adaptation
. Glabrous and Glabrous and Glabrous and Glabrous and
Skin type . . . .
hairy hairy hairy hairy

- Thermoreceptors (Hensel, 1974)

Warm receptors are sensitive to increases in skin temperature and contribute to the perception of
warmth.

Cold receptors are sensitive to decreases in skin temperature and contribute to our perception of
cold.

- Nociceptors (R. Schmidt et al., 1995)

Nociceptors are pain receptors that detect harmful or potentially damaging stimuli, such as extreme
temperatures, pressure, or tissue damage. They are essential for alerting us to potential threats and
prompting protective responses.
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b. Foot specificities

- Distribution (Kennedy & Inglis, 2002)

These receptors are distributed across the skin of the entire body. However, different areas of the
body, including the feet, may have varying densities and concentrations of these receptors. The
feet, in particular, exhibit certain specificities in terms of receptor distribution and sensitivity due
to their role in supporting our body weight, facilitating locomotion, and interacting with surfaces.
Merkel cells are present in areas that require precise tactile discrimination, such as the fingertips
and the tips of the toes. They are also found in hairless areas of the feet, where fine touch and
tactile detail are essential. Meissner's corpuscles are densely concentrated in areas of the skin that
are highly sensitive to touch and tactile discrimination. In the feet, they are more abundant in
regions such as the fingertips, the tips of the toes, and the soles of the feet, especially in the areas
that experience more direct contact with surfaces. Pacinian corpuscles are present in the skin and
connective tissues throughout the body, including the feet. They are relatively more abundant in
areas with thicker skin and in regions that experience frequent pressure changes, such as the soles
of the feet(Figure 17) (Strzalkowski et al., 2018). Ruffini endings are found in the deep layers of
the skin, including the feet. They are present in areas that experience stretching and deformation,
such as the soles of the feet and the skin over joints, ligaments, and tendons.

A: foot sole maps for each afferent type showing all the
receptive field locations

and estimates of size in the present data set. Shaded ellipses
represent individual afferent receptive fields.

B: composite foot sole map showing the center of all receptive
fields overlaid on the same foot template.

Pie chart depicts the breakdown in terms of the percentages of
cach afferent type in the
present data set.

Figure 17: Receptive fields of the different cutaneous mechanoreceptor classes. (Strzalkowski et al. 2018)

- Functions (Inglis et al., 2002)

They play essential roles in facilitating various functions that are crucial for the foot interaction with the
environment and its role in supporting the body during locomotion (Table 2).

Meissner's corpuscles allow us to perceive the tactile properties of different surfaces as we walk
or stand. They help us detect and respond to the textures and contours of the ground beneath our
feet, enhancing our ability to navigate and adjust our movements based on tactile feedback.
Pacinian corpuscles contribute to our ability to perceive vibrations caused by locomotion. They
help us detect changes in ground surfaces and respond to the impact forces associated with

different types of terrain.
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Ruffini endings contribute to our ability to sense the pressure distribution under foot during
standing, walking, and other weight-bearing activities. They also help us detect stretching of the
skin as the foot moves and adapts to different positions. Merkel cells enable us to discern the
textures of surfaces that come in contact with the skin. They allow us to detect and differentiate
between various textures, enhancing our ability to sense the qualities of surfaces as we walk and
explore with our feet.

Table 2: Somatosensory afferent fiber groupings (Tresilian, 2012)

Mechanoreceptors Effective sensation

Merkel Disks Sustalned‘skm contact and pressure, slowly changing skin deformations
(frequencies less than SHz)

Lateral movement, vibration and fairly rapid changes in skin

Meissner Corpuscles deformation (5 to 50 Hz)

Ruffini end organs Sustained and slow changes in skin stretch or tension

High frequency vibration (40 to 400 Hz), contact events and rapid skin

Pacinian corpuscles -
P deformations

c. Evaluation

The evaluation of skin receptors involves various sensory tests designed to assess their

responsiveness and functionality. Here are some common methods used to evaluate these receptors

(Bell-Krotoski et al., 1993; K. Johnson, 2001; Novak, 2001):

- Two-Point Discrimination Test (Aszmann & Dellon, 1998; A. L. Dellon, 1978; Nolan,
1983):

This test assesses the ability to perceive two distinct points of contact on the skin. It is commonly

used to evaluate the density and sensitivity of Meissner's corpuscles, which are responsible for fine

touch discrimination. The smaller the distance between the two points that can be distinguished,

the higher the density of Meissner's corpuscles.

- Vibration Sensation Test (Bensmaia et al., 2005; Gerr & Letz, 1988; Posnick et al., 1990;
Vinik et al., 1995):

This test involves applying a vibrating tuning fork or a specialized device to the skin and assessing

the individual's ability to detect and perceive the vibration. It assesses the sensitivity of Pacinian

corpuscles, which are sensitive to vibrations and rapid changes in pressure.

- Pressure and Texture Discrimination Tests (E. S. Dellon et al., 1997; Dyck et al., 1978):

These tests involve applying various levels of pressure to the skin using specialized instruments.

The individual is asked to identify the pressure level or describe the texture perceived during the

test. These tests evaluate the functionality of Ruffini endings and Merkel cells, which are sensitive

to skin stretch, sustained pressure, and fine textures.

- Point Localization Test (Hoagland, 1932):

In this test, a small point or dot is lightly applied to the skin, and the individual is asked to identify

the exact location where the stimulus was applied. This test assesses the accuracy of touch

perception and the ability to locate specific points on the skin's surface.

- Tactile Grating Test (Boven & Johnson, 1994; K. O. Johnson et al., 2000):
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A tactile grating instrument with grooves of varying distances is applied to the skin. The individual
is asked to identify the orientation of the grooves. This test assesses the ability to perceive changes
in texture and is sensitive to the functionality of Meissner's corpuscles and Merkel cells.

- Quantitative Sensory Testing (QST) (Siao & Cros, 2003; Zaslansky & Yarnitsky, 1998):
QST involves systematically applying controlled stimuli, such as heat, cold, pressure, and
vibration, to the skin and recording the individual's perception of these stimuli. QST allows for the
quantitative assessment of sensory thresholds and provides information about the sensitivity of
different types of receptors (Fujimoto et al., 2012; Riviere et al., 1991; D. Schmidt et al., 2017).

- Neurological Examinations:

Neurologists may perform clinical examinations that involve assessing sensory perception in
different areas of the body, including the feet. These examinations help detect any abnormalities
in the function of skin receptors and other sensory pathways. It include the previous tests but also
temperature sensation test (Golja et al., 2003), pinprick test (Chan et al., 1992), proprioception
test(position sense of a toe for example) (Clark et al., 1979), graphesthesia test (Bender et al.,
1982), stereognosis test (Byl et al., 2002).

It is important to note that evaluating skin receptors is often part of a comprehensive sensory
assessment that includes other components of the somatosensory system, such as proprioception
and pain perception. Additionally, specialized equipment, such as sensory testing devices and
instruments, may be used to standardize the evaluation process and gather accurate measurements
of sensory thresholds and perceptions.

B.4. Sensory systems interactions

All relevant sensory information is processed by the central nervous system to maintain the desired
balance and posture of the individual, whether in static or dynamic situations. We will focus on
static and dynamic balance, as well as the role and evaluation of afferent systems in these
situations.

The vestibular apparatus interacts with visual and proprioceptive systems. The semicircular canals
detect rotational movements of the head, and this information is transmitted to the CNS.
Simultaneously, the visual system perceives the movement of the surrounding environment. The
CNS integrates signals from both the semicircular canals and the visual system to stabilize the
visual field. This stabilization enables to maintain a steady view even when the head is in motion.
This is linked also to the vestibulo-ocular reflex (VOR). It is a significant interaction between the
vestibular system and vision. When the head moves, the VOR ensures that the eyes move in the
opposite direction to the head movement. For instance, when you turn your head to the left, your
eyes will move to the right to keep your gaze fixed on a point. This stabilizes vision during head
movements, enhancing visual perception during activities like walking (Cullen, 2012).

