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Introduction 

Importance of this research  

 

Many studies have investigated the influence of vision on movement (either navigation in 

the environment or prehension, see Chapter 2), but there are still many unanswered 

questions about the importance of visual cues for successful mobility in the environment. 

The role that peripheral visual cues play in the control of movement remains controversial 

as does the question of whether the importance of visual cues depends on their position 

within the visual field. Beyond the possible clinical and practical implications of the 

research presented at the end of this paragraph, there are several reasons why it is important 

to understand the relevance of visual cues in guiding movements. Although the 

considerable amount of research effort has gone into comprehending how the central 

nervous system integrates and uses visual and more generally, sensory input for motor 

planning and movement execution, several issues remain unresolved. Many of these issues 

relate to models and theories used to classify and understand the elaboration of visual 

information for movement. The existing literature is pervaded by models that imply that 

sensory information for movement and information for perception are segregated. In the 

last few decades the two visual systems model, based on the ventral and dorsal streams has 

become the most discussed (Goodale & Milner 1992; Mishkin & Ungerleider 1982). This 

model has been so influential, that in 2007 it brought to birth a similar model for the 

somatosensory system which divided sensory information into the somatosensory input for 

tactile perception and the somatosensory input for guiding movements, such as 

proprioception (Dijkerman & De Haan 2007). Roughly at the same time of the theorization 

of Goodale and Milner’s model, the two visual motor channel theories for reaching and 
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grasping information was proposed by Jeannerod (1981). In this framework the visual 

information for the hand/arm movement towards a target was believed to be provided by 

extrinsic characteristics of the target to be grasped such as the target orientation and 

position compared to the observer. In the same model, the ‘wrapping’ of the hand on the 

target was believed to be controlled by intrinsic visual information such as the size and 

shape of the target.  

The flourishing of these models highlights the natural human tendency to divide et impera, 

in order to improve understanding of the complex mechanisms of the central nervous 

system. Models are easy to understand and provide useful frames of reference for 

connecting findings from different studies. However, this does not necessarily imply that 

the nervous system respects the models’ rules in every situation. The large variety of 

sensory stimulations and environments that the world offers are always different and 

changing. Hence in this sense a ‘rigid’ model of elaboration of the sensory information for 

the control of movement would not have an evolutionary perspective. It is true that 

specialization of cortical areas, ventral and dorsal streams, hemispherical dominance and 

also the anatomical differences of the peripheral and central retina can be considered 

examples of evolutionary adaptations to the environment. However it is also true that there 

must be integration in the elaboration of sensory input and different information to provide 

a sensible/realistic motor response in accordance with the variety of 

situations/environments. 

Several previous clinical studies addressing the question of how vision controls movement 

have not clearly specified which kind of visual information is being manipulated/addressed 

and thus such studies provide only general information regarding how vision is used (Black 

et al 1997; Hassam et al 2007). Dividing the visual information into different types can 
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therefore be useful to gain insights into the visual control of movements. One natural 

division of vision is the separation between central and peripheral vision. Visual inputs 

provided by the peripheral visual field are not the same as those provided by the central 

field: for example when we walk towards an object, we fixate the object (which falls on the 

central visual field) and not our legs/feet (which fall on the lower/peripheral visual field). 

Hence peripheral and central retinas are providing different visual cues. 

From a clinical point of view, the question of how and what visual cues influence 

movement has become particularly important in the design and employment of new 

techniques and rehabilitation strategies for clinical populations either with visual or 

musculoskeletal impairments. Falls in the elderly has always been a serious problem in 

term of costs for the person (e.g. increased risk of morbidity, nursing home admission, 

depression, poorer quality of life and mortality) and health services (Scuffham et al 2003). 

Falls are linked with visual impairment and age-related visual impairment is relatively 

common (Black & Wood 2005). This problem will increase further with the ageing of the 

population. The studies focusing on the utility of different visual cues while walking, 

negotiating impediments but also reaching and grasping objects while maintaining balance 

can provide a greater understanding of how people and the elderly in particular fall or get 

involved in domestic accidents. Individuals who have already lost parts of their visual field 

can benefit from the research about which visual cues can become particularly useful for 

the avoidance of falls. Visually impaired patients not only can be trained to visually scan 

the environment with the parts of visual field unaffected by impairment, but they can also 

be taught to focus on relevant visual cues in order to avoid trips and falls. Musculoskeletal 

impaired patients might be trained to increase their reliance on visual information and in 

particular on those most important to control navigation in space. In addition, ergonomic 



                                                                                                                                                                     14 

 

studies can benefit from the findings of this type of research for the design of everyday 

obstacles (i.e. kerbs, doorframe, and stairs) by employing relevant visual features in the 

structure of these obstacles and environment around them (e.g. such as positional cues at 

the level of the head for the indication of floor-based obstacles) in a way that decreases the 

risk of injuries. 

 

 Aims 

 

The scope of this thesis is to investigate the role of peripheral visual cues during the 

execution of movement. The importance of peripheral visual cues is also discussed in 

comparison with central visual cues. Previous studies have classified different visual 

information used to guide movement in terms of visual exteroception and visual 

exproprioception (Lee & Thompson 1982; Patla 1998). The former category refers to the 

static properties of objects in absolute terms (hence not depending on the observer’s 

position) such as colour or size. The latter category includes all the characteristics of the 

objects that define the temporal and spatial dynamic relationship between the observer’s 

body and the object/environment. Visual exteroception and exproprioception have never 

been clearly linked to central or peripheral vision before and they can represent a useful 

explicative framework to understand the relative importance of the visual cues during 

movement. 

In this thesis, a model which assigns a specialization for detection of movement and static 

information respectively to central and peripheral vision was employed (i.e. visual 

exteroception versus exproprioception). However, there is no pretension to divide the 

elaboration of this information at a cortical level on the basis of the presented experimental 
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findings.  In the work I present here the focus is on the relative importance and utility for 

movement of visual information provided by different parts of the visual field. I considered 

the different weights given to peripheral and central visual cues in different phases of 

movements (planning versus online) as integrated and used for the whole execution of 

movement in order to provide not only a successful but also a safe negotiation of the 

environment.  

The functional division between central and peripheral vision is well known in visual 

science research. The main novelty of this work is that for the first time this functional 

division is investigated in relation to specific phases of gait, adaptive locomotion, whole 

body postural adjustments while reaching and grasping and compound movements of the 

lower and upper limbs.  

 

Overview of Chapters 

 

In Chapter 1 a description of anatomy and physiology of the visual, somatosensory and 

vestibular systems is provided. Chapter 2 can be divided into two main sections: in the first, 

peripheral visual cues are defined and their use in previous studies is discussed; in the 

second section the four types of movement investigated in this thesis are described (i.e. 

overground locomotion, adaptive gait, postural stability and reaching and grasping). In 

particular in this second section of Chapter 2, movements are described on the basis of their 

specific kinematics and/or kinetic measures and the influence of vision and multisensory 

integration on the movement execution is discussed.  
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In all experimental work data were collected using 3D motion capture techniques, 

appropriate visual tests were undertaken and volunteer participants were used and this 

general methodology is described in detail in Chapter 3. 

In Chapter 4 the first experimental study of the thesis is reported. Participants were 

involved in a walking task on a clear and level path. The absence of peripheral visual cues 

on minimum foot clearance, which is the minimum distance from the ground reached by 

the foot (toes) during the gait cycle, was investigated. This work aimed to establish for the 

first time the influence of vision on minimum foot clearance during overground locomotion.  

In Chapter 5, the second experimental study of this thesis is reported. The negotiation of an 

obstacle presented either as a lone structure or within a doorframe was investigated when 

different parts of subjects’ peripheral visual field were occluded. The relative importance of 

peripheral and central visual cues was linked to the different phases of gait. 

Chapter 6 reports  study 3, in which central visual cues were examined versus peripheral 

visual cues while a standing task was performed in a dark room. In Chapter 7 and 8, the 

same reaching and grasping task is investigated during standing and within a walking task 

respectively. In these two Chapters, the online control of reaching and grasping movement 

provided by peripheral visual cues is discussed in relation to whole body anticipatory 

postural adjustment and compound movements of upper and lower limbs. 

In Chapter 9, the general conclusions link together the findings of the five studies that 

constitute this thesis. Limitations and future directions of this work are also reported and 

discussed.  
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1. Chapter 1 General description of the sensory 

systems involved in the control of movement 

 

1.1 Visual system and peripheral vision 

 

1.1.1 Anatomy and physiology of the visual system  

 

The anatomical structure and physiology of visual system suggest a specialization in roles 

for different regions of the visual field, with a differentiation between peripheral and central 

vision. Peripheral vision appears designed for collecting information about dynamic 

properties of visual stimuli such as movement, while central vision seems more specialized 

in the analysis of static properties of objects such as colour (Nougier et al 1997; Paillard 

1982; Sivak & MacKenzie 1992).  

The functional division between parts of the visual field implies that the visual cues 

provided by objects in the environment can change on the basis of the eccentricity at which 

these objects fall on the retina. In order to better explain this functional specialization for 

the two main visual field regions, a description of the anatomical and physiological 

characteristics of the visual system is provided in this chapter. Although the focus of this 

description is on peripheral vision, features of central vision are also explained since the 

role of peripheral visual cues  in guiding movement is also given in contrast to that 

provided by central visual cues. 
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1.1.1.1 Retina 

 

The retina has a multilayer structure that contains five fundamental types of cells: 

photoreceptors, bipolar cells, horizontal cells, amacrine cells and ganglion cells. The 

peripheral retina has a different structure from the centre and features a different 

composition of photoreceptors and connections between photoreceptors and the other 

retinal cells. 

 

 

 

 

Photoreceptors in the peripheral retina are mainly rods. Their name is based on their shape: 

rods have an external segment with high number of membranous disks. These disks contain 

the photo pigment responsible of absorbing light: higher number of disks corresponds to 

higher sensitivity to light. Rods are at their peak of activity in scotopic conditions (i.e. dim 

light), because of their higher sensitivity to light. A single photon of light is able to evoke 

Figure 1.1  

a) Retina structure: photoreceptors are the 

external stratum whereas ganglion cells 

are the most inner stratum.  

b) Schematic layout of retina cells.  

http://thebrain.mcgill.ca/flash/d/d_02/d_0

2_cl/d_02_cl_vis/d_02_cl_vis.html 

 
b 

a 
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action potential of the rods disks (Kandel et al 2000). Rods are the most numerous (about 

120 million) retinal photoreceptors and are distributed everywhere in the retina except for 

the fovea. They reach a maximum concentration at 15-20 degrees of eccentricity. Rods are 

not wavelength sensitive so they do not detect colours. 

Cones are the other type of retinal photoreceptors and have their highest concentration in 

the macula lutea, an oval area of the retina that is 3-5mm in diameter, with a depression at 

its centre called the foveola. The foveola provides the highest visual acuity of the retina and 

for this reason, when the eye muscles move the eyes to fixate an object, they bring the 

retinal image of the object onto the foveola. The area of the retina that corresponds to the 

central visual field is therefore the macular area centred on the foveola. Cones are 

responsible for photopic and colour vision. The amount of light to evoke action potential in 

the cones needs to be one hundred times higher than the amount of light needed for the 

stimulation of the rods (Kandel et al 2000). The maximum number of cones is within 1-2 

degrees of the fovea eccentricity and declines towards the periphery of the retina, at a 

greater rate along the vertical meridian than the horizontal (Figure 1.2). 

 

 

Figure 1.2 

Density of rods and cones in the 

retina, on the horizontal meridian 

(Osterberg 1935). 
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The other types of cells in the strata of the retina are not photosensitive. Bipolar cells are 

interneurons connecting photoreceptors with ganglion cells. Rod connections with the 

bipolar cells are highly convergent so that a single bipolar cell receives a high number of 

synapses from rods. This is another characteristic that makes rods highly responsive to light: 

the signals from different rods are grouped so that the output of the bipolar cells would be 

strengthened. In the fovea cones instead tend to have a one to one correspondence with the 

bipolar cells and ganglion cells, which helps to provide high resolution.  

Horizontal cells receive signals from photoreceptors and they project laterally to influence 

surrounding bipolar cells. Amacrine cells receive signals from bipolar cells and project 

laterally to activate the neighbouring ganglion cells, which represent the only efferent 

pathways departing from the retina. There are two kinds of ganglion cells: the big (‘magno’) 

ganglion cells or M-type and the small (‘parvo’) ganglion cells or P-type. M-cells are more 

numerous in the periphery of the retina while P-cells are more numerous in the fovea, and 

this explains why in the periphery of the retina there are less ganglion cells: as M-cells have 

larger receptive fields, to cover a given area they are smaller in number (Blake & Sekuler 

2006). M-cells make up 10 % of the entire population of ganglion cells. M-cells respond to 

stimulation of their central receptive field with transient neural spikes which are quickly 

transmitted along the optic nerve. P-cells respond differently to the stimulation of their 

receptive field: their spikes are sustained and they last as long as the stimulus duration. On 

the basis of this different modulation of responses, the most common opinion is that P-cells 

are more sensitive to fine details of the stimuli, whereas M-cells are more important for 

motion detection (Bear et al 1996). 
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1.1.1.2 Visual pathways from the retina to primary visual cortex  

 

The axons of the ganglion cells cross at the optic chiasm and the optic nerves terminate in 

the lateral geniculate nucleus (LGN, one from each cerebral hemisphere) which projects to 

the primary visual cortex (V1 or area 17).  

 

 

 

Figure 1.3 Visual pathway from the retina to the V1. http://www.owlnet.rice.edu/~psyc351/Images/VisualPathways.jpg 

 

A small portion of the nerve fibres do not reach the LGN but travel to other cerebral 

structures involved in the control of biological rhythm, eye movements and pupil diameter. 



                                                                                                                                                                     22 

 

For example, 10% of ganglion axons end in the superior colliculus, which receives its main 

source of visual information from the peripheral retina (Sivak & MacKenzie 1992). The 

neurons at the superior colliculus are activated by signals coming from the peripheral retina 

and control eye and head movements to maintain the image of objects on the fovea (Nolte 

1988). This visuomotor function, which brings stimuli into the central visual field from 

their previous location in the periphery, is known as the “visual grasp reflex” (Hess et al 

1946).  

The LGN is divided into six layers with fibres originating from the M and the P ganglion 

cells of the retina being divided differently. Layers 1 and 2 are called magnocellular and 

they receive the projections from the retinal M cells which as already mentioned are more 

numerous in the periphery of the retina. The other four layers are called parvocellular and 

they are connected with the P ganglion cells of the central retina. These two layers maintain 

the same M and P cell features: transient neural spikes for the magnocellular layers; large, 

prolonged spikes that differentiate wavelength for the parvocellular layers (Figure 1.4). 

 

 

 

Figure 1.4 Lateral Geniculate Nucleus layers. 

http://thebrain.mcgill.ca/flash/i/i_02/i_02_cr/i_02_cr_vis/i_02_cr_vis.html 

http://thebrain.mcgill.ca/flash/i/i_02/i_02_cr/i_02_cr_vis/i_02_cr_vis.html
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The LGN’s most important target is the striate cortex (V1 or primary visual cortex). V1 is 

called the striate cortex due to its division into six layers. The most important layer is IV 

since this is the cortical layer which receives the largest projection from the LGN. It is 

further divided into three sub-layers IVA, IVB and IVC, the latter being composed of two 

strata IVC and IVC. IVC projects to the IVB stratum, IVC to the III. The information 

from the two eyes is, for the first time, combined together in strata IVB and III.  

 

 

 

Figure 1.5 Scheme of magnocellular and parvocellular pathways from the ganglion cells to the primary visual cortex 

layers. http://thebrain.mcgill.ca/flash/a/a_02/a_02_cl/a_02_cl_vis/a_02_cl_vis.html  
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M channel 

 

The pathway that connects M ganglion cells to the LGN, IVC and IVB is also called the 

M channel, because it relays magnocellular information. The cells in IVC are named 

simple cells (Hubel & Wiesel 1962 ) because their receptive fields are extended along a 

specific axis: they respond very well to stimuli aligned with the axis but do not respond or 

respond weakly  to stimuli perpendicular to the axis. Neurons in IVC are selective for 

orientation like the neurons in IVB and as a result of this feature the M channel is thought 

to be specialized for the detection of object movement (Bear et al 1996). Other 

characteristics of magnocellular neurons are a high sensitivity to low contrast and fast and 

transient spikes (exactly like the M ganglion cells in the retina). 

 

P channel 

 

The pathway that connects P ganglion cells to the LGN, IVC and III is known as the P 

channel and it relays parvocellular signals. There are two kinds of cells in the III stratum: 

interblob and blob. Interblob cells receive input from the IVand are complex cells since 

they are selective for orientation in a more accurate way compared to the cells of the M 

channel. For this reason they are thought to be used for object shape recognition. Blob cells 

receive projections directly from the LGN. They are sensitive to wavelength, and they are 

monocular. Blob cells are the only cells sensitive to wavelength outside the IVC layer, so 

the blob channel is responsible for colour recognition.   
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Table 1.1 The features of the magnocellular and parvocellular channel. 