The ocular tilt reflex, also known as the subjective visual vertical (SVV) (Béhmer & Rickman,
1995; Dyde et al., 2006), is a sensory-motor response of the eyes and head that helps maintain
visual and postural orientation with respect to gravity. It is a fundamental mechanism that allows
to perceive verticality and adjust the head and eye movements to align with self-perception of "up"
and "down."
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The interaction between visual and vestibular systems is also observed when the environment is
dark or when there is a lack of visual cues. In those situations, the visual system might be less
accurate in perceiving movements. In such cases, the vestibular system becomes more important
for maintaining balance and movement coordination. Similarly, if the vestibular system is
impaired, the visual system plays a more significant role in compensating for imbalances. It is a
reweighting process (Bent et al., 2002; Black et al., 1988). Information about head movements and
the adjustments needed to maintain balance is used by the CNS to assess the distance of objects
and the spatial arrangement of the environment. This contributes to the perception of depth and
distance (Dokka et al., 2011).

Proprioception provides information about the position of muscles, joints, and body segments,
while the vestibular system detects changes in head position and angular velocity. Together, these
systems help maintain balance and posture. The CNS simultaneously receives proprioceptive
information from muscles, joints, sensors but also from the vestibular system.

Both allow to make precise adjustments in muscle activity to maintain balance. That information
is entwined.

More of a key role in balance, they participate in the perception of the body position and movement
in 3-dimensional space. They contribute to prevent falls by correcting movement when needed and
ensure coordination. Proprioceptive signals from neck muscles and visual input also contribute to
the perception of verticality. These cues help CNS integrate sensory information to determine the
true vertical orientation and adjust the alignment of the head and eyes accordingly.

They support sensorimotor learning. Over time, CNS refines its ability to interpret and integrate
sensory inputs from both systems, resulting in improved balance, movement precision, and
adaptability (Cullen, 2012).

Visual information interacts with other sensory inputs in a process known as multisensory
integration. This integration enhances understanding of the world and helps us make more accurate
and adaptive responses to various situations. As said before, the vestibular and the visual systems
inputs are integrated together to accurately perceive self motion in relation to the environment in
order to maintain balance and spatial orientation. For the same purpose, vision and proprioception
collaborate to create a sense of body position and movement (van Beers et al., 1999). This spatial
awareness is helping proprioceptive feedback to maintain balance and control posture. For
example, during a single leg balance test, CNS uses visual cues to adjust body position based on
the visual horizon, while proprioceptive input from the leg's muscles and joints provides
information about the body's position and movement.

This is crucial for motor coordination whether in balance tasks or in daily action, like grabbing an
object. Visual information about the object's location is combined with proprioceptive feedback
from arm muscles to realize an accurate movement. Visuo-proprioceptive integration helps update
and refine the body schema (mental representation of the body's shape, size, and position) based
on the current sensory inputs, allowing a safe interaction with the environment.

Likewise, this integration plays a role in both egocentric (self-centered) and allocentric
(environment-centered) spatial processing. It allows the perception of objects and locations in
relation to the body as well as in relation to other objects in the environment (Sober & Sabes, 2003;
van Beers et al., 1999).
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Overall, visuo-proprioceptive integration is a fundamental process that allows us to interact with
the world effectively, move our bodies with precision, and maintain a stable sense of self and
space. It's a dynamic interplay between visual and proprioceptive inputs that contributes to our
overall perception and motor control (D. N. Lee & Lishman, 1975).

Multisensory integration also occurs between vision and the somatosensory system. Feet and hand
soles are particularly included in this integration (Bronstein, 2016; Shaffer & Harrison, 2007; Stein
& Stanford, 2008). While having an upright posture, feet soles are the body part touching the
environment. Hands are prehension organs and used to carry or touch objects. Activities that
require hand-eye coordination, such as catching a ball or threading a needle, rely on the integration
of visual information about the target, proprioceptive feedback from the limbs involved in the
movement, and cues from the somatosensory system.

Auditory and olfactory systems are also included in the integration with visual systems (Barnett-
Cowan & Harris, 2009). For example, when you see a person speaking, you automatically integrate
their lip movements with the sound of their voice to improve speech comprehension. Or a sound
while crossing a street alerts about a possible danger and triggers a body reaction (Morein-Zamir
et al., 2003). Visual stimuli can evoke emotional responses, which can in turn influence other
sensory perceptions. For instance, seeing a frightening scene might increase your heart rate and
alter your auditory perception by making you more attuned to potential threats (Gray, 2004).
Overall, the interaction of visual information with other sensory inputs is a complex and dynamic
process that enriches our perception, enhances our understanding of the environment, and allows
us to respond effectively to various situations (Letts et al., 2022). This integration is person-
dependent and linked to the intrinsic capabilities of individuals (Basharat et al., 2019).

All these systems are integrated to enable the individual to perform actions safely. They play a
role in both static and dynamic balance.

C. Static balance

C.1. Definitions, mechanisms and assessment

1.1. Definitions and mechanisms

Static balance is the ability of an individual to maintain an upright and stable posture while being
stationary. Maintaining static balance is a complex process that involves the integration of sensory
information, motor control and biomechanical adjustments (Alexander & Kinney LaPier, 1998;
Shumway-Cook & Woollacott, 2007; Tresilian, 2012) .

Achieving stability in static balance involves maintaining the body's center of mass over its base
of support, minimizing swaying or tilting, and preventing falls. The concept of equilibrium is
central to understanding how the body maintains stability. To achieve equilibrium, the body Center
of Mass (CoM) has to be positioned over its Base of Support(BoS) (Tresilian, 2012; Winter et al.,
1990) (Figure 18). Equilibrium refers to a state in which an object or system has balanced forces
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acting on it, causing it to remain stationary or moving with constant velocity (not accelerating).
Stability, on the other hand, is related to how an object or system responds to disturbances or small
displacements from its equilibrium position.

CoG

| e = approximate positions
{ of joint axes
8N

! ( = turning action of
L gravitational torque

location of
ankle joint
axes

| line of action of
1 weight force

Figure 18: Gravitational torques about the ankles, knee and hip joints when standing upright (Tresilian, 2012)

CoM is the theoretical point where its mass is evenly distributed. It is the average location of the
body’s mass. To calculate the CoM, the body is divided into segments (head, arms, legs, trunk),
and the CoM of each segment is estimated based on anatomical landmarks and known segment
masses based on anthropometric tables (Winter, 2009). These segmental CoMs are then combined
to estimate the whole-body CoM. It is used to simplify the body system in a point (Clauser et al.,
1969).

The BoS refers to the area on which an object or a person makes contact with the supporting
surface, such as the ground (Figure 18). It can vary in size and shape. In standing posture, it
typically includes the area covered by both feet when they are in contact with the ground. The
shape can change if the feet are placed together or apart, or if one foot is lifted. When the base of
support is wider, the projection of the CoM has more space to move within it without causing the
body to tip over (Latash et al., 2010).

(A) B) ©)

Figure 19: The base of support (shaded) with the feet in different positions (Tresilian, 2012)

Equilibrium is not a fixed state but rather a dynamic process involving continuous adjustments.
To make those adjustments, the body constantly relies on a sensory feedback loop about its

48

PUIL, Carole. Standardizing and evaluating clinical practices in Podiatry : postural control and Gait - 2023



orientation in space and makes reflexive and voluntary movements to counteract deviations from
a stable posture (Figure 20).

postural
planner
postural '
requirements body configuration,
T orientation, motion
controller

sensory
( systems

Figure 20: Sensory feedback loop in the postural control (Tresilian, 2012)

Several strategies have been proposed to explain how the body maintains stability during
stationary positions (Figure 21). Ankle strategy focuses on the contributions of the ankle joint and
the muscles surrounding it. It suggests that the body primarily uses adjustments at the ankle joint
to maintain stability. Muscles in the lower legs are activated to control small perturbations and
shifts in body weight. Hip strategy is similar to the ankle strategy. In situations where the ankle
strategy may not be sufficient, the body engages larger muscles around the hips to stabilize the
body. The “change in base of support” strategy centers around the concept that the body adjusts
its base of support to maintain balance. By altering the positioning of the feet or other body parts,
the body can stabilize itself (Runge et al., 1999). The sensory integration model emphasizes the
role of sensory information from the afferences systems.

(1) (2) (3) (4)

Figure 21: Four different upright postures in which the CoM is above the base of support (Tresilian, 2012)

To describe these strategies, the “inverted pendulum’ model simplifies the representation of the
human body. The concept of this pendulum is closely related to the theory of balance and
equilibrium, especially in the context of human posture and locomotion (Loram & Lakie, 2002).
The inverted pendulum model is often used to describe the mechanics of how humans maintain
balance during walking and other forms of dynamic movement (Milton et al., 2009).