MAGNOCELLULAR PARVOCELLULAR 

Large receptive fields Small receptive fields 

Periphery of the retina  Centre of the retina 

Fast, transient activity Slow and sustained activity 

Colour insensitive Colour sensitive 

Object movement analysis Object colour and shape analysis 

Low contrast  High contrast  

 

In the primary visual cortex, central and peripheral visual inputs are not only divided in 

different pathways but also in separate cortical areas: the fovea is mapped by the most 

posterior part of the occipital lobe whereas peripheral visual information reaches more 

forward regions of the same lobe. The portion of the occipital lobe for coding peripheral 

input is divided into an upper part, involved in the processing of visual input from lower 

visual field, and a lower part for the upper visual field (Blake & Sekuler 2006). 

 

1.1.1.3 Visual pathways beyond the primary visual cortex 

 

In their model for the separate pathways for colour and motion perception, Livingstone and 

Hubel described the segregation between magnocellular and parvocellular pathways as 

proceeding beyond the striate cortex (Livingstone & Hubel 1988). The principal targets of 

the magnocellular pathway are the cortical areas of the parietal lobe.  
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On the basis of neurophysiological evidence from patients with optic ataxia
1
 and healthy 

subjects (Goodale & Westwood 2004; Goodale et al 1994; Schindler et al 2004) these areas 

have been considered responsible for spatial analysis and visual guidance of movements. 

Parvocellular pathway projects mainly to the cortical areas of the temporal lobe which 

elaborate static visual scene characteristics in order to provide recognition and 

identification of objects. The properties of the areas of the temporal lobe were studied in 

patients with visual form agnosia
2
 (Milner et al 1991; Rice et al 2006). The different role in 

the analysis of visual stimuli in the parietal and temporal areas led to the suggestion that 

visuomotor information is processed via two separate pathways: the dorsal and the ventral 

streams (Goodale & Milner 1992; Goodale et al 1991; Milner & Goodale 2006; Mishkin & 

Ungerleider 1982). The idea of two different visual pathways has been shared by certain 

scientists since the 1960s (Scheneider 1969; Trevarthen 1968). Originally it was based on a 

division into the retinotectal projection (passing through the superior colliculus), which was 

thought to be involved in the visual guidance of movement, as for example the “visual 

grasp reflex” (Hess et al 1946); and the retinogeniculate projection (in which the retina 

projects to the LGN) which was thought to be involved in object recognition.  

Peripheral visual information across the M channel is believed by some to end in the dorsal 

stream (Clark et al 2005). In particular the lower visual field is thought to have a higher 

number of connections with the dorsal stream rather than the ventral stream, which would 

suggest a more relevant role in the visual guidance of movement for lower visual cues 

compared to upper visual cues (Danckert & Goodale 2003). Central visual information is 

                                                 
1
 Patients suffering from optic ataxia have damages to the parietal cortex and they are unable to perform 

meaningful movements towards objects under visual guidance in absence of motor, somatosensory or visual 

deficits (Balint 1909). 
2
 Visual form agnosia disrupts the ability to identify and recognize objects without manual manipulation in 

absence of visual deficits.  
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thought to be processed by the ventral stream (Clark et al 2005; Colby et al 1988). The 

images of moving upper and lower limbs fall on the peripheral retina and this visual 

information at the level of the dorsal stream can be used to visually guide movements. This 

explains why patients affected by visual form agnosia could control lower limb movement 

in stepping over an obstacle (Patla & Goodale 1996) or could reach for objects but they 

could not recognize the objects or grasp them in an appropriate way (Goodale & Milner 

2004).  

 

 

Figure 1.6 Scheme of visual pathways from the retina to the cortex. The parietal cortex is the anatomical substrate of the 

dorsal stream whereas the inferotemporal cortex is the anatomical substrate of the ventral stream. 

http://thebrain.mcgill.ca/flash/a/a_02/a_02_cr/a_02_cr_vis/a_02_cr_vis.html#3 

 

 

Dorsal stream 

 

A complex net of interconnections constitutes the dorsal stream, that connects striate, 

prestriate and inferior parietal areas with subsequent links to the dorsal limbic system 

responsible for cognitive building of spatial maps and to the dorsal frontal cortex involved 

in visual guidance of movements (Mishkin et al 1983). The parietal cortex receives 

projections via the thalamus from the superior colliculus and pulvinar, both playing a 

relevant role in controlling saccadic movements. Hence the cortical areas connected across 
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the dorsal stream are active in spatial perception and this is the reason why Mishkin and 

Underleider named this stream the ‘where’ pathway (Mishkin et al 1983). Later the dorsal 

stream was renamed as ‘how’ pathway, considering that its main role is thought to be the 

visual control of movement (Milner & Goodale 1993). 

Milner and Goodale (Milner & Goodale 2006) divided the functions of the most widely 

identified neurons in the dorsal stream into:  

 

 Coding of space for action 

In the lateral intra-parietal area (LIP) and in area 7a (see figure 1.6 above), 

neurons are gaze-dependent: their activation depends on the position of the 

eye in the orbit (based on the location the eye is looking at). This means that 

retina coordinates are transformed in head-centred coordinates (Andersen et 

al 1985). 

Duhamel and his colleagues described cells in LIP having presaccadic 

responses (Duhamel et al 1992). These neurons anticipate their receptive 

field activation before the completion of the saccadic eye movement, so that 

the stimulus falls in the receptive fields although the saccade is not ended. 

This mechanism allows a continuous update of the objects location and 

provides an accurate representation of the visual space (Milner & Goodale 

2006). 

Presaccadic response suggests that the information processing in the dorsal 

stream occurs online, whereby cell activity is modulated by current 

behaviour to provide accurate and successful movements. 



                                                                                                                                                                     29 

 

Other cells showing a specialization in spatial analysis were identified in 7b 

area. These cells are known as reach-cells, because they are activated during 

reaching movements towards a target and are then linked to the objects 

spatial location (Mountcastle et al 1975).  

 

 Coding of visual motion for action 

In the medial temporal area (MT), the cells have large receptive field 

selective for velocity and direction and for this reason this region seems 

specialized for movement analysis (Bear et al 1996). MT is interconnected 

with the medial superior temporal area (MST). Both areas are sensitive to 

relative motion, changes in size and rotation of objects in the frontal parallel 

plane (such information is important in the modulation of limbs movement). 

In particular MST cells, which have large receptive fields, are specialized in 

coding complex motor patterns, such as rotation, contraction and expansion, 

and in detecting self-motion. Besides these features, neurons in MST 

respond to the expansion of the target on the retina in order to control the 

acceleration of the limbs toward goal objects and predict the time to contact 

with approaching stimuli (Lee 1976). MST and 7a cells are also affected by 

optic flow, so they may have a role in the visual guidance of locomotion 

(Milner & Goodale 2006). 

 

 Coding of object properties for action 

The properties of objects for action are the physical features which recall the 

interaction with the object: for example the handle of a cup suggests how the 
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cup should be grasped. These properties are processed in the parietal 

posterior cortex (PPC) in an egocentric frame of reference. Since the object 

position is computed in relation to the observer, the elaboration of visual 

stimuli is more intended for action than perception in PPC. In PPC, there 

also cells known as manipulation-cells as they are active when grasping 

targets (Hyvarinen & Poranen 1974; Mountcastle et al 1975). In contrast 

with reach-cells (see previous paragraph), manipulation-cells are not 

responsive to spatial location but they are selective for the visual features of 

the objects, which shape the grasping movements. The existence of this kind 

of neuron can explain why even following severe damage to the ventral 

stream, the ability to grasp objects can be preserved (Goodale & Milner 

2004). Areas 7b and ventral intraparietal area (VIP) receive afferents from 

both somatosensory and visual system and provides multisensory integration 

of their inputs (Andersen et al 1990). 

 

Ventral stream 

 

The ventral stream interconnects striate, prestriate and inferior temporal areas. It also links 

V1 with the limbic structures of the temporal lobe (memory system) and with the ventral 

part of frontal lobe (emotional control centre). The ventral stream is believed to be used in 

object identification and recognition; this is the reason why it is also called ‘what’ pathway 

(Mishkin et al 1983). Cells in several areas of the ventral stream have a key role in object 

identification/recognition: cells in the inferior temporal cortex are selective for figural and 

surface characteristics of the environment and neurons in the superior temporal sulcus (SPT) 
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are categorically specified (for example some cells specialized in coding faces). There are 

connections also with MT and these links are important for the identification of visual 

stimuli when they are moving. Elements of the visual scenes are analyzed using an 

allocentric frame of reference, so they are not dependent on the position of the observer.  

A further property of the ventral stream is the ‘long-term modulation of behaviour’: neuron 

activation is not influenced by online behaviour as the knowledge of the objects is 

maintained in memory (Milner & Goodale 2006). For example, to recognize a glass there is 

no need to keep looking at it as there is no need for the online refreshing of the object’s 

identity, because this is already retained in memory. 
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Table 1.2 The features of the ventral and dorsal streams. 

DORSAL STREAM VENTRAL STREAM 

Vision for action Vision for perception 

“WHERE” (Mishkin & Underleider 

1982)/ “HOW” (Goodale & Milner 1992) 

pathway: spatial computation and visual 

motor guidance of movement. 

“WHAT” pathway: object identification 

and recognition (Mishkin & Underleider 

1982). 

Dynamic properties of objects Static properties of objects 

Magnocellular input Parvocellular input  

Online modulation of behaviour 

(based only on short- term memory) 

Off-line modulation of behaviour 

(based on long- term memory) 

Unconscious  Conscious  

Connection with motor cortical areas. Connection with memory, emotion and 

language anatomical substrates. 

Egocentric frame of reference Allocentric frame of reference 

Multisensory integration Modality specific 

 

Critique of the concept of two visual pathways 

 

Livingstone and Hubel’s model (1988) regarding the maintained segregation of P and M 

channels beyond V1, does not conform to some psychophysical and electrophysiological 

studies conducted on monkeys with parvo or magnocellular pathway damage:  inactivation 

of magnocellular or parvocellular layers in the LGN affected both the ventral and dorsal 

streams, although the dorsal stream remained more dependent on magnocellular input and 
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ventral stream on parvocellular ones (Merigan & Mausell 1993; Schiller & Logothetis 

1990).  

Support for the two pathway system has often been provided by studies that showed that 

subjects could be fooled by a visual illusion (due to information passed in the ventral 

stream) but that visuomotor action towards the illusion (by reaching and grasping or 

pointing using information from the dorsal stream) was not fooled (Aglioti et al 1995; 

Bridgeman et al 1997; Servos et al 2000). The implication from these studies was that such 

segregation might have been useful from an evolutionary point of view and this was the 

rationale for its development (Goodale & Milner 1992). However recently the segregation 

between ventral and dorsal streams has been criticised in relation to the idea that visual 

illusions affect verbal responses (ventral stream) but not movements (dorsal stream) 

directed to the same target evaluated verbally.  Some studies have shown that the dorsal 

stream actually undergoes illusion effects (Franz et al 2000; Norman 2002; Pavani et al 

1999; Van Donkelaar 1999) albeit in a minor way compared to the ventral stream (Glover 

& Dixon 2004). In addition the immunity to the visual illusion effect disappeared when 

delay between target presentation and subsequent action task was higher than 4s. This result 

was explained by the absence of a memory buffer for the motor-somatosensory system 

which then needs to rely on the stored information in the ventral stream (Bridgeman et al 

1997; Gentilucci et al 1996). This explanation would also imply that rather than being two 

separate visual systems, dorsal and ventral areas interact in the assessment of visual stimuli. 

A close cooperation was found in stroke patients suffering optic ataxia: in pointing tasks 

these patients showed a decrease in pointing errors proportional to the decrease of target 

presentation delay, meaning that a clear switching from the dorsal to ventral stream was 

absent (Himmelbach & Karnath 2005). 
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The correspondence between the dorsal stream and peripheral vision may also not be strict: 

motor responses but not verbal responses were found to be unaffected by retinal 

eccentricity and this was explained by neurophysiological findings indicating that the 

dorsal stream receives visual information from the entire retina and not just from the 

peripheral visual field while the ventral stream remained more reliant on central visual 

information (Goodale & Murphy 1997). A recent fMRI study showed that during a 

prehension task the dorsal stream was activated when the target was either in the central or 

in the peripheral visual field although the network responsible for processing peripheral 

visual information to guide arm movements was wider than the one for central visual 

information (Clavagnier et al 2007). However the prevalence of peripheral vision 

elaboration in the parietal lobe is suggested by experimental results from patients with optic 

ataxia: they failed in reaching and grasping a target presented in the peripheral visual field 

while they did not show the same problem when the target was presented in the central 

visual field (Jackson et al 2005; Karnath & Perenin 2005; Perenin & Vighetto 1988; 

Rondot et al 1977).  

 

1.1.2 Cortical magnification theory 

 

1.1.2.1 Retinotopic map  

 

The organization of the visual system is called retinotopic or topographic and it refers to the 

neural setting in which cells in the retina send information to spatially corresponding cells 

in their target structures (superior colliculus, LGN, visual cortex). This topographic 

structure is maintained in all the regions along the visual pathway so that a point-to-point 
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correspondence between retina and all the higher levels of elaboration of the visual 

information can be found. The spatial layout of the retinotopic map reflects the anatomic 

difference between the centre and periphery of the retina. The one-to-one correspondence 

of ganglion cells to cone photoreceptors at the fovea, results in the small retinal area of the 

fovea being considerably magnified in the cortical map. The one-to-many correspondence 

of ganglion cells to rod photoreceptors in the peripheral retina results in the large peripheral 

retinal area being minimised in the cortical map. This also means that the cortical 

reconstruction of the visual field decreases exponentially with increasing eccentricity 

(Cowey & Rolls 1974; Straube et al 1994). Indeed, about 80%, of the resources of the 

visual cortex is allocated to processing the central 10º of the visual field (Carrasco & 

Frieder 1997).  

 

1.1.2.2 Cortical magnification factor 

 

The progressively smaller neural resources assigned to the peripheral regions of the retina 

is quantified by the magnification factor M, which corresponds to the amount of cortex, 

associated with each degree of visual field (mm/deg) (Daniel & Whitteridge 1961). The 

cortical magnification factor M is calculated as a function of eccentricity: moving away 

from the fovea, the reciprocal of M (1/M) increases approximately linearly with 

eccentricity. The greatest value of M is when the eccentricity is zero and it thus declines for 

increasing eccentricities.The theory behind the cortical magnification factor indicates that if 

peripheral vision could hypothetically rely on the same amount of cells or receptive fields 

of central vision, the elaboration of visual stimuli would be the equal to that occurring in 

the fovea. Although central and peripheral vision are qualitatively different, particularly 
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regarding the perception of colour and movement as suggested by their different anatomy, 

the cortical magnification theory implies that the ‘apparent qualitative differences reflect 

only quantitative sampling differences’ (Virsu et al 1987). These quantitative differences 

are related to visual acuity, resolution and spatial-temporal contrast sensitivity. This means 

that a stimulus presented in the periphery should be bigger than a stimulus presented in the 

fovea to stimulate the same number of ganglion cells (and by increasing eccentricity, 

sensitivity shifts toward lower spatial temporal frequencies). From this, cortical 

magnification theory is based on what is called invariance principle: by scaling size and 

spatial-temporal frequencies, all the locations of the visual field are comparable and visual 

performance is qualitatively the same (Levi et al 1985; Virsu et al 1987). 

 

1.1.2.3 M equations 

 

Rovamo and Virsu’s M equations for the estimation of the cortical magnification are the 

most cited and used in the literature. From previously published data on the density D of 

receptive fields of retinal ganglion cells (Cowey & Rolls 1974; Drasdo 1977), Rovamo and 

Virsu concluded that in monkeys M
2
 is proportional to D (Rovamo & Virsu 1979). The 

authors claimed that the human cortical magnification factor for contrast sensitivity and 

visual acuity can be predicted for the principal meridians of the visual field from D and 

from the density of cones in the centre of the retina (Rovamo & Virsu 1979). They derived 

four equations to calculate M in different zones of the monocular visual field for any 

eccentricity from the data present in the literature.  
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Their linear equations are: 

 

1. Mnasal = (1 + 0.33 E + 0.00007 E
3
)
-1

   M0      for 0°   E   60° 

2. Msuperior = (1 + 0.42 E + 0.00007 E
3
)
-1

   M0    for 0°   E   45° 

3. Mtemporal = (1 + 0.29 E + 0.00007 E
3
)
-1

   M0   for 0°   E  80° 

4. Minferior = (1 + 0.42 E + 0.00007 E
3
)
-1

   M0     for 0°   E   60° 

 

where E is the eccentricity in degrees and M0 is M in the fovea and it corresponds to 7.99 

mm/deg. By scaling visual acuity and temporal contrast sensitivity using the above 

equations, Rovamo and Virsu’s (1979) results showed a homogeneous visual performance 

in the whole visual field. 

 

1.1.2.4 Limitations of the cortical magnification factor 

 

The cortical magnification factor presents some limitations. The value of M was first 

estimated on monkeys and no agreement was found for it. In particular there was a great 

variation of the M equation within the 10° of the central visual field. One reason for this 

could be the use by researchers of several different breeds of monkeys in their experiments 

(Daniel & Whitteridge 1961; Perry & Cowey 1985; Rovamo & Virsu 1979; Van Essen et al 

1984; Wässle et al 1990). Different M estimations also emerged from physiological studies 

conducted in men (Brindley & Lewin 1968).  