In this model, the human body is likened to an upside-down pendulum, where the body's center of
mass is located above the point of contact with the ground. This model simplifies the body's
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mechanics for analyzing balance and gait. CoM movement analysis describes the pendulum
continuous movement (Gage et al., 2004) (Figure 22).

(A) ®)

)

pu. 8
3

Figure 22: (A) a compounded inverted pendulum. (B) Sway in upright stance around ankle joints (adapted from Tresilian, 2012)

2.2. Assessment of static balance

Assessment of static balance often involves the use of a force platform. This device is used to
measure the forces and torques applied to it by a person standing (or performing other static
activities). It provides data about an individual's distribution of weight, center of pressure (CoP)
movement. The CoP refers to the point on a force platform where the resultant force of the vertical
ground reaction forces is applied. By monitoring the movement of the CoP, researchers and
clinicians can analyze an individual's balance and postural control. The CoP trajectory provides
insights into how weight distribution changes and how an individual adjusts to maintain stability
(Figure 23). A stable CoP indicates that the individual's weight distribution is centered over the
BoS. If the CoP moves outside it, it suggests a shift in weight and potential balance challenges.
The movement of the CoP over time is known as postural sway. Postural sway involves oscillations
in both amplitude (how much the body moves) and frequency (how quickly it moves). These
oscillations are generally very small and happen at a rate of about 0.1 to 2 Hz. It tends to increase
with age, as well as in individuals with balance impairments or certain medical conditions
(Abrahamova & Hlavacka, 2008; Teasdale et al., 1991). Excessive or irregular postural sway can
be indicative of balance deficits (Massion, 1994; Newell et al., 1993; Ruhe et al., 2010).
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Figure 23: The statokinesigrams in four tested conditions for typical subjects from three age categories. The increase of COP
displacement is evident with age in each condition (Abrahamova, 2008)

Various parameters are measured and quantified to characterize the extent, frequency, direction,
and patterns of the CoP movement during static standing. Sway amplitude refers to the distance
the CoP moves from its mean or reference position. It reflects how much the body sways back and
forth or side to side (Blaszczyk et al., 2011). Larger sway amplitudes can indicate reduced stability.
Sway area represents the area covered by the CoP trajectory on the force platform. A larger sway
area indicates more overall movement. Sway velocity measures how quickly the CoP moves. It
quantifies the speed of postural sway oscillations (Yamamoto et al., 2015). Higher sway velocities
may suggest difficulty in controlling balance. As the recording time is standardized, the sway
velocity is directly linked to the length of the CoP displacement. Sway frequency indicates how
many oscillations occur within a specific time frame. It's measured in Hertz (Hz). Frequencies
within the range of 0.1 to 2 Hz are common in postural sway analysis. Parameters such as mean
sway amplitude, standard deviation, root mean square, and range provide statistical summaries of
the sway data, helping to describe the variability and extent of postural sway (Kim et al., 2010;
Palmieri et al., 2002) (Figure 24). Postural sway can occur in different directions (forward-
backward, side-to-side). Quantifying sway in specific directions can provide insights into which
directions might be more challenging for an individual. Some analyses involve breaking down
postural sway data into frequency components using methods like Fourier analysis or wavelet
transforms (Sezer & Ferdjallah, 2005). This can help identify dominant frequencies and patterns
of sway. Complexity measures, such as sample entropy or approximate entropy, assess the
irregularity or randomness of postural sway data (Ramdani et al., 2009). These measures offer
insights into the body's control strategies.

Postural sway parameters can be compared between individuals or groups to identify differences
related to age, health conditions, interventions, or other factors (Vuillerme et al., 2008).
Researchers and clinicians often compare postural sway parameters between different conditions
(e.g., eyes open vs. eyes closed, stable vs. unstable surface) to understand how factors influence
balance control (Shumway-Cook & Horak, 1986).

To minimize individual variability, test-retest is done in the same condition. 3 to 5 repetitions seem
to be necessary to obtain valuable data on all parameters for a 30 second trial and 2 for a 120 s
one. Length and velocity of CoP motion were shown to be more reproducible than its area in-
between comparison (Ruhe et al., 2010; Salavati et al., 2009).
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Figure 24: Representative center of pressure (COP) trajectories of distance and velocity (1st and 2nd rows, respectively) and
power spectrums in anteroposterior (AP) and mediolateral (ML) directions (3rd and 4th rows, respectively). In the power
spectrums, 95% power frequency (vertical dotted line, 95%FREQ) and total power (POWER) are indicated. Columns indicate

young men, young women, elderly men and elderly women from left to right. (Kim, 2010)

C.2. Assessments of afferences systems

Evaluating the afference systems involved in static balance refers to assessing the sensory inputs
that contribute to an individual's ability to maintain stability while being in a stationary position.

2.1. Visual system

The presented visual environment(target, pattern, etc.) causes a modification of postural responses

(Wade & Jones, 1997).

Comparing an individual's ability to maintain balance with eyes open and eyes closed can assess
the reliance on visual inputs. Balance may be more challenging with eyes closed due to reduced
visual feedback. In fact, instability increases when visual information is removed (a 30% increase
in oscillations, particularly in the anterior-posterior axis) (Black et al., 1982). The removal of
visual information through closed eyes is easy to perform, making it one of the most commonly
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conducted evaluations (Peterka, 2018; Sober & Sabes, 2003; van Beers et al., 1999). The Romberg
Quotient(RQ) is a neurological test used to assess an individual's sense of proprioception, balance,
and coordination (Diener et al., 1984). It is commonly performed by healthcare professionals. It is
calculated by comparing the individual's ability to maintain balance with eyes open to their ability
to maintain balance with eyes closed (Equation 1). If there is a significant deterioration in balance
and stability when the eyes are closed (compared to when they are open), it can be an indication
of impaired proprioception, vestibular dysfunction, or other neurological issues. This test is
performed on a force platform so that the RQ is computed as follows:

__ CoP displacement eyes cosed

RQ (1)

CoP displacement eyes open
The CoP displacement parameters commonly used are Surface or Length of displacement.

Modifications in the CoP displacement are observed based on the distance between the wall and
the participant (Kapoula & Lé, 2006) and when a target is presented (Asten et al., 1988; Gautier
et al., 2008; L. Nashner & Berthoz, 1978). Introducing visual conflicts or information, such as
moving backgrounds, visual illusions or targets, can disrupt the visual system's cues and reveal
how well an individual adapts to changing visual input.

A stable visual target can provide a visual reference point that helps stabilize posture. By fixing
their gaze on the target, a person can better control their body position. The brain can adjust motor
and muscle signals to maintain the desired posture which reduces the movement of the CoP and
minimizes oscillations (Laurens et al., 2010). Pictures or images can also impact how the body
maintains stability during static standing (Figure 25). A picture with a clear point of reference,
such as a horizon or vertical line, can act as a visual anchor. Pictures with visual cues related to
depth perception or spatial orientation can influence how the brain interprets the body's position
in space.

Dynamic visual input can challenge static balance by introducing moving visual stimuli. They
assess an individual's ability to adapt and respond to changing visual cues while keeping their body
in equilibrium. It can lead to conflicts between visual and vestibular cues. For example, if a person
is fixating on a moving object while standing still, the visual system might detect the movement,
leading to postural adjustments. As the eyes track the movement, the body might sway in response,
especially if the visual input is faster or more complex. They can induce amplification of postural
sway (Laurens et al., 2010).