The value of the cortical magnification factor can be predicted in an indirect way by 

psychophysical studies which have indicated that the estimation of M is dependent on the 

type of task. For instance in adaptation to flicker tasks the visual performance seems to 
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deteriorate at lower rate with the eccentricity (Anstis 1996) than in bisection and Landolt C
3
 

tasks (Virsu et al 1987).  

The term ‘areal M’ is another source of confusion in the literature. It is defined as the area 

in the visual cortex measured in square millimetres corresponding to the area in squared 

degrees in the visual field (Straube et al 1994). The term “areal M” has often been 

abbreviated to M but areal M can be equal to M only if isotropy of M across the visual field 

is assumed (Horton & Hoyt 1991) as in the M equations for superior and inferior visual 

field (Rovamo & Virsu 1979). However the isotropy of the cortical magnification is another 

uncertain issue. Some scientists are convinced about local isotropy of the cortical 

magnification (Schwartz 1980; Virsu et al 1982), as indicated by the approximate radial 

symmetry of the magnification in the macaque (Johnston 1989).  However other reports 

indicate that the inferior visual field in the striate cortex is overrepresented compared to the 

superior visual field (Van Essen et al 1984). The overrepresentation of the inferior visual 

field in the cortex might begin in the retina (Perry et al 1984) from the higher density of 

ganglion cells in the superior peripheral hemiretina (Curcio & Allen 1990). These findings 

seem to be in favour of an anisotropic representation of the visual field.  

There is also an issue regarding what M actually represents. Drasdo (1977) evaluated M 

from the variation of the density of retinal ganglion cells, whereas Rovamo and Virsu 

(1979) attributed M to the frequency of retinal ganglion cells (receptive fields per degree).  

Other scientists think that M is related to the magnified representation of the central visual 

field occurring within the lateral geniculate nucleus and the visual cortex (Mapeli & Baker 

1975; Perry & Cowey 1985; Van Essen et al 1984). 

                                                 
3
 The Landolt C is a letter C that can be positioned with the gap in the C upwards, downwards, to the right or 

left etc. The subject is asked to report the position of the gap.  
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For this reason, Virsu and colleagues (1987) made reference to two different scaling 

factors: cortical magnification factor Mc and retinal magnification factor Mr. Mr is the 

value calculated by the M equation (see section 1.1.2.3) while Mc presents difficulties in 

the evaluation by the evoked potential technique since the signals from neighbouring 

cortical areas (such as V1 and V2) might be summed (Virsu et al 1987).  

Rovamo and Virsu’s equations have another limitation: they have been estimated only for 

the monocular visual field.  

 

1.2 Somatosensory and Vestibular system 

 

Vision is not the only source of information used to generate adequate motor responses and 

the somatosensory and vestibular systems also provide contributing information (Huxham 

et al 2001). The aim of this part of Chapter 1 is to describe the anatomy and physiology of 

the other sensory systems involved in the control of movement. The integration of 

prioprioceptive, vestibular and visual input will be explained more specifically in relation 

to different types of movement in Chapter 2. 

 

1.2.1 Somatosensory system 

 

The somatosensory system provides knowledge about the body and interaction of the body 

with the external world by the perception of pressure, temperature, touch, pain and limb 

position and movement sense through different types of receptors: 
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 Mechanoreceptors: located throughout the body and providing information 

regarding extension, bending, pressure, cutaneous sensations of joints and body 

segments. 

 Nocioceptors: transmitting pain sensations. 

 Thermoceptors: responsive to temperature changes. 

 Chemoceptors: provide information about different chemical substances. 

 Proprioceptors: provide info about reciprocal position and movement of body 

segments. 

The exact location, intensity, and duration of a stimulus are given by somatosensory 

feedback to the motor system which can use it to plan and/or correct movements (Bear et al 

1996). 

 

1.2.1.1 Somatosensory pathways 

 

Ascending roots to the cerebellum and somatosensory cortex are divided into two parallel 

pathways departing from the spinal cord:  

 Dorsal column-medial lemniscal: carrying information regarding tactile perception, 

pressure and proprioception from muscles, tendons and joints to higher brain centres. 

In the brainstem the dorsal columns joins the lateral columns, which are the specific 

pathway for leg limb proprioception (Shumway-Cook & Woollacott 2007). 

 Anterolateral tract: carrying information relative to temperature and pain. 

These pathways consist of three kinds of neurons: first order neurons connecting distal 

receptors, second order neurons reaching the first relay-station (thalamus) and third order 

neurons arising in the thalamus and ending in the cortex. 
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There are three main areas of the cortex for elaborating somatosensory input: S1 or primary 

somatosensory cortex located in the postcentral sulcus in the parietal lobe, S2 or secondary 

somatosensory cortex placed laterally to S1 near the temporal lobe and PPC (Figure 1.7) 

which is part of the dorsal stream and has a role in the integration of somatosensory and 

visual input (see previous section 1.1.2.3). 

 

Figure 1.7 Somatosensory cortical areas. 

http://www.lib.mcg.edu/edu/eshuphysio/program/section8/8ch5/8ch5img/page31.jpg 

 

The main characteristic of the somatosensory cortex is the somatotopic map which, similar 

to the retinotopic organization of the visual cortex, represents small parts of the body (such 

as the face and feet) as magnified compared to others (e.g. the limbs). The somatotopic map 

is also called Homunculus because of the representation of the human body with different 

proportions (Figure 1.8). The wider portion of cortex dedicated to some body sections 

rather than others is an index of the higher specialization of these parts in gaining 

somatosensory input from the environment. 
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Figure 1.8 Somatotopic map : the Homunculus 

http://www.scottsdalecc.edu/ricker/psy101/readings/Section_2/images/somatosensory.jpg 

 

 

1.2.1.2 Proprioception 

 

Particularly important in the control of movement is the sensory information called 

proprioception which provides inputs to the central nervous system (CNS) about the 

configuration of body segments in space. Proprioception corresponds to the perception of 

orientation, position and movement of the body and/or body segments relative to each other 

(Lee 1978; Pagano et al 1996) and is sometimes referred to as a ‘sixth sense’ since it 

corresponds to a ‘sense of movement’ and detects limbs and body positions independently 

from other sensory information such as vision or hearing (Abbott 2006).  

Perception of movement can be controlled either consciously or unconsciously: for 

example, coordination of a finger movement towards the nose while having the eyes closed 

is conscious, whereas balance control is unconscious.  

http://www.scottsdalecc.edu/ricker/psy101/readings/Section_2/images/somatosensory.jpg
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From an anatomical perspective proprioception is made possible by several kinds of 

proprioceptors: 

 Muscle spindle located within the muscles and measuring muscles length. 

 Golgi tendon organs placed near the conjunction between tendons and muscle fibres 

and estimating muscle activation on the basis of tendon tension. 

 Articular receptors sited in the connective tissue of the articulations and responding 

to angle, direction and speed variations of the joints.  

 Cutaneous receptors located in/under the skin such as Merkel disks, which are 

sensitive to vertical pressure; Meissner curpuscles, responding to transient changing 

of pressure within a small skin surface; Ruffini endings, activated by sustained skin 

deformation and Pacinian corpuscles, stimulated by fast mechanical skin 

deformation (Latash 2008). 

In the literature, there are only a few cases where proprioception has been completely 

disrupted (see the case of Ian Waterman (Cole 1995)). The complete loss of the 

proprioceptive function is usually due to either a virus attacking specific nerves or an 

extensive sensory neuropathy which damages the myelinated nerve fibres (Abbott 2006). 

Findings indicate that patients affected by this disorder cannot control their movements or 

receive any feedback from the environment (Latash 2008). Although they can learn how to 

coordinate their limb movements using visual feedback; if the light is switched off, then 

they would fall down since without any proprioceptive input there is no information 

regarding muscle length or tension, about displacement of joints, speed and/or direction of 

limbs. 
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1.2.2 Vestibular system 

 

Information regarding the rotational and translational movements of the head in space is 

provided by the vestibular system. The vestibular system is located in the inner ear and 

more precisely in the labyrinthine cavities of the temporal bones and it consists of two main 

structures, the vestibule and semi-circular-canals (Figure 1.9). The vestibule, also called the 

static labyrinth, contains the utricule and saccule which are positioned perpendicularly to 

each other and specialize in the detection of static position and linear acceleration of the 

head. The utricule is sensitive to variation of head locations starting from an upright 

position, whereas the saccule responds to the head movements beginning when the head is 

inclined on a side.  

  

 

 

Figure 1.9 Vestibular system. http://cache.eb.com/eb  

 

The semi-circular canals, also known as the kinetic labyrinth, are three in number. They 

contain the endolymph, a fluid membrane achieving a crucial role in stimulating vestibular 
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hair receptors during (rotational) acceleration and deceleration of the head. The three semi-

circular canals are disposed in orthogonal planes so every canal can respond to a specific 

rotation and speed variation of the head in one plane. One canal is horizontal
4
 and the other 

two, called the anterior and posterior canals, are vertical. Anterior and posterior canals are 

perpendicular to each other and are located at 45° from the sagittal plane. In this way the 

anterior canal on one side of the head is parallel to the posterior canal on the other side, and 

a movement activating one canal is also able to stimulate the other. Horizontal canals on the 

two sides of the head also work together, being excited by the same movement (Figure 

1.10). 

These canals are connected with the utricule by a dilatation known as ampullae.  

 

 

 

Figure 1.10 Planes of the three semicircular areas. http://vestibular.wustl.edu 

 

Two kinds of hair receptors are present in the vestibular structures: maculae sited in the 

utricule and sacculae and cristae residing in the ampullae (Figure 1.9). When the head is 

                                                 
4
 It is actually inclined of 30 degrees from the horizontal plane (Figure 1.10) 

http://vestibular.wustl.edu/
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upright, the utricular macula is located at 30° from the horizontal plane while the saccular 

macula is disposed almost vertically at 60° from the horizontal plane. Maculae have a 

gelatinous membrane called otolith that responds to the effect of gravity by remaining bent 

during changes of head position. The cristae are similar to a fold of the tissue of the 

ampullae and they are covered by a gelatinous structure, called cupola. By moving the head 

the orientation of the three canals changes and the endolymph exerts pressure on the cupola 

in one direction, activating the cristae receptors. On the other hand the deflection of the 

cupola in the opposite direction creates inhibition of the cristae receptors (Nolte 1988). 

 

1.2.2.1 Vestibular pathways 

 

Vestibular afferents are divided into two main pathways: a central component constitutes 

the vestibular nuclear complex and a peripheral root represented by the VIII cranial nerve 

which ends in the cerebellum, which is involved in controlling equilibrium and posture. 

Connections to the vestibular nuclear complex are more extensive and provide information 

for the coordination of head and eye movements. Vestibular nuclei also receive projections 

from the spinal cord providing sensory feedbacks from the trunk and limb positions. These 

nuclei not only receive fibres but also project to the spinal cord by two tracts: the vestibular 

spinal lateral tract, presiding over postural adjustments and the vestibular spinal medial 

tract, controlling the position of the neck. 

Some vestibular afferents also reach the cortex, in particular the primary vestibular cortex, 

situated in the parietal lobe and adjacent to the somatosensory cortical area representing the 

head. It is possible that this area processes the conscious perception of head position; 
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however the vestibular connections with the cortex have been considered controversial 

(Nolte 1988). 

 

1.2.2.2 Vestibular reflexes 

 

Other afferent projections innervate the motor neurons responsible for the control of the eye 

muscles. These nerves are responsible for the vestibulo-ocular reflexes (VOR), involved in 

maintaining the visual focus on objects during head movements. The vestibulo-ocular 

reflexes enable the stabilization of images on the retina while the body is moving by 

providing sensory feedbacks for controlling eye movements in a way that compensates for 

head rotation (detected by the semicircular canals), tilt and linear movement of the head 

(perceived by the otoliths). In this way, if the head tilts downwards or upwards, moves 

forward or rotates, the VOR ensures that the eyes moves in the opposite directions at the 

same speed so that fixation is maintained and the visual world does not ‘shake’ (Kandel et 

al 2000). 

The VOR compensating for head rotation is known as vestibular nystagmus. While the 

head is rotating towards a visual target the eyes travel in the opposite direction with slow 

movements monitored by the vestibular system and rapid backwards movements which 

redirect the eyes at the centre of the gaze. This fast phase of eye movements is generated by 

brain stem circuits and provides a fine tuning of the slow phase of the eyes movement. The 

combination of slow and rapid phases corresponds to the vestibular nystagmus. This 

vestibular reflex presents some limitations: it does not respond well to very slow and/or 

sustained rotational head movements (since the semicircular canals respond to head 

acceleration and not to constant velocity). For these reasons vestibular inputs are integrated 



                                                                                                                                                                     48 

 

with visual inputs which provide information to guide eyes movements when the 

nystagmus stops (Kandel et al 2000). 

The otolith reflex controls the amplitude of eye movements so that they are inversely 

proportional to the distance of the visual target: the further away the distance of a target the 

smaller eye movements are needed to detect it (and vice versa). The otolith reflex also 

compensates for head deviation from the vertical axis (gravity reference) by rolling the eyes 

in the direction opposite the deviation (Kandel et al 2000). 
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2. Chapter 2 Literature review of the role of 

peripheral visual cues and the multisensory control 

of movement  

 

2.1 Peripheral visual cues: what are they and how do 

they work? 

 

In this section, general definitions of the main classes of visual cues and mechanisms used 

to elaborate them are described. In particular, cues which have been defined as peripheral 

visual cues and those that have yet to be clearly classified as central and/or peripheral 

visual cues in the literature are identified here. 

 

2.1.1 Optic flow and lamellar flow 

 

When moving in the environment the visual scene falling on the retina changes according 

to a specific pattern known as visual or optic flow
5
. Optic flow can be defined as the 

apparent visual motion of objects in the environment relative to the observer who is moving 

towards a fixed point (Gibson 1979). The fixed point which the observer is looking at 

appears motionless and it is also called the focus of expansion, since from that point 

                                                 
5
 ‘visual’ and ‘optic’ are used interchangeably by Gibson (1958) although the term ‘visual’ refers to the 

effects having place in the visual pathways whereas the term ‘optic’ is used for the effects occurring at the 

level of the eye (Bach & Poloschek 2006). 
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outwards the visual field appears to expand (Gibson 1950). The speed of optic flow is a 

function of the distance and angle between the direction of the observer’s point of view and 

the direction of movement. For example, objects furthest away from the viewer appear still, 

whereas ones closest appear to move faster, and objects located at 90° to the direction of 

movement are perceived to move faster than those parallel to the direction of movement. 

 

 

Figure 2.1 Example of optic flow: The objects nearer and orthogonally positioned to the direction of movement are 

perceived as moving faster than the ones further away or parallel to the direction of movement. 

http://www-vf.bio.uu.nl/~webmanager/Lab/NE/images/flow2.jpg 

 

Gibson (1958) considered the optic flow as a transformation of the optic array, which is 

defined as the pattern of light reaching the retina and containing all the visual information 

of the environment. Properties of objects in the environment enclosed in the optic array are 

edges, shape, texture, colour, material composition and biological motion. These properties 

are invariant, and when the observer is still they represent the static pattern of the optic 

array, while during movement they pass through a series of static points which create a 

dynamic pattern called optic flow (Gibson 1958). Gibson (1950) considered the optic flow 

as the main visual information for controlling locomotion, however this is not the only 

visual information used to guide movements. Egocentric direction, which is the relationship 

between the position of the target and the observer, is also used to control goal directed 
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walking. The recognition that other visual cues besides optic flow are employed in guiding 

movements resulted in two conflicting theories: the first claiming the dominance of an 

egocentric direction strategy in the control of locomotion (Rushton et al 1998) and the 

second considering optic flow as the main visual information for goal-directed walking 

(Warren & Hannon 1988; Warren et al 2001).  Regarding the first theory, Rushton and 

colleagues (1998) argued against the utility of optic flow for locomotion by showing that 

subjects wearing prismatic lenses steered towards the perceived target and did not walk 

straight as the optic flow cues (which were not affected by the prisms) predicted. However 

Harris and Carre (2001) contested that the utility of optic flow could not be dismissed by 

Rushton and colleagues findings (1998) since prisms might decrease the field of view and 

restrict the flow around the target, which would limit the information about self-motion 

(Harris & Carre 2001). Using virtual reality, Warren and colleagues (2001) showed that 

although the egocentric-direction strategy was a useful cue for directing locomotion, 

subjects relied more and more on optic flow (mismatched from the target position) when 

this was added to the display. Their results suggested that guiding locomotion is the result 

of a linear combination between egocentric direction and optic flow but that optic flow is 

the dominant strategy (Warren et al 2001).  

Another matter of debate for the utility of optic flow in guiding movements is represented 

by the concept of retinal flow, which is defined as the apparent visual motion of objects 

projected onto the retina during movement. Retinal flow compensates for optic flow 

distortions resulting from eye movements. These distortions are naturally provoked for 

example by the movements of the head (horizontal rotation or vertical translation) during 

locomotion or by the fast turning of the head when directing gaze (Cavanaugh 2002). 

Cutting and colleagues (1992) argued against the existence of optic flow (referring to it as a 
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‘mathematical fiction with no psychological reality’) in favour of retinal flow, which is lead 

by eye movement and motion parallax cues (i.e. far objects moving slower than close 

objects when the observer is walking). These authors showed that if motion parallax cues 

were misleading, heading perception was estimated incorrectly (Cutting et al 1992). 

However, Warren and Hannon (Warren & Hannon 1988) provided evidence for the 

existence of optic flow and no decomposition between retinal and optic flow in judging 

heading direction. These authors found that when a moving fixation point (determining 

movement direction) was mismatched from a displayed retinal flow pattern (simulating eye 

movements), subjects were still able to correctly detect/determine heading direction. This 

finding showed that during locomotion, eye movements do not disrupt the perception of 

heading and are thus not a source of nuisance as Gibson (1950) stated (Warren & Hannon 

1988). 

Conflicting theories involving optic flow have also been debated in relation to central and 

peripheral vision. The structure of the moving scene that the observer experiences during 

walking is different for different eccentricities of the visual field. When the observer looks 

forward, at zero eccentricity, optic flow appears stationary while for increasing 

eccentricities optic flow radiates outwards up to the peripheral visual field.  

 

       

Figure 2.2  a) The visual vectors in the central visual field radiates in an outwards direction from 0° eccentricity.b) The 

visual vectors in the peripheral visual field are parallel to each other. 

b a 



                                                                                                                                                                     53 

 

On the basis of the differing orientation of the visual vectors, optic flow is called radial 

flow in the centre and lamellar flow in the periphery of the visual field (Cavanaugh 2002). 

However radial and lamellar flows are not perceived as separate because the former flows 

into the latter without interruption (Wade & Jones 1997).  

 

 

 

Figure 2.3 Representation of the integration between radial and lamellar flow during locomotion (Wade and Jones 1997) 

 

Brandt et al (1973) proposed the peripheral optic flow dominance hypothesis on the basis of 

experimental evidence showing that masking the central visual field scarcely decreased 

vection (i.e. perception of self-motion induced by visual stimuli). Whilst Lestienne et al 

(1977) found that motion sensation and relative postural adjustments are induced by the 

projection of visual scenes moving linearly in the sagittal plane (Lestienne et al 1977). 

More recently other authors have supported the retinal invariance hypothesis showing that: 

heading directions were estimated with equal precision across the visual field (Crowell & 

Banks 1993), central and peripheral information influenced each other in the detection and 

discrimination of directional visual stimuli (Habak et al 2002), and body sway during 
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treadmill walking was found being directional specific to radial flow patterns presented at 

any eccentricity (Bardy et al 1999). 

A third theory states that optic flow in peripheral and central visual field presents functional 

specialization: heading information is extracted more accurately from the central visual 

field where a radial flow pattern is present (Gibson 1966; Turano et al 2005; Warren & 

Kurtz 1992), while peripheral visual field is more sensitive to the translating motion pattern 

of the lamellar flow (Banton et al 2005; Warren & Kurtz 1992). The functional 

specialization for detection of radial and lamellar flow seems also supported by the 

neurophysiological evidence that optic flow structures are processed in separate cortical 

areas: medial temporal cortical area (MT) and medial superior temporal area (MST) are 

responsible for the detection of translating motion pattern (Britten et al 1992; Desimone & 

Ungerleider 1986), while the dorsal part of the medial superior temporal area (MSTd) is 

activated selectively for radial flow patterns (Duffy & Wurtz 1991; Tanaka et al 1986). 

On the basis of this third theory for optic flow perception, lamellar flow can be considered 

a specific peripheral visual cue used to guide movement
6
. Previous literature describing 

optic flow provided by the lateral and lower visual fields has highlighted the relevance of 

lamellar flow in guiding locomotion and in controlling walking speed. Koenderink (1986) 

claimed that the translational component of optic flow (i.e. lamellar flow), generated by the 

body moving through the environment, provides ‘proprioceptive information in a purely 

visual sense’ (Koenderink 1986). This suggests that lamellar flow gives information about 

movement/position of the human body compared to the objects in the environment. The 

relative position of observer and environment is not the only information provided by 

                                                 
6
 This is the reason why this section focuses mainly on lamellar flow and the terms ‘lamellar flow’ are 

included in the title of this section. 
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lamellar flow. The structure of the visual scene at the sides of the observer assumes the role 

of a gravity frame of reference: subjects running on a treadmill in a room with tilted walls, 

lead to the trunk becoming tilted in the same apparent ‘gravitational direction’ of the room 

(Lee & Young 1986).  

Lamellar flow was also found to be sensitive to movement speed: in different experiments 

performed in immersive virtual reality, a different optic flow speed was projected on each 

side wall, with subjects resolving lateral flow asymmetry by steering away from the faster 

moving wall (Cho et al 2009; Duchon & Warren 2002). This behaviour was first observed 

in honeybees which steered away from the faster wall up to a balance point at which the 

speed of the two walls were equivalent. Honeybees apparently did that without taking into 

account any other distance information for steering (Srinivasan et al 1991). Although 

humans show the same behaviour, they adopt a more complex plan for controlling lateral 

speed which is called a ‘visual equalization strategy’ (Duchon & Warren 2002).  This 

strategy also considers other visual cues in order to avoid hitting the sides of a walkway and 

maintain the body in the middle of the walkway while moving. One of these cues is the 

‘splay angle’ (Beall & Loomis 1996) representing the line where the wall meets the floor. 

Another is the spatial frequency content of the walls at the sides of the subject, also called 

the ‘texture scale’ (Duchon & Warren 2002).  

Lamellar flow in the lower peripheral field reflects the apparent visual motion of the ground 

while the observer is moving and for this reason is also known as terrestrial flow (Lejeune 

et al 2006). Compared to objects in the upper visual field, the ones in the lower visual field 

are featured with more complex texture: the ground for example offers a wide variety of 

characteristics, such as different colours, aspects, obstacles etc., while the sky provides 

quite a uniform texture with a diffused light (Gibson 1958; 1966). This explains why 
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terrestrial flow may be dominant in controlling movement (Baumberger et al 2004). For 

example, during a postural stability task the direction of body sway was found to be 

modulated according to the direction of the texture motion of the floor (Fluckiger & 

Baumberger 1988) and pre-locomotor behaviour in infants was found to respond better to 

terrestrial flow rather than global optic flow (Lejeune et al 2006).  In the studies mentioned 

above, it should be noted that a counterbalanced test condition providing upper visual flow 

information would have provided more complete evidence for or against the superiority of 

terrestrial flow in guiding locomotion (Lejeune et al 2006). 

 

2.1.2 Visual exproprioception 

 

Sherrington (1906) divided the sense organs of animals into three main perceptual systems: 

exteroceptors, interoceptors and proprioceptors. The first category of receptors included 

eyes, ears, nose and mouth and they were assumed to be specialized in collecting input 

from the external world since they are placed in the ‘external field’ of the animal surface. 

The second category of receptors was considered to be placed inside the body and 

responsible for alimentary function, respiration and blood pressure. Proprioceptors were 

believed to be embedded deeper in the body and made up of receptors in muscles, joints 

and the vestibular system (Sherrington 1906). Gibson (1966) criticized this division and 

argued that receptors cannot be so rigidly divided into categories since the information 

gained from the environment and body relies on receptors belonging to more than one of 

Sherrington’s categories. Gibson (1966) proposed instead to classify the type of 

information gained by the receptors as exteroceptive or proprioceptive input. The former 
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represented environment-relative information while the latter corresponded to body-relative 

information (Gibson 1966). 

More recently, Lee (1978) extended Gibson’s definitions further subdividing the body-

relative information into two different categories: proprioception and exproprioception, 

with the first representing the somatosensory function responsible for the ‘sense of 

movement’ and the second providing feedback about the relationship between the body and 

the environment (Lee 1978).  

When exproprioception is established by the integration of visual and proprioceptive input, 

this provides visual exproprioception. Proprioception is generally independent of vision in 

the sense that humans are still able to move in the dark or with eyes closed and correctly 

compute and coordinate the position of the body-segments in space. However the concept 

of visual exproprioception is an example of integration between information provided by 

the eyes and proprioceptors and refers to the possibility of controlling the position of the 

body and/or limbs in relation to the constraints of the environment. Locomotion, walking 

up stairs, reaching objects and obstacle avoidance are all examples of actions which require 

a fine organization of movements in order to successfully negotiate the environment. To 

this aim, visual input detects the hazards and proprioceptive information takes into account 

the visual input in order to organize the position of the body and provide correct feedback 

to the motor system for the execution of movement. 

Optic flow can also be considered a type of visual exproprioceptive information since it is 

generated by the movement of the observer in space and provides visual exproprioceptive 

input of walking speed and ego-motion (Lee & Thompson 1982; Patla 1997). In this sense 

Gibson (1958) called the optic flow visual kinaesthesis (i.e. where kinaesthesis refers to the 

sense of movement).  
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In more recent studies investigating the visual control of locomotion, vision of the limbs 

during movement is considered the main essence of visual exproprioceptive information 

(Anderson et al 1998; Patla 1997; 1998; Patla et al 1996; Rietdyk & Rhea 2006).  In these 

studies, the lower visual field was occluded so that the participants would not have any 

visual knowledge about the position of the lower limbs relative to the floor or to the 

obstacle they needed to negotiate. Results showed that with the absence of visual 

exproprioception, subjects employed safety strategies aimed at increasing the space 

between obstacles and the lower limbs in order to compensate for the increased variability 

in foot trajectories due to the absence of visual information about the position of the feet 

(Patla 1998; Rietdyk & Rhea 2006). Patla (1998) claimed that visual information of the 

position of the legs is provided by the peripheral visual field at the mid-swing phase of the 

gait cycle, although no other clear classification of visual exproprioception as a peripheral 

visual cue was given. In a review on the role of peripheral visual cues in controlling 

locomotion, Marigold (2008) argued that some peripheral visual cues are mainly 

exproprioceptive, however he only referenced studies investigating the role of lower visual 

cues during gait. 

Visual information about the lower limbs during locomotion or adaptive gait is not the only 

source of visual exproprioceptive information: also visual information regarding the upper 

limbs during prehension movements provides cues about the reciprocal positions of 

external objects and the arm. Although many studies investigated the role of vision during 

the reaching phase of prehension (which mirrors the definition of visual exproprioception 

of the spatial relationship between target and upper limb), in the existing literature about 

reaching and grasping there is no mention of visual exproprioceptive cues. These studies 

showed that when vision of the hand moving towards a target was not available, the 
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accuracy of reaching and velocity of the limb decreased (MacKenzie et al 1988; Paillard 

1982; Prablanc et al 1979b; Sivak & MacKenzie 1990) because peripheral vision was 

unable to provide movement cues (Paillard 1982; 1991). Neurophysiological studies on 

monkeys showed that the representation of the arm position is located at the level of the 

premotor cortex where neurons carrying out the information from visual and proprioceptive 

cues converge (Graziano 1999). This portion of cortical area may hypothetically represent 

the anatomical substrate for the elaboration of visual exproprioceptive cues from the upper 

limb. 

The literature reviewed above suggests that visual exproprioception refers to dynamic 

properties of the environment since the body and the body-segments moving towards a 

target constitutes a dynamic system continuously changing the spatial relations between 

objects and observer. This means that visual exproprioceptive cues are likely mapped in an 

egocentric frame of reference where the metric of the space is computed on the basis of the 

observer’s position.  

 

2.1.3 Visual exteroception 

 

Exteroception provides information about properties of a person’s surroundings by sight, 

smell, taste, hearing and touch. Visual exteroceptive information refers to visual static 

features of the surroundings which do not change when the observer moves (Lee & 

Thompson 1982). In studies aimed at understanding the role of vision in guiding 

locomotion, visual exteroceptive cues in the environment are typically characteristics of the 

obstacles which the subjects were asked to negotiate. These characteristics are colour, size, 

shape and height. Previous studies highlight that along with visual exproprioception, visual 
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exteroception can also influence adaptive gait (Rietdyk & Rhea 2006). These authors 

assessed adaptive gait when subjects negotiated a classic obstacle (the control condition), a 

perimeter obstacle (an obstacle made up of boundaries only) or a floating obstacle (a simple 

staff not lying on the ground).  

 

 

 

Figure 2.4 Obstacles in Rhea and Rietdyk (2006)’s experiment: a) classic obstacle as control condition, b) perimeter 

obstacle e c) floating obstacle. 

 

They found that the variability of foot trajectory increased when the visual exteroceptive 

structure of the obstacle was decreased as in the condition b and c of Figure 2.4 (Rietdyk & 

Rhea 2006).  

One important visual exteroceptive feature of an obstacle placed on a walkway is its height. 

Obstacle height information is thought to be acquired at least one stride before obstacle 

crossing (Patla & Vickers 1997). In fact, obstacle fixation occurs during the approach phase 

to the obstacle and not during the crossing, suggesting that visual expropriocetive cues are 

sampled by central vision (Patla 1998; Patla & Vickers 1997). However in the case of 

visual exteroception, the literature is not always clear about the classification of 

exteroceptive information as a central or peripheral visual cue. Objects falling on the 

peripheral visual field are still recognizable at relatively large degrees of eccentricity (Pelli 

2008), however as suggested by the anatomy of the visual system, the fovea is the retinal 

region specialized for object identification. Identification is based on the object features 
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which do not change on the basis of the position of the observer. This suggests that visual 

exteroceptive cues should be referred to as central rather than peripheral visual cues. 

Reaching and grasping studies have not made a distinction between visual exteroceptive 

and visual exproprioceptive cues. However central vision is believed to provide the 

characteristics of the target (which can be argued as being visual exteroceptive) for the 

control of the grasping component of the prehension movement (Paillard 1982; Sivak & 

MacKenzie 1990,1992). 

Another feature of visual exteroceptive information which would suggest it is a suitable 

candidate for classification as a central visual cue is that it represents static properties of the 

environment. Visual exteroceptive cues can be described in absolute terms and they can be 

processed following the coordinates of an allocentric map where the spatial relations 

between the objects are not in relation with the position of the observer and they remain 

unchanged during observer’s movements.  

 

2.1.4 Feedforward assessment of visual cues 

 

Feedforward mechanisms enable visual information to be processed off-line, without 

constant examination of the surroundings. The existence of feedforward mechanisms 

argues against the necessity of a perfectly continuous monitoring of motor behaviour, 

which would be impossible anyway because of the delay between visual feedback and 

connected motor responses, known as ‘psychological refractory period’ (Adams 1971). 

Feedforward mechanisms in visuomotor tasks have been explored during prehension 

movements, which during close-loop conditions (i.e. eyes open) showed an initial reaching 

phase characterized by high velocity and a terminal reaching phase that slows down to 
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allow grip adjustments. Although during open- loop conditions (i.e. eyes closed) the target 

was still reached, the hand did not show the same slowing down of the terminal reaching 

phase (Jeannerod & Prablanc 1978). This finding was interpreted using a model of 

visuomotor control based on two stages: the first stage called ballistic or programmed 

control (Thomson 1983) aims to bring the hand approximately close to the target while the 

second stage monitors uninterruptedly the position of the hand while it is approaching and 

grasping the object (Woodworth 1899). Thus the first phase of this visuomotor model relies 

on a feedforward mechanism which can only give general information about target position. 

This mechanism was found to apply to other locomotor behaviours involving estimation of 

distances (Thomson 1983): subjects who had previously been shown a target were asked to 

walk towards it with eyes closed. The accuracy and variability of the heading direction 

appeared to be a function of the distance: the higher the distance, the greater the errors. 

However subjects reported that when they were asked to walk blindly towards the target at 

the longer distance (21m rather than 5m) the awareness of the target position faded in their 

mind. This raised the suspicious that the errors in the estimations of long distances were not 

due to perceptual but to memory limitations. This was demonstrated when the distances 

were kept short and a time delay before starting walking was introduced: in this case the 

subjects experienced greater errors in distance estimations as function of time delay 

(Thomson 1983). This finding suggests that although the use of visual information in a 

feedfoward way can provide general information for orientation in the environment, this 

mechanism has limitations due to a short memory buffer. More recently Patla (1998) 

showed the limitations of feedforward use of visual information (to provide obstacle feature 

information) during adaptive gait.  Subjects were invited to walk along a carpet and two 

obstacle which were presented as beams of light at different heights were switched off at 
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either two strides before crossing, one stride before or never (available throughout). The 

distance between the foot and the obstacle was significantly increased only when the 

obstacle was invisible for the last two strides (Patla 1998). This indicates that visual 

features of the obstacle are not updated during crossing. 

Visual exteroceptive cues are suitable for being processed off-line since they consist of 

static features of the environment. Obstacle height is one of the visual exteroceptive cues 

that is used in feedforward manner: during obstacle crossing the obstacle height is not 

visually available since the limbs cover the obstacle while a subject is stepping over it. 