L Pattern W1

(A) (B)

Figure 25: (A) Visual scene displayed on a head-mounted display (Taneda, 2021). (B) The stimulus patterns presented to the
subjects (van Asten, 1988)
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Optic flow, the apparent motion of objects as we move, can provide cues about the body's
movement relative to the environment (Figure 26). Incorporating dynamic visual input can affect
how the brain perceives self-motion and adjusts posture accordingly (Raffi & Piras, 2019).
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Figure 26: Fixation of a stationary object (green circle) while moving (adaptation from Tresilian, 2012)

Finally, it is usual to evaluate standing balance in a room in front of a wall. The distance from a
wall can challenge static balance by altering the visual and proprioceptive cues available to an
individual while they maintain a stationary position. Having a wall in close proximity can provide
a visual reference point that enhances stability by using the wall as a visual anchor. Standing closer
to a wall limits the body's ability to lean or sway in that direction (Kapoula & L¢&, 2006). This
reduces the extent of somatosensory cues from the proprioceptive system (Figure 27). This
decreases the width of the base of support and challenges balance by limiting the body's ability to
make subtle adjustments.
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Figure 27: Significant interaction between gaze position and distance to the wall on standing balance: differences between gaze
positions (0 vs.15 up and 0 vs.15 down) are significant only for the far distance; the distance effect is significant only for the
straight-ahead (0) and the 15 down gaze positions (post hoc test at p <0.05, indicated by double arrows)

2.2. Vestibular system

Specific tests, such as the Romberg Test or Fukuda Stepping Test, can help identify issues related
to vestibular dysfunction or impairments (Honaker et al., 2009; Khasnis & Gokula, 2003). To
assess the Romberg Test, the patient being tested is asked to stand still with his feet together, arms
along the body and eyes open. Then, he is instructed to close his eyes while maintaining this
upright position for about 20 to 30 seconds. If the patient loose balance while being eyes closed,
this may suggest a vestibular issue (Petersen et al., 2013). The assess the Fukuda Stepping Test,
the patient is asked to stand still with eyes closed. Then he is instructed to step in place for about
50 steps (eyes closed). If the patient has no vestibular or balance issues, he should be able to step
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in place with little deviation. If the patient drift or rotate to one side, the orientation of the deviation
can give insight about the vestibular impairment (Zhang & Wang, 2011).

Controlled head movements (e.g., tilting, nodding) while standing can also assess the vestibular
system's contribution to balance control. Gathering information about an individual's history of
dizziness, vertigo, or motion sickness can provide insights into potential vestibular problems.
Evaluation on a force platform is mainly a comparison between a vestibular dysfunctional
population and physiological population. However, challenging balance control with visual cues
or somatosensory modifications can help assess the vestibular system's influence (Di Fabio, 1995).

2.3. Somatosensory system

Sensory manipulation can challenge this system (Shumway-Cook & Horak, 1986). Applying
localized vibrations or tactile stimuli to specific muscles or joints while the individual maintains a
static stance temporarily disrupt somatosensory feedback and allows to observe the body's
responses (Spiliopoulou et al., 2010).

Single-leg stance challenges the somatosensory system by reducing the number of points of
contact with the ground. The tandem stance is also more challenging than the baseline assessment
(stand barefoot with feet shoulder-width apart and arms relaxed), as feet together. All these
positions reduce the size of the BoS (Jeon et al., 2019).

Assessing balance on different surfaces (e.g., firm ground, foam, unstable platform) challenges the
somatosensory system and its ability to provide feedback about foot position and pressure (Peterka,
2018).

Reducing somatosensory information can have a significant impact on static balance. When
somatosensory cues are diminished, whether through altered sensory conditions or impairments
(Lencioni et al., 2015), several balance-related effects can occur . It leads to increased postural
sway and can result in an unstable posture, making it more challenging to maintain an upright
position (Alexander & Kinney LaPier, 1998; Zarkou et al., 2020). Individuals may rely more on
visual and vestibular cues to maintain balance (Sundermier et al., 1996). This shift can lead to
sensory conflicts if these systems do not integrate seamlessly (Fabio & Badke, 1991). This can
also lead to inaccurate perceptions of weight distribution, potentially causing individuals to shift
their weight inappropriately. In this case proprioception, which is closely tied to somatosensory
input, becomes compromised (Lao et al., 2008). This can hinder the ability to perceive joint angles
and muscle tension accurately. Moreover reduced somatosensory input can impact activities
requiring precise balance control, such as standing on one leg, walking on uneven surfaces, or
navigating obstacles (Hu & Woollacott, 1994). Aging can lead to a gradual decline in
somatosensory function, making older adults more susceptible to balance challenges (Shaffer &
Harrison, 2007). It's important to note that the impact of reducing somatosensory information can
vary based on factors like the degree of reduction, individual adaptability, and compensatory
mechanisms, which are linked to aging or impairments for example (Mahoney & Verghese, 2020;
Torre et al., 2013). Individuals with sensory impairments or neuropathies may find it more
challenging to participate in balance training or rehabilitation programs.
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As static balance is impacted, gait initiation, especially when transitioning from a static to a
dynamic state, may be affected due to insufficient feedback about the position and movement of
the body (Osoba et al., 2019). This can increase the risk of falls, particularly in environments where
surfaces are uneven or unpredictable.

D. Dynamic balance and locomotion

D.1. Definitions, mechanisms and assessment

1.1. Definitions and mechanisms

Dynamic balance refers to the ability of an individual to maintain stability and control over their
body while in motion or when subjected to external forces. As you shift your weight and move
your body, your balance mechanisms work to keep you upright and steady (Aggarwal & Cai,
1999). In the context of gait, which refers to the pattern of movement during walking, dynamic
balance is of paramount importance (Neptune & Vistamehr, 2019). Walking is a complex motor
activity that requires coordinated movement of various body segments while maintaining stability
and balance (Shimada et al., 2003). The gait cycle is typically divided into two main phases: the
stance phase and the swing phase. The stance phase is the period when the foot is in contact with
the ground. It makes up roughly 60% of the entire gait cycle and is further divided into several
sub-phases (initial contact, loading response, midstance, terminal stance and pre-swing). During
the gait cycle, the foot transitions from a heel strike to a toe-off. The swing phase is the period
when the foot is not in contact with the ground. It constitutes around 40% of the gait cycle and is
also divided into sub-phases (initial swing, midswing and terminal swing) (Tunca et al., 2017)
(Figure 28). These phases create a continuous cycle as one leg transitions into the next cycle

(Kharb et al., 2011).
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Figure 28: Human gait cycle (Tunca, 2017)

56

PUIL, Carole. Standardizing and evaluating clinical practices in Podiatry : postural control and Gait - 2023



During the gait cycle, there are moments when one foot is off the ground and the body is balanced
on the other leg. This is called the single-leg stance phase. Dynamic balance ensures that the body
remains stable and centered over the supporting leg during this phase, preventing a loss of balance
(Neptune & Vistamehr, 2019; Patton et al., 1999). As said before, the concept of the inverted
pendulum is often used to explain and analyze the dynamic balance and stability involved in
maintaining an upright posture during the gait cycle (Kuo, 2007). During the stance phase of gait,
when one foot is in contact with the ground, the body CoM moves forward. This mimics the idea
of a controlled fall of the inverted pendulum. Just like how a controlled force is applied to prevent
the inverted pendulum from falling over, our muscles and nervous system make precise
adjustments to prevent us from falling while walking. The CoM of the human body is analogous
to the pivot point of the inverted pendulum. As the body CoM moves forward, it creates a forward
rotation. The timing and placement of each footstep play a role in maintaining stability, much like
adjusting the base of an inverted pendulum to keep it upright. The foot's landing point helps to
ensure that the CoM remains within a safe range. The swing phase of gait involves moving the leg
forward in preparation for the next step. This phase can be likened to the upward swing of the
inverted pendulum, where the pendulum moves away from its stable position (Figure 28).
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Figure 29: (A) The human COM moves in a roughly sinusoidal path, which may be divided into inverted pendulum and
step-to-step transition phases, corresponding approximately to single and double support, respectively. Ground reaction
forces (GRFs) from each leg produce push-off and collision forces (highlighted with thicker lines during double support)
that sum to the impulse vectors (labeled PO for push-off and CO for collision) separated by an angle, & imp. (Adamczyk,
2009). (B) Narrow-base walking task, showing CoM path and the method for calculating step width, step length, and step
errors (Kelly 2008).

The CoM follows a distinct pattern as the body goes through the different phases of the gait cycle
(Hof, 2008; Tesio & Rota, 2019) (Figure 29). It is a simple way to analyze gait. At the beginning
of the stance phase, when the foot makes initial contact with the ground, the CoM begins its ascent
in the vertical plane, reaching its highest point during the flat-footed stance. As the body's weight
is transferred onto the supporting leg, the CoM starts to descend gradually. The CoM reaches its

lowest point around midstance. This is the point where the body's weight is most directly over the
supporting foot. Its vertical movement reverses its trajectory and starts to ascend. As the body
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moves from midstance to terminal stance, the CoM continues to rise. The weight is shifted toward
the forefoot, preparing for push-off. During the pre-swing phase, the CoM experiences a rapid
upward movement as the body begins to shift weight to the opposite leg in preparation for the
swing phase. As the leg enters the swing phase, the CoM continues its upward trajectory. The
opposite leg begins to clear the ground, and the body's weight is primarily supported by the
swinging leg. The CoM reaches its highest point during midswing. The body is moving forward,
and the swinging leg is at its peak height. As the leg prepares to make contact with the ground, the
CoM starts to descend once again. The body is positioned for the next initial contact. The CoM
rises and falls as the body's weight is transferred from one leg to the other during the walking
cycle: this is the vertical axis movement. It moves laterally from side to side to help maintain
balance and ensure a smooth transition between the supporting and swinging legs. The lateral
movement of the CoM is particularly important during the stance phase to maintain stability and
prevent excessive side-to-side movements: this is the lateral axis movement (Gutierrez-Farewik et
al., 2006; C. R. Lee & Farley, 1998; Lugade et al., 2011; Tesio & Rota, 2019). The CoM path
during the entire course of movement exhibits specific characteristics, such as a stereotypical
locomotor trajectory, indicating common patterns during simple locomotor tasks like walking
straight or making a single turn (Pham et al., 2011).

As the process of walking involves coordinated transfer of body weight from one lower limb to
the other, dynamic balance plays a crucial role in facilitating the seamless transition of load,
thereby mitigating the risk of falls or stumbles during lateral shifts. Dynamic balance, a
fundamental concept in biomechanics, denotes the capacity to sustain stability and equilibrium
while in motion. Achieving efficiency in this context mandates precise postural control, which, in
turn, entails the modulation of muscular tone, articulatory motion, and body orientation to
counteract external forces and uphold the fluidity of movement (Jordan et al., 2007). The
orchestration of musculoskeletal coordination and the optimization of muscle strength are further
instrumental components of this dynamic balance. Sensory feedback serves as a pivotal
mechanism for ensuring accurate responses to perturbations and safeguarding against erroneous
adaptations when traversing uneven terrains or encountering obstacles in the environment. The
intrinsic capabilities of individuals and the environmental conditions of locomotion affect the gait
cycle and, consequently, its parameters (Hernandez et al., 2009; Kelly et al., 2008).

Analyzing this gait cycle enables the assessment of a patient's capabilities, which can be done
through the analysis of their CoM, for example, or by employing clinical tests.

1.2. Assessment of dynamic balance
To assess gait, various parameters of a person’s walking pattern can be evaluated. These
parameters highlight the quality of one’s gait. Firstly, it is possible to examine CoM motion and
its symmetry during repeated walking phases, facilitating the assessment of dynamic balance
(Akhtaruzzaman et al., 2016; G. F. Harris & Wertsch, 1994). The CoM path or trajectory also
gives insights on the gait quality. Additionally, one can analyze spatial parameters, encompassing
step and stride length, step width, and lower limb joint kinematics (e.g., ankle and knee).
Spatiotemporal parameters also offer valuable insights into gait quality. Quantifying metrics such
as walking speed, stance and swing phase durations, cadence, double support time, single support
time, and heel-to-toe pattern is possible. Furthermore, a comprehensive assessment of muscle
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activity and kinetic parameters can yield additional valuable information about the biomechanics
of walking. These quantifications require tools such as force or pressure platforms, motion capture
systems, cameras, and electromyography (EMG). Motion capture systems can track the
movements of reflective markers placed on the body to create a detailed three-dimensional analysis
of gait(and the CoM computation) (Pfister et al., 2014). This can provide information about joint
angles, stride length, step width, and other parameters related to dynamic balance. Force or
pressure platforms are devices that measure the forces the moment, or the repartition of pressures,
exerted by the feet during walking (Klopfer-Kramer et al., 2020; White et al., 1999). They can
provide data on the distribution of forces, the timing of weight transfer, and the stability of the
center of pressure as it moves through the gait cycle. Wearable sensors, such as accelerometers or
gyroscopes, can provide real-time data on gait patterns, step characteristics, and balance during
walking.

The implementation of such devices and the processing of the measured data do not always allow
for their optimal use in a clinical setting. New technologies bring forth new, user-friendly and tools
and more environmentally friendly (Davis et al., 1991; T. Liu et al., 2009; Tong & Granat, 1999;
Whittle, 1996).

There are other ways to assess gait besides analyzing the CoM and cameras or EMG data.
Clinicians can visually observe a person's gait to identify any abnormalities, asymmetries, or
deviations from a typical walking pattern. This might include looking for uneven weight
distribution, changes in arm swing, or excessive body sway. The TUG (Timed Up and Go) test
involves timing how long it takes for an individual to stand up from a chair, walk a short distance
(usually around 3 meters), turn around, return to the chair, and sit down (Bohannon, 2006; Savva
etal., 2013).

To assess gait and dynamic balance, multisensory integration must also be taking into account. It
plays a significant role in gait control and balance (Takakusaki, 2017). It involves the brain's ability
to combine information from different sensory modalities, such as vision, somatosensory
information, and the vestibular system, to create a coherent perception of the environment and
one's own body movement. This integration is crucial for maintaining stability and adjusting
movements (Perrin et al., 2009). Vision provides essential cues about the environment, such as
obstacles, terrain changes, and the position of nearby objects. Visual feedback helps adjust step
length, foot placement, and balance during gait (Campos et al., 2012). The vestibular system
detects changes in head position and angular motion, providing information about head orientation
and movement in relation to gravity. This information helps adjust the body's posture and
movements to stay upright and maintain equilibrium. Proprioceptive sensors in muscles, tendons,
and joints provide information about the position, movement, and tension of body parts. This
sensory input contributes to maintaining proper joint angles and muscle activation during walking.
Tactile and pressure sensations on the skin provide additional information about the contact
between the feet and the ground. These sensations help adjust gait patterns to adapt to different
surfaces and conditions. Multisensory integration ensures that humans can move efficiently and
maintain balance, adapting to different environments and conditions (Ricotti, 2011; Wegener et
al., 1997).
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D.2. Assessments of afferences systems

2.1. Vestibular system

By observing and analyzing a population with a vestibular deficit and comparing it to a healthy
population, it is possible to evaluate the impact of this system on gait. It contributes to spatial
orientation, gaze stabilization, postural adjustments and spatial navigation.

A vestibular perturbation is going to modify gait pattern by abnormal trajectories or difficulties to
maintain head-pitch movement if no visual information given for example (Kennedy et al., 2003;
Lang et al., 2013). The gait impairment is linked to the vestibular disease. To assess this system,
man can also do a galvanic vestibular stimulation which influence the firing of vestibular nerves
and, in turn, affect the signals sent to the brain related to balance and spatial orientation. With
unilateral stimulation, the gait pattern is laterally deviated. Patients may present variations in their
spatiotemporal or spatial parameters of walking (less speeding or stride time, deviation of
trajectories, ...) (Deveéze et al., 2015).

2.2. Visual system

The evaluation of visual information during gait involves assessing how visual cues influence a
person's walking patterns, balance, and overall movement. Visual information is a key sensory
input that helps individuals navigate precisely their environment, avoid obstacles, and maintain
stability during walking (Marigold & Patla, 2008; Pham et al., 2011).
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Figure 30: Experimental layout(A) and results (B) from a study by Imai et al. 2001) (Tresilian, 2012)

Where a person is looking, plays a significant role in gait control and balance (Figure 30). Gaze
provides visual feedback about the environment, obstacles, and potential hazards. By looking
ahead, individuals can anticipate changes in terrain and adjust their steps to avoid obstacles and
uneven surfaces., or judge distances (Dokka et al., 2011; Pradeep Ambati et al., 2013). It helps
individuals maintain spatial orientation by providing visual references in the environment.
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Looking at distant objects can help orient the body in space and maintain a sense of direction
during walking. Gaze fixation on a stable point can assist in balance control. Focusing on a stable
reference point helps individuals maintain an upright posture and steady their head movements
during walking. The vestibulo-ocular reflex (VOR) stabilizes gaze by moving the eyes in the
opposite direction of head movements to maintain a stable view.