Rhea and Rietdyk (2007) showed that the height of the obstacle made available during 

crossing did not influence performance. This information was provided by positioning 

another identical obstacle laterally to the one being crossed (Rhea & Rietdyk 2007). Their 

findings suggest that visual exteroceptive cues of the height of the obstacle are not used 

online to control the limbs (Rhea & Rietdyk 2007). Visual exteroceptive cues provided by 

the type of terrain subjects are asked to walk on are also used in a feedforward manner: 

visual sampling of the environment was found to occur prior to the initial swing of the limb 

(Patla et al 1996).  This was also found when subjects were asked to walk onto irregularly 

steeping stones: visual information useful for foot positioning was sampled before the foot 

which was placed on the subsequent stone left the ground (Hollands et al 1995). 

In conclusion the feedforward mechanism relies on memory, previous visual sampling and 

general past experience of the environment to plan movements and detect hazard in 

advance (Marigold 2008; Patla 1998). This feedforward visual assessment enables the 

observer to build a stable visual topological map on the basis of the relative spatial relations 

between objects. This topological map is based on an allocentric frame of reference which 

the observer uses as static spatial representation of the surroundings (Patla 1997). 
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2.1.5 Online update of visual cues 

 

Online elaboration of visual cues requires the availability of information continuously or 

with minimum time delay. In prehension tasks online control was found to be particularly 

important in the final stage of the reaching movement in order to correct and /or fine tune 

the trajectory of the upper limb towards the object (Woodworth 1899). As already 

mentioned in previous sections, when the hand is near the target to be grasped, hand 

velocity drops off (deceleration phase) in order to allow the possibility of correction of the 

trajectory (Jeannerod & Prablanc 1978). The relevance of online control of the hand 

movement during reaching and grasping is also demonstrated by studies which found a 

greater variability of the end-point trajectory of the hand and decreased accuracy in target-

position estimation when vision of the hand was occluded (Carlton 1981; Keele & Posner 

1968). 

Control of the lower limbs is believed to be less reliant on online information. It is thought 

that the trajectory of the swing limb is planned in advance before the instant of toe-off 

(Hollands & Marple-Horvat 1996). The difference with reaching hand movements was 

explained by the fact that the lower limbs are also responsible for maintaining the entire 

body balance (Reynolds & Day 2005a). However when subjects were asked to perform 

highly precise foot placements, the withdrawal of  vision during the swing phase decreased 

both accuracy and precision of foot positioning, showing that although a feedforward 

elaboration of foot trajectory is still important, additional fine tuning of the foot placement 

is required in precision tasks (Reynolds & Day 2005b). Although the lower limbs 

movements are constrained by the need to maintain balance, it was nevertheless found that 

small mid-swing adjustments can occur within the foot trajectory after toe-off (Reynolds & 
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Day 2005a). When people were asked to negotiate complex terrain, visual information from 

the ground was continuously updated by subsequent small fixations suggesting that in front 

of challenging situations, subjects relied on controlling online foot placement rather than 

using feedforward information (Marigold & Patla 2007; Patla et al 1996). Online control of 

visual exteroceptive cues has also been found to be important in the control of lower limb 

trajectory over an obstacle.  Studies based on an obstacle crossing paradigm showed that 

when lower visual field was occluded, subjects could not have any update on the position of 

the lower limbs in relation to the obstacle. Results showed increased variability of foot/toe 

trajectory over the obstacle due to the lack of possibility of visually monitoring the limbs 

online (Mohagheghi et al 2004; Patla 1998; Rietdyk & Rhea 2006).  

Thomson (1983) showed that without a continuous monitor of visual information during 

locomotion, the accuracy of walk-distance estimation decreased. However in his 

experiment subjects were asked to walk completely blindfolded towards a target, so it is not 

clear if a lack of intermittent online visual sampling rather than the unavailability of visual 

information caused the decrease in accuracy (Thomson 1983). 

Patla (1998) suggested that locomotion was monitored by online visual information but that 

this was not needed continuously: when visual sampling of the surroundings and optic flow 

was limited to a 200 ms ‘burst’ (on every stride), no drift in the centre of mass position 

while walking on a treadmill was observed. The author claimed that visual information 

during locomotion is used ‘online in a sampled controlled mode’ (Patla 1997,1998). 

The studies reviewed in this section seem to suggest that online control relies particularly 

on peripheral visual cues which provide visual information about the position of the limbs 

during movement. Although previous literature has described the important role of 

peripheral visual cues in online control of locomotion, it is not well established whether 
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peripheral visual cues are preferentially elaborated online and whether central visual cues 

are mainly used in feedforward manner during the execution of movement.  

 

2.2 Locomotion 

 

Locomotor behaviour in human is expressed by stepping and walking. These two abilities 

are innate and flexible: innate because of the presence of stepping reflex at birth and 

flexible through the ability to adapt gait to suit many environments or to change speed from 

slow to fast in order to pass from walking to running (Grillner 1981). Locomotion is made 

possible by the coordination between the high number of muscles and joints, complex 

multisensory integration and motor control through neural and musculosketal systems. The 

locomotor system has the ability to control the movement of the limbs in predictable and 

unpredictable environments on the basis of the information provided by perception and 

memory (Rosenbaum 1991).  

Successful locomotion is based on a number of fundamental characteristics such as 

progression, postural control, adaptation and energy-efficient costs (Patla 1991; Shumway-

Cook & Woollacott 2007). Progression is related to the specific rhythmical movement that 

limbs, trunk and head undergo to move the body in the desired direction and initiate and 

terminate gait. Postural control is related to the dynamic balance of the moving body as 

bodyweight is transferred from one foot to the other. Adaptation is the ability to accomplish 

movements in relation to the characteristics of the environment (i.e. obstacles or complex 

terrains). Energy-efficient strategies are required to reduce the mechanical and metabolic 

demands of the locomotor system to assure the longest possible stability and integrity of it 

in time (Patla 1997). Walking is considered an energy-efficient strategy thanks to the 
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coordination of the joints rotation which ensures a smooth sinusoidal movement of the 

centre of mass (CoM)
7
 of the body (Farley & Ferris 1998). The sinusoidal path of the CoM 

during walking provides a mechanism for the transfer of mechanical energy where by 

gravitational/potential energy (corresponding to the work done against gravity) is converted 

to kinetic energy (work done in accelerating the body) and vice versa (Farley & Ferris 

1998), see Figure 2.5.  

 

Figure 2.5 Transfer of mechanical energy during walking. In the figure the stance phase (i.e. when the foot is on the 

ground during the gait cycle) is represented.  At mid-stance gravitational potential energy (PEg) of the CoM reaches the 

maximum while kinetic energy (Ek) reaches the minimum since during the first half of the stance phase CoM decelerates. 

In the second half of the stance phase PEg is minimum and Eg is maximum. Adapted from Farley & Ferris 1998. 

 

 

 

                                                 
7
 Centre of mass (CoM) is the anatomical centre of the body (see section 2.4.1 for further details). 
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2.2.1 Gait pattern 

 

In humans gait pattern refers to the movement needed to shift the CoM from one point in 

space to another. During normal walking, the trajectory of the CoM can be represented by 

two sinusoids: a sinusoid representing the lateral movement of the CoM (A in Figure 2.6) 

and another sinusoid representing the vertical movement of the CoM (B in Figure 2.6) with 

double frequency compared to the vertical one (Arcuri 2003). 

 

 

Figure 2.6 3D centre of mass trajectory during walking: the sinusoid A represents the medial-lateral displacement of the 

CoM while the sinusoid  B corresponds to the anterior-posterior displacement of the CoM (Arcuri 2003). 

 

During a gait cycle the limbs move in a symmetrical and alternating pattern with one limb 

starting its gait cycle when the contralateral limb is at the midpoint of its own step cycle 

(Grillner 1981). A gait cycle can be divided in two main phases: a swing phase in which the 

toes clear the ground and the leg is swinging in the air and a stance phase corresponding to 

the period spent by the foot on the ground. During walking 60% of the time is spent in 

stance and 40% in swing.  
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Figure 2.7 The gait cycle (Inman et al 1981) 

 

The stance phase can be further divided in four sub-phases: initial contact, weight 

acceptance (or loading response), mid-stance and terminal stance or propulsive phases. The 

swing phase consists of pre-swing (acceleration), initial swing, mid-swing and terminal 

swing (deceleration phase). 

 

a  b  

 

Figure 2.8  a) Stance phases of the right leg.  b) Swing phases of the right leg. 

http://orthoteers.com/images/uploaded/Images7/gait1.jpg 
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Gait can be modelled by a double pendulum: one inverted pendulum for the stance leg, 

whereby the CoM rotates about the stance foot, and one regular pendulum describing the 

swing leg, rotating about the hip (Kuo et al 2005).  

 

2.2.2 Basic parameters of gait 

 

Although gait is highly individualistic and depends on several factors such as gender, social 

culture, anthropometric structure, age and/or health status, there are valid general 

descriptors which can be used to quantitatively describe locomotion.  

In this paragraph, the most common spatio-temporal parameters used to describe gait will 

be explained.  

 

Velocity  

 

The speed of gait is defined as the mean instantaneous velocity of the CoM in the anterior-

posterior direction. In young adults customary (freely chosen) walking speed is within a 

range of 0.67-1.32 m/s (Hamill & Knutzen 2009). Walking speed tends to be lower for 

women than for men (Braun 1950; Oberg et al 1993) with variability of 0.17 cm/s (Blanke 

& Hageman 1989) and it decreases with age (Begg et al 2007). Walking velocity can also 

be calculated from the velocity of the sternum marker or hip marker when body movements 

are recorded through optical systems. Calculating walking speed from the sternum marker 

rather than from the CoM can be an advantageous method for the following reason. Given 

that the calculation of the CoM of the total body is calculated from the centres of mass of 

different body segments (Hamill & Knutzen 2009), if any limb goes out from the field of 
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view of the cameras, the calculation of the total body centre of mass would be affected 

(Winter 1990). If a reflective marker is placed on the sternum, this is more likely to be 

visible by the cameras during the whole duration of the recorded trial making the measure 

of walking velocity more reliable. Furthermore the calculation of walking velocity from the 

sternum marker avoids the use of a generic model, which is not always appropriate for 

certain population groups.  

 

Step frequency  

 

Step frequency or cadence is the number of steps per unit of time e.g. steps per minute. 

Humans can walk at many different speeds and cadences. However with a self-selected 

speed, cadence comprises a small range of values which are around 110 steps/min for 

women and 115 steps/min for men (Finley & Cody 1970; Finley et al 1969). 

 

Step length  

 

Step length is the distance in the anterior-posterior direction between the two feet when 

they are in contact with the ground, typically determined at heel-contact or toe-off of one 

limb and heel-contact or toe-off of the contralateral limb (Figure 2.9). In healthy adults step 

length has an average between 76.3 cm (Craik 1989) and 87.5 cm with variability of 6.4 cm 

(Blanke & Hageman 1989). Walking speed can be increased by either an increase in step 

frequency or step length (Anderson & Pandy 2001). Step length is also considered 

proportional to body height (Murray et al 1984; Van der Wel & Rosenbaum 2007). 
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Step width 

 

This is the distance in the medial-lateral direction between the two feet when they are in 

contact with the ground, usually measured at the mid-point of the heel at instant of heel 

contact and is known as inter heel distance (Figure 2.9). Step width is also known as 

‘walking base’ (Whittle 2000). During normal walking in young adults, step width has been 

reported to be equal to 9.5 cm with variability of 2.1 cm (Owings & Grabinger 2004) or 

10.8 cm with a variability of 3.9 cm (Blanke & Hageman 1989). Previous studies on 

healthy elderly and young adults showed that step width is not influenced by height or age, 

and that there is no correlation between step width and skeletal measures, such as foot 

length, inter-hip distance or shoulder width (Elble et al 1991; Murray et al 1964).  However 

women tend to have narrower step width than men (Chow et al 2009), likely because of 

women have greater angle between the anatomical axes of femur and tibia (Nguyen & 

Shultz 2007). 

 

Stride length  

 

A stride is the distance between two subsequent heel-contacts or toe-off of the ipsilateral 

limb (Figure 2.9). In research and clinical assessments, measurement of step length is 

preferred to stride length, because the latter would not highlight the presence of 

asymmetries between limbs. In the literature stride length is reported in ranges of 128-146 

cm (Perry 1992) or of 106-158 cm (Whittle 2000). Blanke and Hageman (1989) reported 

the mean of step width as equal to 192.58 cm with standard deviation  of 18.03 cm (Blanke 

& Hageman 1989). 
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Figure 2.9 Schematic of step width, step and stride length. In this figure step and stride length are represented as the 

distance between the toe-off of right and left limbs, however as explained in the text above step and stride length can be 

also represented by the distance between the heel-contacts of right and left limbs. 

 

Time of single support  

 

In the gait cycle, single support (SS) corresponds to the instant when just one foot is on the 

ground (swing phase mentioned above), which typically last around 40% of the step 

duration (Enoka 2002; Perry 1992). Time of single support is less if velocity increases 

(Shumway-Cook & Woollacott 2007). 

 

Time of double support  

 

The first and the last 10% of the stance phase correspond to the time of double support (DS) 

(Enoka 2002; Hamill & Knutzen 2009; Perry 1992). The time of DS corresponds to the 

period of time when both feet are in contact with the ground; which is typically around 10% 

of the step cycle (Enoka 2002; Perry 1992). The time of DS decreases with increasing 

walking speed, until eventually there is no double support during running (Shumway-Cook 

& Woollacott 2007). 
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Minimum- foot- clearance  

 

Minimum- foot- clearance (MFC) is the minimum distance from the floor reached by the 

foot (usually the toes) during swing when it is travelling at its maximum horizontal velocity 

(Begg et al 2007; Sparrow et al 2008; Winter 1992). MFC occurs after the instant of toe-off 

around mid-stance when the swing leg passes by the stance leg. If movement is recorded 

with a motion capture system such as Vicon, which implies the application of reflective 

markers on the feet, MFC can be calculated in two different way: tracking the trajectory of 

a reflective markers positioned on the top part of the shoe tip such as 2
nd 

toes (Karst et al 

1999; Murray & Clarkson 1966; Patla & Rietdyk 1993; Winter 1990) or the 5
th

 metatarsal 

(Mills & Barrett 2001; Osaki et al 2007), or reconstructing the trajectory of a virtual marker 

representing the lower shoe tip (Begg et al 2007; Miller et al 2007; 2009; Mills et al 2008; 

Sparrow et al 2008).  

 

a          b  

 

Figure 2.10 a) Positions of the virtual marker and physical markers on the shoe as placed in Begg et al 2007 and b) 

trajectory of the shoe marker and virtual marker during s step cycle (adapted from Begg et al 2007). 
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In studies investigating MFC, a physical marker on the inferior part of the shoe would be 

inappropriate for two main reasons: in first place its trajectory would be inaccurate because 

of likely marker bumps as the foot makes contact with the ground and in second place if the 

marker hit the floor at the instant of MFC, stumbles would occur (Miller et al 2007) which 

would reduce safety and reliability of gait measures since subjects might walk carefully for 

the fear of falls. For these reasons, the use of a virtual marker representing the lower shoe 

tip in order to calculate MFC is an approach widely used (Begg et al 2007; Miller et al 2009; 

Mills et al 2008; Sparrow et al 2008). 

The trajectory of the virtual marker is calculated from the position of the real markers 

placed on the shoes at the level of the toes (Begg et al 2007). In this respect, some authors 

referred to this measure as ‘minimum toe clearance’ (Mills et al 2008), although this is 

normally the name given to the distance between toes and obstacle during obstacle crossing 

task (Patla 1998). 

MFC values have been reported between 1 and 1.5 cm (median values) and with a 

variability (interquartile range values) of 0.4 cm and 1 cm (Begg et al 2007; Karst et al 

1999; Mills et al 2008; Sparrow et al 2008; Winter 1992). 

 

2.2.3 Visual control of locomotion: role of peripheral visual cues 

 

2.2.3.1 Studies on patients with peripheral visual field loss 

 

Peripheral visual field loss can be provoked by eye diseases such as glaucoma and retinitis 

pigmentosa. Glaucoma is the second leading cause of blindness in the world, with a 
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worldwide prevalence of about 65 million (Quigley 1996). Another leading cause of 

circumferential peripheral visual field loss is the hereditary disorder retinitis pigmentosa, 

which has a prevalence of about 1 in 4000 and affects about one million people worldwide 

(Hartong et al 2006). It is one of the leading causes of blindness in the working population 

(Hartong et al 2006). In gaining insights into the role of peripheral vision in guiding 

locomotion, previous research has determined mobility performance in patients affected by 

retinitis pigmentosa or glaucoma. Findings highlight that when negotiating an obstacle 

course, patients with peripheral field loss (PFL) have a reduced walking speed and 

experience more obstacle hits compared to age-matched normally sighted subjects, 

particularly when illumination conditions are reduced (Black et al 1997; Geruschat & 

Turano 2007; Geruschat et al 1998; Turano et al 1999). Recently Freeman et al (2007) 

found a high correlation between missing points in a visual field test
8
 and frequency of falls, 

although the authors were unable to establish if there was a difference between lower or 

upper visual field (Freeman et al 2007). Furthermore, PFL patients use eye movements to 

scan more in the vertical direction than normally sighted individuals. This is likely a safety 

strategy to ensure any obstructions at head level (e.g. tree branches, street signs) or on the 

floor (e.g. surface height changes) are detected well in advance (Vargas-Martin & Peli 

2006). Turano et al (2001) also found that the visual sampling of the environment in 

retinitis pigmentosa patients is different compared normal sighted individuals: during 

walking retinitis pigmentosa patients directs their gaze on the floor and on the walls rather 

than on the goal. 