Walking eyes closed allow individuals to visualize the impact of visual information (Kennedy et
al., 2003). When your eyes are closed, you rely more on proprioceptive and vestibular cues to
maintain stability. Stride length, step width, and the overall fluidity of movement can be affected
as your body adapts to the lack of visual information. It increases body sway. This is due to the
CNS's reliance on other sensory inputs to maintain balance. This is the simplest way and a very
common way to evaluate visual role on gait. Perturbating the visual information is also possible
by wearing specific glasses (Perry et al., 2001) or a trial frame (Timmis et al., 2015). These visual
modifications imply gait adaptation such as higher lift of their foot, or delay in initiation of
termination gait.

Analyzing visually impaired population can also gives insights into the visual role during gait
(Hallemans et al., 2010; Nakamura, 1997). Parameters like stride length, time of stance, walking
speed are impacted (Figure 31).
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Figure 31: Scatterplot of correlations between walking speed and stride length in late blind (r = 0.652, p < 0.01), congenitally
blind (r=0.675, p <0.01) and sighted persons (r =0793, p <0.01).

2.3. Somatosensory system

Somatosensory evaluation during gait involves assessing how the sensory receptors in muscles,
joints, and skin contribute to balance, proprioception, and overall movement control while
walking.

Applying low-frequency vibrations to specific muscles or joints during gait can temporarily
interfere with somatosensory input. Observing how individuals adapt their gait in response to these
vibrations can provide insights into the role of proprioception. EMG can assess the function of
peripheral nerves and muscle activity. Applying gentle touch or pressure to specific areas of the
foot can alter somatosensory input and impact gait patterns.

A proprioceptive stimulation induced by a foot movement(Podokinetic stimulation) provokes a
modification of the locomotion trajectory stereotypy (Earhart et al., 2002)
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Researchers can manipulate the somatosensory input by altering the surface conditions (e.g.,
walking on foam or uneven surfaces) or providing additional sensory cues (e.g., using textured
insoles). These manipulations can help assess how somatosensory information influences gait
adjustments. Dynamic balance is especially important when walking on uneven or unstable
surfaces. It enables individuals to adapt their movements and make rapid adjustments to maintain
stability and prevent falls. It also involves the coordination of the arms and upper body as well.

E. The foot case

Evaluating the impact of the feet and its characteristics on static and dynamic balance involves
assessing how the sensory cues and movements of the feet contribute to maintaining stability.
Sensory manipulation of the foot involves introducing controlled stimuli to specific areas of the
foot. The manipulation can be either a stimulation or an inhibition.

Stimulations are vibrations or mechanical. Localized vibrations permit to apply gentle vibrations
to different parts of the foot. During a static task, vibrations impact CoP parameters by reducing
its aera or length (Schlee et al., 2012). If the vibration is applied on specific aera like laterally
under one foot, the CoP shifts in the opposite direction (Kavounoudias et al., 1998). Foot vibration
also induce modification of gait pattern (Yamashita et al., 2021). It induces a reduction of the gait
cycle duration or the stride length. It also has an impact on the foot trajectory probably related to
the modification of lower limbs kinematic. Tactile stimulation can be created using textures or
materials variations (e.g., soft foam, rough surfaces). It can be insoles, textured insoles (Christovao
et al., 2013; Maurer et al., 2001).

It 1s also possible to reduce the information or analyze a population with peripheral neuropathy,
such as diabetes (Kars et al., 2009; Meyer et al., 2004; Paton et al., 2016). One way to reduce
information is anesthesia either invasive or not. Anesthesia of the foot sole means a lack of
sensation or feeling in that area. This loss of sensation affects the ability to perceive touch,
pressure, and other sensory cues from the ground, making it challenging to sense the body position
and make appropriate adjustments for balance. It presents challenges due to the need for either
invasive procedures or prolonged and intricate protocols to maintain consistent sensory inhibition
throughout the experiment within and between participants (Magnusson, Enbom, Johansson, &
Pyykkd, 1990; Magnusson, Enbom, Johansson, & Wiklund, 1990; Meyer et al., 2004). The foot
anesthesia also induce modification in gait analysis. It shows that the foot cutaneous receptors play
a role to inform the SNC about location of the foot, or participate to slowing process (Perry et al.,
2001).

One of the most used tools is the foam pad to assess somatosensory influence on balance control.
The foam pad is made of an unstable and padded surface designed to create an unstable
environment. The participant is asked to stand on the foam pad while maintaining balance. This is
analyzed with the CoP measurement between conditions. This challenges the body's ability to
maintain balance due to the constantly shifting and unstable surface (Mancini & Horak, 2010; L.
M. Nashner, 1982; Sober & Sabes, 2003). The plantar quotient(PQ) is a measure that assesses the

62

PUIL, Carole. Standardizing and evaluating clinical practices in Podiatry : postural control and Gait - 2023



difference in CoP movement when a person is standing on an unstable surface (like foam)
compared to a stable surface (like a hard floor).
It can be done with length, area, and velocity of CoP . Its formula is (Equation 2):

Q __ CoP Length on foam pad (mm)

2)

 cop Length on hard ground (mm)

Thicker foam pads make the task more challenging, while thinner ones are used to evaluate plantar
information and offer less ankle proprioception compared to thicker foams (Bisson et al., 2014).
However, it is essential to note that no foam pad has been validated as a gold standard for balance
assessment. Various foam types are available, and their thickness and hardness significantly
impact balance control (Boonsinsukh et al., 2020; Gosselin & Fagan, 2015; B. Liu et al., 2018;
Patel et al., 2008). Clinicians have a wide range of foam choices, leading to variability between
patients and clinicians, making it difficult to compare diagnoses or draw uniform conclusions. A
non-physiological response on thin foam pad could indicate a different integration of foot
information. Typically, a foam pad presents a challenge to balance control. If a patient exhibits
greater stability on the foam pad compared to the floor, it may indicate a podal inefficiency, leading
to different posture reactions when using foot orthoses (Foisy & Kapoula, 2017). This can imply
a therapeutic choice in foot orthoses treatment.

Foot orthoses are multiples and their choice are patient or pathology dependent (Bonanno et al.,
2017). They are custom made by podiatrists. Materials and shapes are multiples with specific
properties (elasticity, density, thickness, ...) (Figure 32). Custom-designed foot orthoses can
redistribute pressure across the foot. Balanced pressure distribution can contribute to better
stability during static standing. Insoles with features like heel cups, arch support, and metatarsal
pads can improve overall foot stability. A stable foot can better support the body's weight and
minimize the need for constant adjustments to maintain balance. Some insoles are designed with
sensory elements that stimulate the receptors. This enhanced sensory feedback can improve
proprioception, making individuals more aware of their body position and allowing them to make
subtle adjustments to maintain balance (Christovao et al., 2013; Palluel et al., 2008; Perry et al.,
2000; Roll et al., 2002).

Figure 32: different type of orthopedic insoles or inserts (shape, size, material) (www.flexor.es)

Insoles that promote a more aligned posture can indirectly impact static balance by reducing
unnecessary postural adjustments during standing. It's important to note that the impact of insoles
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on static balance can vary from person to person. Factors such as individual biomechanics, foot
structure, and any existing conditions should be considered when assessing the effects of insoles
on balance. In fact, insole insert does not always produce the same effect on individuals.

Arch support, as an example, will support medium foot and have an impact on foot and ankle
proprioception feedback. Insoles impact foot alignment which influences dynamic balance.
However, studies focus on different insoles with multiple objectives and on patients. Some insoles
include thin elements (few millimeters) to stimulate area from the foot(Chen et al., 2014). Based
on the effect of an electric stimulation, they are said to have the same impact. EMI® (medio-intern
Element) is one of them (Figure 33). This element is placed under the foot arch. Few studies
worked on those. One can observe a contralateral shift of the CoP when the element is positioned
under the foot. This result was obtained from a small population of adolescents. An analysis on a
larger cohort is necessary to validate the result and better understand the functioning of the element
(Janin & Dupui, 2009).

Medio-intern insert
(EMI*)

Figure 33: Medio-intern Element (based on Janin, 2009 and Foisy, 2017)

Textured insoles can also stimulate foot receptors and have an impact on static and dynamic
balance (Alfuth, 2017; Hatton et al., 2009, 2012; Ma et al., 2016; Wilson et al., 2008). The
heightened sensory input from textured insoles can lead to greater activation of the muscles
responsible for maintaining balance. Muscles in the feet, ankles, and lower legs are engaged more
actively to respond to the sensory feedback, leading to improved stability. This increased sensory
information allows the brain to make more precise adjustments to maintain an upright posture
(Kenny et al., 2019). The textured surface of the insoles stimulates the proprioceptive receptors in
the feet which leads to a specific activation of lower limb muscles (Robb & Perry, 2022).