On the other hand, the studies involving PFL patients present several factors that make it 

difficult to understand the role of peripheral vision in guiding gait. The size of peripheral 

                                                 
8
 Esterman test (see Chapter 3 section 3.4.2 for more details). 
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restriction in the studies investigating the role of PFL has varied greatly across participants 

and the different experiments. As these studies used clinically occurring field loss, it is also 

likely that other aspects of visual function would have been affected. Separate studies have 

highlighted correlations between impairments in contrast sensitivity, visual acuity and 

stereoacuity and the resulting adaptations/decrements in gait performance (Elliott et al 2000; 

Lovie-Kitchin et al 1990; Pelli 1986). Therefore some of the reported changes in gait 

performance in patients with PFL might have also been a result of decrements in the above 

aspects of visual function rather than just due to the visual field restrictions. In this respect, 

Lovie-Kitchin et al (1990) suggested that this area of research might be better investigated 

using young subjects and simulated visual field loss while standardising other visual 

functions.  

In the above reviewed studies, more attention was given to the degrees of visual field 

available rather than the role played by the objects in the environment as visual cues in 

guiding locomotion. Geruschat et al (1998) found no significant differences in the number 

and frequency of obstacle hits between PFL patients and age-matched control subjects with 

the presence of just 9 obstacles (compared to the 55 used by Black et al 1997). This 

suggests that besides the amount of visual field loss, other factors could affect performance 

such as the complexity of the obstacle courses and the objects in the surroundings. The 

relevance of the visual cues was also shown by Pelli (1986), who found that the minimum 

visual field required for walking was 10° of visual angle indoors (i.e. laboratory) and 4° of 

visual angle outdoors (i.e. shopping mall). The lower visual angle requirement for the 

outdoor environment could not be explained by the presence of auditory signals since the 

subjects wore earphones during the experiment. The need for less visual field in the outdoor 

setting was believed to be due to the variety of visual cues accessible in a shopping mall 
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compared to a laboratory (Pelli 1986). This study suggests that the degrees of visual angle 

available is not the only factor influencing mobility performance but also the type and 

variety of surroundings plays a relevant role. 

The studies mentioned above used generic variables such as number of obstacle hits, time 

spent to complete the task and walking velocity to evaluate mobility performance. The 

number of obstacle hits represents a risky descriptor for evaluating gait since it would be 

influenced by attentional and motivational factors: normal sighted individuals can also 

experience hits if they are distracted and/or not particularly motivated (Lord & Rochester 

2007). The evaluation of time and walking speed might not highlight detailed differences in 

the execution of steps such as changes in step length or minimum foot clearance.  

 

2.2.3.2 Studies on normal sighted individuals with simulated peripheral 

visual field loss 

 

Studies using 3D motion analysis techniques, which are regarded as the gold standard 

measurements of gait (Black & Wood 2005), found that normally sighted young and older 

adults with lower visual field occlusion reduced their step length and walking speed when 

they walked on multi-surface terrains (Marigold & Patla 2008b). The execution of shorter 

steps and the reduction of gait velocity have been considered a safety strategy employed to 

face challenging situations (Marigold & Patla 2008a; Menz et al 2003; Thies et al 2005) 

such as walking without visual exproprioceptive information from lower limbs trajectory 

and foot placement relative to the floor (Marigold & Patla 2008b). Anderson and collegues 

(Anderson et al 1998) found that older adults increased their step length, step velocity and 

step frequency when visual exproprioceptive information from the relative position of 
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lower limbs and the floor where occluded. The authors also discussed the relevance of optic 

flow information provided by the floor (i.e. terrestrial flow) during walking in order to 

regulate self-motion (Anderson et al 1998). Warren et al (1986) claimed the importance of 

optic flow from the ground in the calculation of tau which is defined as the distance 

between limb and target divided by the speed of approach (Lee 1976). Tau predicts the time 

to contact of the feet with the ground and it was found to be used to control step length and 

accurate foot placement onto targets placed irregularly on a treadmill (Warren et al 1986). 

Optic flow was also shown to be useful for controlling ego-motion during walking: subjects 

modulated their walking speed, stride/step length and step frequency according with 

experimentally manipulated optic flow speed (Pailhous et al 1990; Prokop et al 1997). 

Visual cues provided by the lower visual field, such as the spatial relation between the 

ground and the lower limbs, are considered to be used online to perform rapid foot 

placement adjustments during the swing phase (Reynolds & Day 2005b) and to adapt lower 

limbs trajectory to complex ground terrain (Marigold & Patla 2007). 

 

2.2.3.3 Limitations of previous studies  

 

Although gait analysis techniques used to investigate locomotion on normal sighted 

individuals highlighted the importance of lower visual cues in controlling gait, the studies 

using this methodology did not include counterbalanced visual conditions providing the 

occlusion of the upper visual field or the entire peripheral visual field. It is also not known 

if peripheral visual loss/occlusion would also impair locomotion on a clear path rather than 

complex terrains or obstacles courses. Furthermore minimum- foot- clearance (MFC) 

during walking was not investigated by any of the above studies. As already mentioned, 
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MFC reflects a critical event in the foot-trajectory and poor control of this parameter can 

increase the chances of a trip and fall, considering the close distance of the foot to the 

ground and the high foot velocity (Sparrow et al 2008). In an attempt to understand the 

increased risk of tripping due to the effects of age, MFC was investigated during treadmill 

walking (Begg et al 2007; Mills et al 2008; Sparrow et al 2008). These studies suggested 

the existence of a motor control strategy that decreases the probability of tripping and 

which consists of increasing the MFC to ensure safe clearance of the ground combined with 

a lowering of MFC variability in order to exert fine control of the foot trajectory (Begg et al 

2007; Mills et al 2008; Sparrow et al 2008). The results from these studies showed that this 

parameter was not normally distributed in the population and systematically skewed to the 

right (i.e. skewness >0). The shape of the distribution of MFC was interpreted as ‘the 

intention of the locomotor system to err on the side of safety by reducing the spread of 

values in the lower quartile range compared to the upper quartile range’ (Begg et al 2007). 

The lower quartile range presents low variability of MFC values while the high variability 

in the upper quartile is compensated by high MFC values which indicate safe ground 

clearance.  

 

  

 

a b 
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Figure 2.11 Example of MFC distribution skewed to the right: a) in a population of 17 young females (age mean ± 1SD 

26.4 ± 4.9 years) and b) 16 female elderly (age mean ± 1SD 72.1 ± 4.4 years). In both graphs, on the left side of the 

distribution there is high frequency of low MFC values around the median, while on the right side of the distribution there 

is a tail of high MFC values with low frequency (Begg et al 2007). 

Previous studies found higher variability in MFC in older compared to young adults which 

was interpret as a higher likelihood of tripping in older adults (Begg et al 2007; Mills et al 

2008; Sparrow et al 2008). The previous research that has investigated the influence of 

vision on MFC (also named ‘minimum toe clearance’) has typically used an obstacle 

crossing paradigm. MFC was found to be increased with higher variability during obstacle 

crossing when visual exproprioceptive cues from lower visual field were occluded (Patla 

1998). However to date the vision effect on MFC during normal walking is not known. 

This parameter represents an important new area of investigation because it could underline 

relevant changes in foot clearance during locomotion on clear paths when peripheral vision 

is reduced or lost. 

 

2.2.4 Multisensory integration during locomotion: the 

integration of vestibular and somatosensory input with 

visual information 

 

The head is considered the frame of reference for the body and it is the point where visual 

and vestibular information are integrated for the organization of postural and locomotor 

movements (Bloomberg & Mulavara 2003; Pozzo et al 1990). An example of integration of 

visual and vestibular inputs is represented by the vestibular ocular reflex (VOR, see 

Chapter 1, section 1.2.2.2). During locomotion the head rotates in the sagittal plane and 

translates along the vertical axis in a coordinated way (Figure 2.12). Head rotation and head 

translation are coordinated by the vestibular system since vestibular patients do not show 
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the rotational and translational movement of the head in phase, see Figure 2.12 b (Pozzo et 

al 1990). 

 

 

a b c   

 

Figure 2.12  a) Anatomical body planes (http://www.sweethaven02.com/MedTech/AnatPhys/human01_103.jpg)  

b) Head movements (Bril & Ledebt 1998). c) Rotation of the head (thick line) and vertical translation of the head (thin 

line) in vestibular patients and normal adults (Bril & Ledebt 1998; Pozzo et al 1991). 

 

Head translation is due to the up and down movement through the step cycle and in some 

motor tasks, such as running and jumping, head rotation in the sagittal plane compensates 

for the head vertical translation by the flexing the head when translation is high (Bril & 

Ledebt 1998; Pozzo et al 1990). In this way the head is tightened at the trunk so that the 

degrees of freedom of the neck joints are decreased and the head and the vestibular inputs 

are stabilized (Pozzo et al 1989). 

When patients with damaged vestibular system are asked to walk towards a goal, they show 

large directional and arriving errors (Glausauer et al 2002), suggesting that the vestibular 

system provides the egocentric coordinates for spatial orientation (Deshpande & Patla 

2005). However the literature investigating the integration between visual and vestibular 

feedbacks during walking presents controversial findings. Three main theories emerge from 

http://www.sweethaven02.com/MedTech/AnatPhys/human01_103.jpg
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previous studies: the first states the dominance of vision in the control of locomotion 

(Deshpande & Patla 2007; Fitzpatrick et al 1999), the second the equal role of vision and 

vestibular input (Carlsen et al 2005) and the third a modulation of the integration between 

visual and vestibular information through the different phases of gait (Bent et al 2002a).  

Fitzpatrick et al (1999) claimed that vision accomplishes a down-regulation of vestibular 

gain, since under galvanic vestibular stimulation
9
 (GVS) young subjects relied on vision to 

reduce discordant vestibular input in target-directed walking and they were able to 

successfully reach the target. However visual inputs appear to have a special role compared 

to vestibular information only when a visual cue (i.e. target) is present. Kennedy et al 

(Kennedy et al 2003) reported path deviations during GVS when subjects were asked to 

walk straight ahead without a visual reference and this result could be due to the absence of 

a goal that would have enabled trajectory adjustments in order to maintain heading (Carlsen 

et al 2005; Deshpande & Patla 2007; Kennedy et al 2003). Deshpande and Patla (2007) 

investigated the effect of blurring vision (simulating cataracts) on path deviations provoked 

by GVS and they could not find any improvements of path deviation under normal vision 

condition compared to the blur vision condition. The authors argued that some visual cues 

might have been still available notwithstanding the blurring so that the blurred visual 

condition would have not worsened the performance. However interpretation can only be a 

hypothesis since vision with the goggles was not measured with any test in this study. They 

also attributed the lack of attenuation of directional errors under the normal vision 

                                                 
9
 A mild current is applied by electrodes on the mastoid processes to influence the activity of the VIII cranial 

nerve which carries out information about balance and body position.  The current increases the vestibular 

responses on the cathodal side and decreases the ones on the anodal side provoking body tilt in the anodal 

direction (Deshpande & Patla 2007). 

 



                                                                                                                                                                     84 

 

condition to the cumulative heading errors provoked for each step by the GVS rather than 

to the equal role of visual and vestibular input (Deshpande & Patla 2007). 

Other authors provided evidence which is in disagreement with the hypothesis of the re-

weighting of sensory information that shifts the reliance from the vestibular to the visual 

system. In goal-directed walking, GVS provoked the same magnitude of path deviation 

provided by visual perturbation due to prismatic lenses. When visual and vestibular 

perturbations were combined, the resulting path deviation corresponds to the sum of the 

two deviations provoked by each perturbation taken alone (Carlsen et al 2005). 

Consequently, vision and vestibular system were interpreted to be equally important during 

goal-directed walking (Carlsen et al 2005). These authors believed the existence of a re-

weighting sensory mechanism which gives more weight to the unperturbed sensory system 

when another source of sensory information is disrupted (Carlsen et al 2005). This suggests 

the existence of an up-weighting of the unperturbed sensory system on the perturbed ones 

rather than the dominance a priori of the visual input. The equal role of visual and 

vestibular systems is also supported by studies showing that vestibular inputs are used in 

the same way as visual information during the execution of steps: greater changes in foot 

placement were found when GVS was applied at the time of double support (Bent et al 

2004) and the same effects on foot placement were found when vision was withdrawn in 

the same gait cycle phase (Hollands & Marple-Horvat 1996).  

By studying the influence of GVS during step executions, Bent et al (2002a) highlighted 

the presence of a modulation in the integration between visual and vestibular systems 

through different phases of gait. Subjects performed one step after an auditory cue under 

GVS, with eyes closed and eyes open. When vestibular stimulation was given during the 

quiet stance preceding the step, the upper body roll was not different between the two 
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visual conditions although the shift of the centre of pressure was attenuated with eyes open. 

This suggests the dominance of the vestibular system in upright stance before gait initiation, 

showing the importance of correct vestibular input for the alignment of the upper body 

segments (head and trunk), given that vision is not able to compare the position of the head 

in relation to the trunk. During stepping execution, there was a significant decrease of body 

roll when eyes were open implying that visual and vestibular integration and re-weighting 

is task-phase dependent (Bent et al 2002a). 

Somatosensory input and in particular proprioception also contributes to the control of 

locomotion. Somatosensory feedback about the terrain and the structure of the ground 

gained by the foot sole are important in order to employ safety strategies to avoid trips. For 

instance during walking on slippery floor, subjects reduced time of double support, angular 

foot velocity and stride length in order to prevent slips and falls (Cham & Redfern 2002).  

Proprioception is integrated with vision during locomotion and it gives information about 

the status of the body and the body segments while vision provides the position of the 

target compared to the position of the body or body segments (i.e. visual exproprioception).  

Vision is believed to override proprioception and somatosensory information and evidence 

of the dominance of vision is provided by the classical experiments of the moving room 

(Lee & Aronson 1974; Lishman & Lee 1973). Subjects stood upright on a trolley in a 

swinging room attached to the ceiling and moving noiselessly. The swinging room created 

the same optic flow as the one generated in a normal situation when the observer is moving 

and the room is still. In the condition where the trolley and the swinging room were both 

moving forward, the environment was perceived as motionless. When the trolley was fixed 

and the swinging room was moving forward, the subjects felt themselves and the trolley as 

moving backwards. This means that the perceived ego-motion by the participants was the 
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one related to the swinging room, which generated the optic flow. This experiment showed 

that the visual information provided by the swinging room overrode the 

somatosensory/proprioceptive feedback from the lower limb (Lishman & Lee 1973).  

Proprioceptive inputs have been also investigated by the use of dorsal neck muscle 

vibration which stimulates proprioceptive receptors of the neck muscles inducing the 

illusion of head displacement (Bove et al 2001). During walking on a treadmill, neck 

vibration produced an involuntary increase of walking speed independently from the initial 

walking velocity and during stepping in place tasks, neck vibration was responsible for 

involuntary forward stepping (Ivanenko et al 2000). Ivanenko et al (2000) also found that 

the forward steps provoked by neck vibration occurred in the same direction as the gaze 

and the naso-occipital axis of the head: when the head was turned 90° to the left or to the 

right the steps were performed in the same direction as the head and gaze. This finding 

suggests that proprioceptive inputs from the neck are placed in the ‘viewer-centred frame of 

reference’ provided by the visual and vestibular system (Ivanenko et al 2000). Deshpande 

and Patla (2005) have also reached similar conclusions. They exposed young and older 

subjects to GVS in addition to dorsal neck muscle vibration (Vib) and to Vib alone. 

Participants walked with eyes closed towards a target showed before the task. Neck 

proprioceptive information was found to be sensitive to the frame of reference created by 

vestibular information: Vib effect was attenuated by GVS if the two perturbations were in 

conflict and Vib effect was emphasized by GVS when the two stimulations were congruent  

(Deshpande & Patla 2005).  

During walking, proprioceptive feedback is provided by the propulsive force exerted at the 

phase of mid-stance of the gait cycle and by the rhythmic leg movements (Duysens et al 

2000). The role of leg-proprioceptive feedback has been investigated during treadmill 
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walking and in set-ups where optic flow speed was experimentally manipulated (Pailhous et 

al 1990; Prokop et al 1997). However these experiments manipulated only the visual input 

by changing the displayed optic flow speeds and not the proprioceptive information. 

Varraine at al (2002) manipulated the proprioceptive input from the leg in addition to the 

optic flow: one of subject’s ankles was linked to a belt while subjects were walking on a 

treadmill. Subjects needed to apply a certain amount of propulsive force to overcome the 

belt friction generated by an external motor. Although optic flow was found to lead the 

walking speed even when this was in conflict with leg-proprioceptive feedback, the 

propulsive power exerted by the subjects during walking was higher when the perturbation 

of the optic flow and the belt friction were coupled rather than when they were in conflict. 