This can lead to improved balance responses during gait (Aruin & Kanekar, 2013). Individuals
may make subtle adjustments in their gait pattern by taking shorter steps or modifying their stride
to accommodate the sensory feedback.

On the other hand, walking on a compliant surface challenges dynamic balance. The
proprioceptive adaptation is on the lower limb joints (hip, knee and ankle). Gait pattern and CoM
motion are modified by compliant surfaces (MacLellan & Patla, 2006) to allow CNS to maximize
stability. Uneven fields induce a biomechanical adaptation of gait pattern (Voloshina et al., 2013).

Conclusions about static and dynamic balance are therefore difficult to generalize (Christovao et
al., 2013; Lourenco et al., 2013) due to difference on foot orthoses or populations.
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Synthesis and objectives

In the field of biomechanics and podiatry, the foot, equipped with its array of skin sensors, plays
a pivotal role in providing vital information regarding the nature of the surface upon which an
individual stands or moves (Shumway-Cook & Woollacott, 2007). The ability to maintain
effective postural control and dynamic stability is paramount for performing routine activities of
daily living. The utilization of orthopedic insoles represents a viable strategy to enhance postural
and dynamic control by rectifying deviations and stimulating specific areas to induce beneficial
modifications. However, a crucial question emerges: How can we systematically evaluate the
capacity of the plantar system to efficiently integrate the sensory input it receives?

The assessment of plantar sensory information can be undertaken through various methodologies.
Traditionally, for the quantification of this system's impact on postural and motor control, a foam
pad is interposed between the feet and the supporting surface. The perturbation induced by this
foam pad is assessed by analyzing the CoP displacement. This perturbation, in essence, challenges
the sensory-motor system, engendering an instability (Boonsinsukh et al., 2020; Gosselin & Fagan,
2015; Preszner-Domjan et al., 2012). Regrettably, there is a lack of a universally recognized gold
standard test protocol in this context. While the positioning of subjects and instructions have been
relatively consistent across the literature (e.g., feet placed at a 30° angle, fixed gaze, arms at the
sides, and data recording for a duration of 30 seconds), there exists significant variability in the
choice of foam materials among different studies. Furthermore, specific thickness
recommendations for the foam pad are noticeably absent, despite the incontrovertible fact that this
parameter profoundly influences postural responses and center of pressure kinematics. Moreover,
intrinsic material characteristics often remain unspecified or vary across investigations. Alterations
in material hardness have been demonstrated to elicit discernible effects on subject responses
during static tasks (Boonsinsukh et al., 2020; Patel et al., 2008). Thus, the establishment of precise
standards for evaluating plantar sensory integration within a healthy population is imperative. This
standardization will facilitate the identification of subpopulations manifesting atypical responses.

Additionally, the thickness of the foam pad has been identified as a significant factor influencing
the proprioceptive system's activity (B. Liu et al., 2018). Consequently, evaluating the plantar
cutaneous system in isolation is deemed unfeasible. Nonetheless, minimizing proprioceptive
stimulation presents an avenue for optimizing the utilization of other sensory systems engaged in
postural control. By exclusively modifying the assessment through the utilization of a foam pad,
it becomes possible to accentuate the visualization of the influence exerted by the plantar
cutaneous system and its amalgamation into the broader framework of motor control.
Nevertheless, the selection of appropriate foam materials is a daunting task due to the myriad of
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options available, rendering it challenging to justify choices (Boonsinsukh et al., 2020; Gosselin
& Fagan, 2015; Patel et al., 2008). Consequently, the acquisition of more detailed data concerning
these materials is imperative to enable informed decisions. The selection of a thin foam pad
thickness is particularly driven by the objective of obtaining a specific evaluation of the
somatosensory system while aligning with current podiatric practices (Foisy & Kapoula, 2017).
Notably, practitioners in France commonly employ foam pads with thicknesses on the order of a
few millimeters when assessing the integration of plantar sensory information.

The integration of visual information represents an additional facet worthy of exploration. Visual
information presented to participants has been demonstrated to exert a profound influence on
postural control (Kapoula & L¢, 2006; Raffi & Piras, 2019; Taneda et al., 2021). For instance, the
"eyes closed" condition, extensively documented in the literature, leads to a significant increase in
center of pressure oscillations, approximately 30%, when compared to the "eyes open" condition
(Abrahamova & Hlavacka, 2008; Black et al., 1982). However, it is crucial to acknowledge that
factors such as the presence of a visual target, the nature of the target, or its distance from the
participant can introduce distinct modifications in postural control (van Asten et al., 1988).
Consequently, inadvertent provision of visual information, such as posters or paintings within the
testing environment, may yield disparate results among practitioners. Therefore, a comprehensive
understanding of these modifications and their implications is paramount for the standardization
of testing procedures.

Upon obtaining results in a controlled environment involving the use of a foam pad, the concept
of a "plantar quotient" emerges as a valuable metric. This quotient expresses the ratio of the
modification in CoP displacement induced by the foam pad disturbance (Foisy & Kapoula, 2017).
Consequently, it serves as a quantifiable indicator of the foam's impact on static postural control,
analogous to how the Romberg quotient signifies visual modification (eyes closed) in comparison
to the control condition (eyes open). These quotients enable a structured analysis of the
perturbation's magnitude. It is conventionally posited that when the plantar quotient falls below
unity, it signifies a deviation from physiological plantar integration. Thus, the establishment of
norms within the healthy adult population will serve to define finer benchmarks for this ratio.
Should this integration be deemed non-physiological, one can reasonably anticipate differential
outcomes upon the implementation of an orthopedic insole.

Moreover, Foisy & Kapoula (2017) discusses a modified integration of plantar information when
an orthopedic insole is introduced, based on the results of the plantar quotient. However, the highly
specific visual information provided to participants in this study raises pertinent questions. If we
exclusively consider the modification of plantar sensory input through the medium of a foam pad,
does the plantar quotient indeed reveal an altered capacity to integrate the presented information?
Furthermore, can the results of the plantar quotient be leveraged to fine-tune orthopedic treatment
modalities or evaluate their efficacy?

Lastly, it is imperative to acknowledge that the analysis of the plantar quotient and its association
with orthopedic insoles has predominantly been conducted within a static framework. However,
the exigencies of everyday life invariably entail dynamic movement, particularly during
locomotion. Various methodologies exist for the analysis of human gait. The assessment of CoM
displacement offers insight into the subject's trajectory. In straightforward locomotor tasks such
as linear walking or singular turns, a discernible stereotypical trajectory emerges. Intriguingly, the
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withdrawal of visual information deviates this stereotypical orientation, leading to a reduction in
the precision of center of mass (CoM) trajectory. It is noteworthy that orthopedic insoles impart
sensory information to the plantar system during each stance phase of the gait cycle.

In conclusion, we have highlighted the multifaceted considerations surrounding the evaluation of
the plantar sensory system, particularly in the context of orthopedic insole interventions. It
emphasizes the need for standardized assessment protocols, the quantification of sensory
perturbations through indices like the plantar quotient, and the recognition of the interplay between
sensory modalities, including visual information, in shaping postural control. Furthermore, it
underscores the necessity of extending such assessments beyond static conditions to encompass
dynamic locomotor scenarios, thereby affording a more comprehensive understanding of the
intricate processes underpinning human posture and movement control.

The primary research objective is to systematically acquire normative data characterizing the
modifications induced by the application of a thin foam pad on a cohort of healthy subjects. The
acquisition of these normative benchmarks serves the fundamental purpose of enabling the
identification of atypical responses. This objective seeks to discriminate individuals who manifest
minimal postural perturbation as well as those who exhibit pronounced postural fluctuations in
response to the foam pad intervention. The overarching aim is to gain insights into the extent to
which individuals rely on their plantar sensory input for the maintenance of postural equilibrium.

The second objective entails a systematic exploration of how alterations in visual information
provision introduce perturbations in static postural control. This line of inquiry holds pivotal
significance for the standardization of assessment protocols and aims to elucidate the potential
influence of the visual environment on the observed modifications induced by the foam pad.
Specifically, it seeks to identify the specific alterations in visual cues that disrupt static postural
control, thus contributing to methodological refinement.

The third objective revolves around the evaluation of whether the plantar quotient, a quantified
metric reflecting the influence of the foam pad on static postural control, can function as a
predictive tool for the integration of podal sensory information, including the effects of orthopedic
interventions like insoles. This objective involves the deliberate selection of participants exhibiting
divergent outcomes in terms of their plantar quotient responses. By doing so, it seeks to elucidate
whether individuals with varying plantar quotient results also manifest differential responses to
the integration of orthopedic interventions. This assessment encompasses both static postural
conditions and dynamic locomotor tasks.

In summary, this research endeavors to advance our understanding of the intricate interplay
between sensory input, with a specific emphasis on the plantar system, and visual information in
shaping static postural control and locomotion within a healthy population. The establishment of
normative data, exploration of visual perturbations, and evaluation of the predictive potential of
the plantar quotient collectively contribute to a comprehensive scientific comprehension of these
intricate interactions. Furthermore, the findings may have practical implications for the design and
customization of interventions, such as orthopedic insoles, aimed at optimizing postural control
and locomotion across diverse populations. The research outcomes will contribute to the
development of a standardized protocol for the assessment of plantar sensory information in static
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conditions. This will facilitate improved longitudinal patient tracking over time and enhance the
comparability of results across different practitioners.
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Chapter 2: Evaluation of plantar function and its
interaction with visual cues

This chapter will consist of three studies aimed at analyzing the assessment of plantar cutaneous
information through the interposition of a foam pad under the feet and the impact of visual
information and the environment on this assessment.

Study 1: Foam evaluation

A. Introduction

In the context of podiatry, the therapeutic objective can encompass multiple aspects when
evaluating plantar information. For example, it serves to determine the presence of peripheral
neuropathy. Our objective is closely related to the use of orthopedic insoles. Assessing the
functionality of thermoreceptors and nociceptors is not the focus of this analysis. Our goal is to
determine if the capacity of plantar mechanoreceptors can be evaluated and linked to a specific
integration of orthotic information. Therefore, our interest lies in the assessment of
mechanoreceptors. Laboratory evaluations such as Neuromicrography are available, but we have

chosen to work with clinical tests to provide information and tools to therapists (Strzalkowski et
al., 2018).

The clinical tests employed enable an assessment of the functioning of mechanoreceptors.
Discrimination testing is one such test, providing insights into the ability to discriminate between
two points on a tested skin area. These clinical tests are performed while the subjects are seated
and do not allow visualization of integration dysfunction with the postural control system. To
conduct this evaluation, practitioners use foam pads. With this interposition, plantar skin receptors
perceive less precise information due to the compliance of the surface to the ground. This
compliance leads to surface indentation when the subject's weight is applied. This indentation
disrupts the equilibrium system, which readjusts to correct posture and maintain balance.
Depending on the disturbance's magnitude, the various systems involved will also provide
information about the degree of change compared to the initial situation, allowing for a response
adjustment. Therefore, the choice of foam is crucial. Its characteristics can cause varying degrees
of involvement of these related systems. It is not possible to eliminate the information provided
by the vestibular system or proprioceptive system. However, using a thick foam with high
compliance will result in greater sinking upon the subject's positioning, leading to an increase in
center of pressure displacement induced by the subject's swaying movements. Consequently, the
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proprioceptive system will be more alert, increasing its involvement in static control regulation.
The same applies to the vestibular system, with an increase in oscillations. Using a thin foam is a
solution to minimize the involvement of other systems, effectively "isolating" the plantar skin
system as much as possible.

Defining what constitutes a "thin foam" is abstract and must be contextualized within the proposed
exercise and chosen population. As mentioned earlier, the multitude of choices makes inter-study
comparisons complex. To facilitate comparisons with other data, we have chosen to use a foam
already studied in the literature (Dujols, 1991; Foisy & Kapoula, 2016, 2017): Dépron®, which
measures 6 mm in thickness. However, it is not a foam used in podiatry but in construction. It does
not possess high elasticity, and the compression induced by an individual's weight is maintained
even without added mass. Therefore, it is not reusable. It would be interesting to find a reusable
foam for ecological purposes that induces the same effect on static balance.

Regarding visual information, similar to foam, the characteristics used for the visual environment
in the literature are varied. The distance to the wall is often not specified, nor is the quality of the
wall. When a visual target is positioned, its shape or texture is not consistently reported. However,
all these parameters affect the subject's stability. To enable comparisons with real-life situations,
two visual conditions seem justified: an "eyes open" condition and an "eyes closed" condition. The
control situation, which corresponds to everyday life and is also found in the literature, is a
situation where the subject stands without any modification of information from any of the
systems. "Eyes open" without a foam pad is considered the neutral state. The removal of visual
information coupled with the disturbance caused by the foam pad would thus normally be the most
disruptive situation in the proposed conditions, in contrast to the control situation.

The primary objective of this study is to establish oscillation norms for healthy adults when
subjected to a thin foam pad. This analysis aims to elucidate the physiological adaptation of adults
in response to this perturbation, specifically examining how their bodies react and maintain static
balance in this specific situation.

A secondary objective of this study is to investigate an ecologically friendly alternative to the foam
typically used in the literature, Depron®. To achieve this, we will compare the results of
participants when they are exposed to other compliant surfaces of the same thickness. This
comparison is intended to determine if alternative materials can be used in place of Depron®
without compromising the validity of the study's findings.

B. Materials and methods

B.1. Participants
132 healthy adult participants (57 men, 74 women) volunteered for this study and gave their
informed consent. They were 28.7 £ 9.1 y. o, 173 £ 9.4 c¢m tall and weighed 68.5 + 11.9 kg. As
we aimed at establishing a PQ norm, the sample size was based on studies which determined
Romberg quotient norms (Black et al., 1982). Participants should not have any balance disorders
(inner ear, vision) and be taking any medication that can disturb balance. They must not have
undergone a recent trauma of the lower limbs (less than 3 months or in the course of
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rehabilitation). If needed, their visual correction was worn. Pregnant women and elderly people
(age above 59 years) were not included. Previous works showed that such population have an
altered or different postural control. Participants received an information leaflet and signed an
informed consent document validated by the local ethics committee of Rennes 2 University
(n°2021007).

B.2. Experimental design

e Foam choice
Our study aims at comparing postural control considering clinically used and reusable foams with
Depron® which was initially used to compute PQ ratio. The Depron®, is 6mm thick then we
selected 2 foams with similar thickness: Plastazote® and Orthomic® that are traditionally used in
clinical practice and reusable. . In addition, an indentation test was carried out at the LGCGM
laboratory (Laboratoire de Génie Civil et Génie Mécanique') to assess foam properties more
precisely. The indentation test characterizes a material resistance to penetration by a penetrator
called an indenter. The indentation test was carried out using a spherical indenter with a diameter
of 2.5 mm, applying a maximum load of 1N to the Orthomic® and Depron® foam samples, and
0.5N to the Plastazote® sample (Figure 34).
Foam density is the mass of material contained in one cubic foot. As Plastazote® is not as dense
as Depron® and Orthomic®, the results of the indentation test are compared at a load of 0.5N. It
should be noted that, for the same load, the lower the indentation, the more resistant the material
is to penetration. The stiffness of the material is quantified by the modulus of elasticity, which can
be obtained by indentation using the beginning of the unloading curve. For the purposes of this
study, we limit ourselves to noting that Orthomic® foam has the indentation behavior closest to
that of Depron®.

Indentation curves on foams with a ball of diameter 2,5 mm
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Figure 34: Indentation curves for the 3 foams used in this study.
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Here are the characteristics of the 3 foams chosen (Table 3):

Table 3: Foams parameters

FOAM Thickness Indentation depth | Relative Density Hardness (shore A)
(mm) (m) for  0.5N
applied)
Depron® 6 210 40 /
Plastazote® 5 405 70 25
Orthomic® 5 166 270 40

e Instrumental

Stabilometry platform

In order to measure CoP position over time, we used the stabilometry platform Fusyo from
Medicapteur® (France) (Figure 35). It has a wedge to normalize the position of the feet, with an
opening angle of 30°.
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