The finding argues in favour of the theory of a multisensory integration, showing that the 

modification of one sensory input influences other sensory feedback and their integration 

(Varraine et al 2002).  

 

2.3 Adaptive Gait 

 

Based on earlier work undertaken by Patla (1997) it has been suggested that a ‘piloting 

strategy’ (Shumway-Cook & Woollacott 2007) is employed to successfully navigate in the 

environment. This strategy consists of creating a cognitive representation of the 

surroundings based on: ‘topological information’ about the relative relationships between 

environmental landmarks such as impediments or obstructions (allocentric frame of 

reference) and ‘metric information’ which specifies the heading and the distance between 

body and obstacles (egocentric frame of reference) (Patla 1997). Spatial cognitive maps and 

piloting strategies are created from the information gained through the sensory systems 
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(Patla 1997). In this sense, adaptive gait is the way to control navigation in the environment 

on the basis of sensory feedback which informs the motor system about impediments along 

the pathway. In the presence of obstacles, the locomotor systems can employ different 

strategies to maintain postural stability and at the same time avoid the obstacles: higher toe 

clearance and greater head clearance depending on the location of the obstacle (Patla 1997), 

steering and changing direction to avoid obstacles rather than crossing them (Patla 

1991,1997; Patla et al 1991; Warren 1988) and controlling step length and width by 

alternating foot placements to avoid stepping on undesirable locations of an uneven terrain 

(Moraes et al 2004).  

The following sections focus on the action of stepping over an obstacle since the second 

study of this thesis involves an obstacle crossing task.  

 

2.3.1 Obstacle crossing descriptors 

 

Adaptive gait refers to gait over a surface that is non-flat and/or non-level, and it is 

commonly assessed by investigating obstacle crossing performance. Several descriptors are 

usually calculated, both for lead and trail limb, and they can be divided between measures 

of toe clearance (a function of limb elevation) and measures of foot placement. 

 

2.3.1.1 Measures of toe clearance 

 

Toe clearance represents the distance between toes and obstacle and its magnitude is 

normally around 10 cm (Patla & Rietdyk 1993). Lower toe clearance can impact on the 

safety of obstacle negotiation: for instance during obstacle crossing with the affected limb, 
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stroke patients were found to have a toe clearance that was 5 cm lower compared to healthy 

subjects and this finding may highlight higher risk of tripping for these patients (Said et al 

2005).  Generally lower toe clearance can be considered a risk factor for trips. However in 

stroke patients an increase in toe clearance to that observed in healthy subjects may lead to 

an increased chance of falling because attaining such toe clearance may cause higher 

stability demands: making the negotiation of obstacles less safe (Said et al 2001). 

During obstacle crossing, toe clearance is higher compared to that observed for level 

walking (Chen et al 1991; Patla & Rietdyk 1993). This suggests that the ‘criterion of 

minimum mechanical energy’, which consists of minimizing the mechanical work done, is 

not necessarily respected during adaptive gait (Chou et al 1997). Thus humans prefer 

increasing energy cost of gait to safely clear the obstacle. This means that a criterion of 

minimum risk of falls is dominant over the criterion of minimum energy expenditure since 

the cost of falls is more expensive in terms of danger than the energy cost of gait during 

obstacle crossing (Chou et al 1997). However, although the criterion of minimum 

mechanical energy seems not to be employed, toe clearance in normal subjects falls within 

a small range of centimetres when they step onto/over an obstacle (Chou & Draganich 1997; 

Patla & Rietdyk 1993). This represents a good compromise between safely clearing the 

obstacles and efficiently managing the energy spent by the lower limbs (Armand et al 1998; 

Rhea & Rietdyk 2005). This is also confirmed by studies on patients affected by cerebral 

palsy: they present higher toe clearance compared to normal subjects suggesting that they 

prefer erring on the side of safety rather than employing an energy conservation strategy 

(Law & Webb 2005). The increase of toe clearance has another side effect: precision of toe 

clearance decreases with increasing obstacle height and high variability corresponds to 

higher risk of tripping (Patla et al 1996).  
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In conclusion ‘an ideal toe clearance should be high enough to prevent tripping, but low 

enough to maintain stability, reduce energy costs’ (Rhea & Rietdyk 2005) and provide high 

precision in lower limb elevation. 

 

Toe clearance can be described by different parameters: 

 

Minimum toe clearance 

 

 It is the closest distance the toe comes to the obstacle during obstacle crossing. It can be 

calculated in the horizontal or vertical direction and in these cases it is reported as 

minimum vertical toe clearance or minimum horizontal toe clearance respectively (Heasley 

et al 2004). Minimum toe clearance can also be represented as the resultant of horizontal 

and vertical minimum toe clearance (Figure 2.13). 

 

Maximum toe elevation 

 

It corresponds to the greatest vertical distance from the floor to the toe attained after or 

before obstacle crossing. 

 

Maximum toe clearance 

 

 It is defined as the vertical distance between the point of maximum toe elevation and the 

obstacle (Mohagheghi et al 2004). 
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Horizontal and vertical toe clearance 

 

 It is the horizontal and vertical distance respectively from the edge of the obstacle to the 

toes as these clear the obstacle (Rietdyk & Rhea 2006). 

 

 

 

 

Figure 2.13 Some of the above described toe clearance parameters. Maximum toe clearance occurs after obstacle crossing 

in this example.  
 

2.3.1.2 Measures of foot placement before the obstacle  

 

Foot placement before the obstacle is quantified as the horizontal distance of trail and lead 

foot from the obstacle. Foot horizontal distance normally corresponds to 60% of a stride 

length (Armand et al 1998). This distance ensures successful crossing and a safe landing 

after the obstacle (Armand et al 1998). In particular, previous studies have highlighted that 

placing the trail limb closer to the obstacle would lead the lead-limb to cross the obstacle at 

an earlier stage of its swing phase when hip, knee, and ankle flexion is reduced. This would 

increase the chance of obstacle contacts with the toes of the lead foot (Chou & Draganich 

1998).  
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Other measures referring to the control of foot placement during obstacle crossing are: foot 

placement post-obstacle and crossing stride length. The crossing stride length is equal to the 

sum of the horizontal distance between foot and obstacle prior crossing and the horizontal 

distance between obstacle and same foot after crossing (Figure 2.14).  

 

 

 

 

 

Figure 2.14  Foot placements parameters. a) Lead foot horizontal distance b) Lead stride crossing length c) Trail foot 

horizontal distance d)Trail stride crossing length e) post-obstacle lead foot placement f) post-obstacle trail foot placement 

g) Lead and trail limb vertical toe clearance. 
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2.3.2 Visual control of adaptive gait and peripheral visual cues 

 

In an attempt to understand how vision controls obstacle negotiation, previous authors 

investigated the nature of the visual sampling of the environment during an obstacle 

crossing task. Static versus dynamic visual sampling was investigated by Patla (1998). In 

his study, subjects negotiated obstacles of different heights from 0.5 to 30 cm under two 

visual conditions: in one, subjects fixated the obstacle from 5 steps away and vision was 

withdrawn at gait initiation; in the other, subjects started walking from 8 steps away from 

the obstacle and vision was withdrawn at 5 steps away. In the second condition the rates of 

failure due to contacts between lead limb and obstacle were higher (Patla 1998).  This result 

was interpreted as evidence of the superiority of dynamic visual sampling in the control of 

gait (Patla 1998). This finding is consistent with the importance given to optic flow in the 

guidance of locomotion since static visual information could not provide this visual cue. 

However, more recently Patla and Greig (2006) debated the crucial role of dynamic visual 

sampling of the environment. Subjects were instructed to walk along a path and step over 

an obstacle in open loop conditions
10

 provided by computer controlled LCD goggles. Four 

different initial visual sampling conditions were used:  

 Static vision (SV): vision occluded before starting to walk. 

 Forward walking (FW): vision available for three forward steps, 

stopping and vision occluded before walking again. 

 Forward walking no stop (FW-ns): vision occluded after three 

forward steps and not stopping. 

                                                 
10

 vision occluded. 
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 Backward walking (BW): vision available for three backward 

steps, stopping and vision occluded before walking again. 

BW, FW and SV conditions showed no significant difference in failure rates, foot 

placement variability, limb elevation or walking velocity. In the FW-ns condition compared 

to the FW the failure rates was significantly lower. The authors suggested that it was not 

the nature of the visual sampling (static vs dynamic) that influenced the failure rates but the 

fact that the gait was not interrupted (Patla & Greig 2006). This shifted the focus of the 

debate to the relevance of online versus feedforward visual information since the 

interruption of gait disrupted the online visual control which is needed to regulate foot 

placements before the obstacle. Patla and Greig (2006) also claimed that another important 

variable, which plays a role during open loop obstacle crossing, is the distance at which gait 

starts. The distance from the obstacle during open loop task and the related rates of failure 

in obstacle crossing would highlight where visual exteroceptive information (i.e. 

characteristics of the obstacles such as the height and its position in space) are collected. 

Previous authors found failures in crossing obstacles when vision was withdrawn at more 

than 2 steps away from the obstacle (Mohagheghi et al 2004; Patla 1998; Patla & Greig 

2006). When vision was available at two steps from the obstacle the movement of the 

swing limbs was biased upwards, the variability of foot trajectory was increased together 

with the horizontal distance of the foot from the obstacle (Mohagheghi et al 2004; Patla 

1998). However obstacle crossing was still successful in the sense that subjects were able to 

complete the task safely (Mohagheghi et al 2004; Patla 1998; Rietdyk & Rhea 2006). This 

suggests that visual exteroceptive information about obstacle height was collected at two 

steps away from the obstacle. Furthermore, studies which recorded gaze fixation using eye 

tracking devices found that fixation of the obstacle occurs at two steps distance from it 
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(Patla & Vickers 1997). This last finding might imply that visual exteroceptive information 

is provided by central vision when the image of the obstacle falls on the fovea. However 

the literature lacks studies which investigate obstacle crossing on normal sighted 

individuals with the entire circumferential peripheral visual field occluded. If the results 

from such studies supported the findings mentioned above (Mohagheghi et al 2004; Patla 

1998; Rietdyk & Rhea 2006) it could be more clearly confirmed that the central visual field 

is responsible to collect exteroceptive information of the obstacle.  

 

Visual exteroceptive information does not need to be updated online if adaptive gait is still 

possible with the occlusion of obstacle height at two steps from the obstacle. Hence visual 

exteroceptive cues are considered to be used in feedforward manner (Patla 1998). This has 

been demonstrated by the results of Rhea and Rietdyk (2007), in which subjects were asked 

to cross an obstacle while wearing goggles providing lower visual field occlusion. This 

visual occlusion would have made the height of the obstacle visible only in the approach 

phase and not during the crossing of the obstacle, so the authors positioned another obstacle 

laterally to the one being crossed so that obstacle height information would have been 

available online during the crossing phase (Figure 2.15). They found that this exteroceptive 

information did not influence or improve the performance and thus argued that the height of 

the obstacle is gathered before the crossing phase and maintained in memory to be used in 

feedforward manner (Rhea & Rietdyk 2007). 
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Figure 2.15 The experimental conditions in Rhea and Rietdyk’s study: a) full vision, b) full vision and lateral obstacle, c) 

lower occlusion, d) lower occlusion and lateral obstacle (Rhea & Rietdyk 2007). 

 

One of the most relevant visual cues during obstacle crossing is the image of the lower 

limbs falling on the lower visual field. The image of the legs near/over the step falls in the 

lower visual field, given that subjects do not fixate their feet during the crossing phase of 

obstacle negotiation but look forward (Patla & Vickers 1997). The vision of the lower 

limbs represents a visual exproprioceptive cue since it informs the dynamic spatial 

relationship between lower limbs and obstacle. Without this information, the foot tends to 

be placed further away from the obstacle and toe clearance is greater and more variable, 

indicating a lack of online correction (Mohagheghi et al 2004; Patla 1998; Rhea & Rietdyk 

2007; Rietdyk & Rhea 2006). This means that visual exproprioceptive cues provide finer 

control of foot placements and limb elevation and that when visual exproprioceptive 

information from the lower limbs is absent subjects employ higher margins of safety 

(Rietdyk & Rhea 2006). Thus although visual exteroception on its own can be sufficient to 

complete the task, visual exproprioception is needed to control the precision of lower limb 

trajectory. These findings may also help to explain the adaptive gait results from well-

adapted multifocal lens wearers stepping up onto a platform/step (Johnson et al 2007; 

Menant et al 2009). These patients were found not to flex their head during the walking and 
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stepping tasks, so that the lower visual field was blurred beyond about 40-50cm due to their 

bifocal or progressive addition lens. When the patients were wearing the multifocals, they 

increased their toe clearance over the step and their foot placement prior the step and they 

made more accidental contacts with the step’s front edge compared to when wearing single 

vision lenses (Johnson et al 2008). This suggests that when wearing multifocal lenses the 

participants relied on visual exteroceptive feedforward information gained 2 steps away 

from the step (viewed through the distance correction part of their spectacles) as the online 

visual information from the lower visual field at near distance from the obstacle was too 

unreliable to use to fine-tune gait adaptations.  

A connection between peripheral vision and visual exproprioceptive cues in relation to the 

lower limbs seems to be suggested by some previous studies: Patla (1998) believed that the 

lower limbs come into the peripheral visual field during mid-swing while walking and 

Marigold and colleagues (2007) found that when unpredictable obstacles appear in the 

travel path, gaze is not redirected and subjects keep looking straight ahead suggesting that 

peripheral vision is sufficient for controlling obstacle avoidance (Marigold et al 2007). 

However the link between peripheral vision and visual exproprioception is never clearly 

stated and in some models representing how vision detects hazards, visual exteroception 

and exproprioception have been attributed to either central or peripheral vision (Marigold 

2008). This means that the nature of the peripheral visual cues during the phases of 

adaptive gait is yet to be clearly defined.  

The studies mentioned above have concentrated only on the investigation of the lower 

visual field. However Rietdyk and Rhea (2006) have determined to a certain extent the 

relative importance of lower visual cues compared to visual cues provided by other parts of 

the visual field, although they did not refer to peripheral or central visual cues. In their 
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study two visual conditions were provided: lower visual occlusion and full vision. For each 

visual condition participants were asked to cross an obstacle alone or an obstacle placed 

between 2 meters tall staffs. These two poles provided positional cues about the obstacle.  

 

 

 

Without positional cues, lower visual occlusion (Figure 2.16b) increased the horizontal 

distance of lead and trail foot placement before the obstacle and lead and toe clearance. In 

the condition with lower visual occlusion and positional cues (Figure 2.16d) lead and trial 

foot placement before the obstacle returned to normal values (i.e. no difference in the 

dependent measures between condition a and d in Figure 2.16). Thus under lower visual 

occlusion, visual exproprioception from the head and upper body position relative to the 

positional cues compensated for the lack of visual exproproprioception from lower limbs 

(Rietdyk & Rhea 2006). However lead toe clearance did not return to normal values with 

the presence of the positional cues, showing that visual exproprioceptive cues (e.g. distance 

between upper edge of the obstacle and toes) were more important in controlling foot 

trajectory over the obstacle than any other visual exproprioceptive information. Similar 

Figure 2.16 The 4 experimental conditions in 

Rietdyk and Rhea’s  study: a) full vision and 

obstacle only, b) lower occlusion and obstacle 

only, c) full vision and obstacle with positional 

cues, d) lower occlusion and obstacle with 

positional cues (Rietdyk & Rhea 2006) 
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findings emerged from studies investigating obstacle crossing while subjects were carrying 

loads: in this case visual exproprioception from the lower limbs was also missing, 

nevertheless, since subjects were invited to step onto a platform, it was possible that 

positional cues provided by the visible lateral parts of the platform would have 

compensated for the lack of visual cues from the lower limbs (Rietdyk et al 2005). 

These last two studies (Rietdyk et al 2005; 2006) suggest the existence of other visual 

exproprioceptive cues provided by other parts of the visual field such as the upper visual 

field (i.e visual exproprioception from the upper body and head) in the control of gait. In 

everyday life we often approach stairs carrying loads or we pass through apertures and 

doorframes but there are no studies which investigated if the occlusion of visual 

exproprioception from the head and the upper body would have any effect on adaptive gait. 

This area needs examination because of the existence of certain eye diseases which impair 

the upper visual field. A hemifield loss, either of the upper visual field or lower visual field, 

represents the effects of the early stages of the neural degeneration in glaucoma patients, 

where the deterioration follows the arcuate nerve fibres but does not cross the horizontal 

midline in the retina (Figure 2.17); with time, the visual defect extends, creating a 

circumferential scotoma and ‘tunnel vision’ in the end stages (Kanski 2003).  
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Figure 2.17 The progressive visual field loss in one glaucoma patients tested with a computerized visual field analysis. A. 

The bind spot in correspondence of the optic nerve. B. Early stage of glaucomatous visual field loss starts from the upper 

nasal field. C. The degeneration worsens in the upper visual field. The lower visual field becomes affected as well. D. 

Late stage of glaucomatous visual field loss: the circumferential visual field is impaired. 

http://www.aafp.org/afp/20030501/1937_f5.gif 

 

 

Although mobility performance has been examined in glaucoma and retinitis pigmentosa 

patients (circumferential peripheral field loss), as already mentioned the variety of the 

remaining visual field and the affects of other visual functions such as visual acuity or 

contrast sensitivity makes difficult the understanding of the utility of the lost visual cues.  
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2.3.3 Vestibular and somatosensory feedbacks in the control of 

adaptive gait and their intergration with visual information 

 

In the previous section on multisensory control of locomotion, vestibular contributions 

during walking have been critically discussed with the conclusion that the integration 

between vision and vestibular information may better explain the relation between the two 

sensory systems rather than assuming the superiority of vision over vestibular input.   

The investigation of vestibular information during obstacle crossing may lead to similar 

interpretations although the small number of studies on the topic makes this conclusion 

premature. McFadyen and colleagues (2007) found that with or without obstructed vision, 

galvanic vestibular stimulation did not have any effect on lead and trail foot placement 

before the obstacle or on lead and trail toe clearance, in spite of large lateral movements of 

the trunk. Conversely under obstructed vision together with GVS, walking speed was 

reduced compared when GVS was applied under the full vision condition (McFadyen et al 

2007). Although the authors interpreted their results as due to the lack of an up regulation 

of vestibular information during obstacle negotiation, they also suggested that the down 

regulation of vestibular input by vision is not complete since the presence of vision could 

attenuate vestibular disturbance only in the regulation of walking speed (McFadyen et al 

2007). The authors also proposed that the fact that the locomotor system was still able to 

target the obstacle under GVS could suggest the existence of a separate internal model for 

the control of the anterior-posterior foot placement (Kawato 1999). This implies that 

anterior foot placement is regulated in a feedforward manner. Furthermore, this internal 

program does not involve vestibular information and once triggered it does not change on 

the basis of new vestibular stimulation (Bent et al 2004; McFadyen et al 2007). The 
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separate control and different weight of vestibular information for lateral and anterior-

posterior body movements is in line with other studies which found that during the 

execution of a voluntary forward step GVS affected only the mediolateral direction of 

centre of pressure
11

 (Bent et al 2002a). However there is no extensive literature related to 

vestibular and visual interaction during the specific task of obstacle crossing, therefore 

further studies are needed to provide additional evidence to what was already verify by 

McFadyen et al (2007) and Bent et al (2002a). 

Somatosensory input also makes important contributions to adaptive gait: for example 

somatosensory information during a step-up onto a platform/step can inform the locomotor 

system about the height of the obstacle. As a result, in studies where subjects are asked to 

repeatedly step up onto a raised surface, minimum vertical toe clearance but not minimum 

horizontal toe clearance was found to be reduced across repetitions, suggesting that 

somatosensory feedback from the sole of the foot and/or joint receptors provided 

information about obstacle height (Heasley et al 2004). Subjects with reduced vision are 

also able to learn/adapt to step over an obstacle even under H-reflex
12

 stimulation of the 

soleus: subjects showed a decreased in H-reflex amplitudes across repeated exposure to the 

trials (Hess et al 2003). This finding suggests that some proprioceptive inputs are up 

weighted when visual information is unreliable (McFadyen et al 2007).  

Unlike somatosensory information, vision allows the observer to ‘touch objects at a 

distance’ (Patla 1998), individuals affected by blindness do the same by the use of a cane 

which allows them to detect impediments in advance (Patla 1998). The use of 

                                                 
11

 The centre of pressure (CoP) represents the point of application of the vertical ground reaction force and corresponds to 

the weighted average of all the pressures exerted by feet on the support surface (Winter 1995). See section 2.4.1 for 

further details. 
12

 H-reflex or Hoffman reflex refers to the reflex responses provoked by the direct electrical stimulation of the afferent 

nerve or afferent and efferent nerves together bypassing the proprioreceptors (muscle spindle) (Latash 2008) .The H-reflex 

is then recorded with an EMG device.  
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somatosensory feedback gained by the cane is used similarly to visual information: blind 

individuals place the cane roughly two steps ahead to detect the features of the obstacles 

(Miller 1967), analogously normal sighted individuals fixate the obstacle two steps before 

crossing it to gather visual exteroceptive static cues (Patla 1998).  

The superiority of visual input over haptic information in obstacle avoidance tasks was 

demonstrated by Patla and colleagues (2004). In their experiment normal sighted subjects 

negotiated obstacles during locomotion under three visual conditions: full vision, lower 

visual field occlusion and no vision with the use of a cane. The results showed that the 

variability in trail and lead limb elevation was higher in the no vision condition compared 

with either full vision or lower visual field occlusion. On the other hand no difference in the 

mean of lead and trail limb elevation was found. This means that the results cannot be 

explained simply by the employment of a safety strategy, otherwise the magnitude of limb 

elevation would also have been greater under the no vision condition with the cane. The 

higher variability in the no vision condition with the cane accompanied by no further 

increase in the magnitude of toe clearance compared to lower occlusion condition 

highlights that in the control of obstacle crossing, haptic information is not as accurate as 

visual inputs (Patla et al 2004). 

 

2.4 Upright stance and postural stability 

 

The control of balance is here described with particular emphasis on the visual information 

involved. Balance is generally defined as the ability to prevent the centre of mass (CoM) 

falling to the ground (Winter 1995) and can be either dynamic, such as during walking, or 
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static as during upright quiet stance (Williams 1983). In this section the description of 

postural control is provided in relation to upright stance (static balance). 

 

2.4.1 Postural stability and the definition of centre of pressure 

 

Posture is defined as the ‘physical disposition of the body’ (Becker et al 1986) or 

‘geometric relation’ between the body segments (Balasubramanian & Wing 2002). Postural 

control refers to the control of the position of the body segments in space and body 

orientation in relation to the support surface (Shumway-Cook & Woollacott 2007). Balance, 

however, is the ability to prevent falls (Winter 1995) and during quiet stance does not 

require any conscious activation of the muscles from the central nervous system (Enoka 

1994). More specifically postural stability is maintained by the control of the relation 

between CoM and base of support of the body, which is the part of the body in contact with 

the support surface. The CoM is the anatomical centre of the total body mass and 

corresponds to the weighted average of the CoM of each body segment
13

 (Hamill & 

Knutzen 2009). The term CoM is often used interchangeably with centre of gravity (CoG), 

although CoG defines only the vertical projection of the CoM (Winter 1990,1995). To 

ensure balance, CoM needs to be maintained within the base of support. Thus the motor 

system generates forces which are applied to the support surface, in order to control and 

monitor the movement of the CoM while standing (Shumway-Cook & Woollacott 2007).  

 

                                                 
13

This technique is known as ‘segmental method’ (Hamill & Knutzen 2009) 
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Figure 2.18 Relation between CoM and base of support during different tasks. During quiet standing or static balance (a), 

stability demands to maintain the CoM within the base of support are lower compared to during running where balance 

needs to be maintained dynamically (b). During running (b) or walking, CoG often falls outside the base of support, 

however it returns inside it as soon as the swing limb is placed on the ground (c). 

 

The instantaneous point of application of the total force exerted by the body on the support 

surface is called centre of pressure (CoP) and this is the point where the moments acting on 

the force platform are zero. The CoP can also be defined as the instantaneous location of 

the point on the support surface where the ground reaction force (GRF) vector acts: the 

body exert a force (corresponding to its weight) on the ground while the GRF is the force 

equal and opposite to the body weight exerted by the ground on the body (Winter 1995). 

The role of CoP is to ensure continuously that CoM is maintained within the base of 

support of the body, for this reason the CoP is considered the controlling variable of the 

CoM, which instead represents the controlled variable (Winter et al 1998). 
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Although the movement of CoP is related to movement of the CoM, CoP is independent 

from CoM and it is not necessarily located below the CoM (Aoyama et al 2006; Winter 

1995).  

The relation between CoP and CoM can be explained by the inverted pendulum model. 

According to this model, the difference between CoP and CoM is detected by the motor 

system and considered an ‘error signal’ (Shumway-Cook & Woollacott 2007; Winter et al 

1998). On the basis of this ‘error signal’ the motor system controls the horizontal 

acceleration of the CoM in both sagittal and frontal planes (i.e. anterior-posterior and 

medial-lateral direction respectively) in the following way: when the CoP moves ahead of 

the CoM, the latter is accelerated backward (i.e. CoM is pushed backward) and vice versa 

when CoP moves behind the CoM (Winter et al 1998).  

 

 

 

 

Figure 2.19 GRF is the force exerted by the ground on 

the body. GRF is equal and opposite to body weight.  
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Therefore the movement of CoP has higher magnitude than the movement of the CoM 

(Figure 2.21). 

 

 

 

 

Figure 2.20 The coupled movement 

of CoP and CoM in the anterior-

posterior direction. During upright 

stance CoP moves continuously back 

and forward in order to maintain CoM 

within the base of support of the body. 

Figure 2.21 Displacement of both 

CoP and CoM during a quiet 

standing task recorded for 40 

seconds. CoP signal has greater 

magnitude and it is almost in phase 

with the CoM signal (Winter et al 

1998). 
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2.4.2 Descriptive parameters of postural stability  

 

Previous literature about the assessment of postural stability presents a very wide range of 

descriptive parameters which can be used to quantitatively analyze the 

displacement/trajectory of the CoP.  

Traditional postural stability measures can generally be divided into two main classes: time 

domain measures, which are associated with the displacement and the velocity of the CoP, 

and frequency domain measures, which highlight the frequency content and the power 

spectrum of the CoP trace (Maurer & Peterka 2005). The parameters explained here are 

descriptors of body sway and high values of these parameters represent high body sway and 

poor postural stability (Bauer et al 2008; Maurer & Peterka 2005; Nougier et al 1997; 

Prieto et al 1996). 

 

2.4.2.1 Time domain  

 

The parameters described below are calculated in respect to time.  

 

Standard Deviation of CoP trajectory 

 

The standard deviation of CoP (SD CoP ) is the measure of the variability of the CoP about 

its mean location and it can also be defined as root mean squared of the distances (RMSD) 

from each CoP point and the mean CoP (Maurer & Peterka 2005).  
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In order to quantify the sway activity, previous studies have preferred the root mean 

squared (RMS) of CoP values to the SD CoP (Straube et al 1994). However the RMS 

corresponds to the quadratic mean of the CoP points  
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and hence it is affected by the position of the feet kept on the force platform during each 

trial of the data collection. Previous authors have often assigned to the SD the name RMS 

and with that they actually meant the variability of CoP from its mean (Kenney & Keeping 

1962). In this thesis the SD of the CoP was used for the data analysis in relation to 

variability. The previous studies investigating the influence of vision reviewed in this 

Chapter had clearly disclosed the use of the SD or of the RMS in the correct form of the 

variability  and quadratic mean respectively (Straube et al 1994). 

 

Range of CoP excursion 

 

The difference between minimum and maximum excursion (either in anterior-posterior or 

medial lateral direction) of the CoP movement represents the range of values in which the 

CoP trajectory falls during the recorded trial. 
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95% confidence elliptical area  

 

By plotting each data point of the CoP trajectory in two dimensions (anterior-posterior and 

medial-lateral direction), the statokinesigram of the CoP movement can be obtained (Figure 

2.23). The 95 % confidence elliptical area corresponds to the elliptical surface covered by 

the trajectory of the CoP. This area encloses approximately the 95% of the CoP data point 

recorded during one trial. This parameter is another index of the dispersion of the CoP data 

points. 

 

  

Figure 2.23 2D statokinesigram of the successive 

data points of the CoP trajectory during a trial of 

40 s. The red ellipse encloses the 95% of CoP 

data points and the elliptical area corresponds to 

the 95% confidence elliptical area.  

Figure 2.22 Displacement of CoP in the 

anterior-posterior direction of a 10s trial. The 

range of CoP excursion corresponds to the 

distance between the highest and lowest peak 

of the CoP trace. 
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The elliptical area can be calculated by using different methods. In this thesis the formula 

provided by the AMTI (Advanced Mechanical Technologies Inc., Boston, USA) manuals 

of the force platforms was used for the studies of this thesis (see section 3.1.2 of the 

General Methods, Chapter 3, for further details): 

 

22232 xyyx σσσΠ=Area   

 

where σ x
2

and σ y

2

 corresponds the variance of the CoP values in the medial-lateral and 

anterior-posterior direction and σ xy

2

is the covariance of CoP points in medial-lateral and 

anterior-posterior values. 

 

CoP trace length 

 

This parameter corresponds to the distance covered by the CoP throughout the duration of 

sampled period. The trace path is the sum of the distances between two consecutive CoP 

data points.  
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Average CoP velocity 

  

The distance covered by the CoP divided by the duration of the trial corresponds to the 

velocity of the CoP. This measure is an indicator of the activity required in order to 
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maintain balance (Geurts et al 1993; Pinsault & Vuillerme 2009). CoP velocity is linked 

with the CoP trace length: in the same period of time, longer trace length corresponds to 

lower velocity and higher trace length corresponds higher velocity. 

 

Time

Trace
Velocity   

 

The time domain parameters above described can be expressed either as one-dimensional 

(i.e. anterior-posterior or medial-lateral dimension taken alone) or two-dimensional (i.e. the 

resultant CoP trajectory). The elliptical area here described represents an exception since it 

can be only two-dimensional. 

 

2.4.2.2 Frequency domain  

 

A signal can be represented by the sum of several simple sinusoids with a specific 

frequency. The Fast Fourier Transformation (FFT) is a mathematical algorithm which 

simplifies complicated signals into simple sinusoidal components, called harmonics, which 

represent specific frequencies (Giakas 2009). By using the FFT the data are transformed 

from the time domain to the frequency domain. The result of the FFT on a signal is the 

power spectrum which is the distribution of the power
14

 values of a signal falling under a 

specific frequency range. The fundamental frequency (f) of a signal is represented by the 

first harmonic which corresponds to the inverse of the period of sampling (f=1/T). All the 

                                                 
14

 In physics, power is defined as the rate at which work is performed or energy is transmitted per unit of time. 
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other frequencies are the results of the multiplication of the first harmonic by the harmonic 

number (2f, 3f, 4f, etc.).  

 

 

 

Figure 2.24 On the left, the plot of the anterior-posterior CoP trace during a 40 s trial sampled at 100 Hz. On the right, the 

power spectrum of the signal on the left for 0-4.5 Hz frequency range is displayed. The first harmonic or fundamental 

frequency is equal to 1/T, where T is the period of sampling. For the signal presented on the left, the fundamental 

frequency corresponds to 0.025Hz. The plot on the right shows that the highest power is contained within the first few 

harmonics. 

 

The power spectra can be calculated for the entire signal and/ or for segments of time. In 

the latter case, the segments are averaged together and the result is the power spectral 

density (Welch 1967). The power spectral density represents the power spectrum of a signal 

as it was collected multiple times. Hence the power spectral density can be considered the 

average of the power spectra and for this reason always contains less noise than a single 

power spectrum  (Giakas 2009).  

The power spectrum of kinetic data from human movements and in particular the power 

spectrum of the CoP signals presents higher power at low frequencies and lower power at 

high frequencies (Winter et al 1974), see Figure 2.24.  

In the previous literature on postural stability, different parameters have been extracted 

from the power spectrum of the CoP signal to describe postural stability performance. 
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Some of these measures are relative to the frequency below which the 95% or 80 % of the 

power lies (Jang et al 2008; Maurer & Peterka 2005; Rocchi et al 2004) or to the frequency 

corresponding to the peak power (Morrison et al 2008). Mean power frequency
15

 has also 

been used (Dewhurst et al 2007; Kim et al 2008) and this has been calculated as the 

frequency distribution: each frequency component is multiplied by its corresponding power 

intensity, the results are then summed together and divided by the total power. Nevertheless 

the distribution of the power spectrum of CoP signals is skewed to the right (see Figure 

2.24 on the right) which implies that the median power frequency would be a more 

appropriate statistical descriptor (Lin et al 2008). The median power frequency is defined as 

the frequency below which the 50% of the power lies. 

 

2.4.3 The influence of vision on postural stability: peripheral 

versus central visual cues 

 

Postural control is highly dependent on visual information. This is confirmed by the 

increase of postural sway with eyes closed compared to eyes open even in the presence of 

undisrupted somatosensory and vestibular inputs (Paulus et al 1984). As for adaptive gait 

and locomotion, the contributions of central and peripheral vision to postural stability are 

still a matter for debate. Previous literature about the roles of central and peripheral vision 

in controlling postural stability suggests three main theories: 

                                                 
15

 The word ‘frequency’ is added after ‘mean power’ because the mean power frequency is the result of the 

following operation: each frequency component is multiplied by its corresponding power intensity, the results 

are then summed together and divided by the total power. This is explained in the same sentence. The name 

‘mean power frequency’ is used by the cited authors (Dewhurst et al 2007; Kim et al 2008). 
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1. Peripheral dominance theory, highlighting the major role of peripheral vision in 

controlling body sway and stabilizing upright stance (Amblard & Carblanc 1980; 

Brandt et al 1973; Lestienne et al 1977). 

2. Retinal invariance theory, claiming that when the peripheral visual field is 

magnified on the basis of cortical magnification factor (in order to have the same 

cortical representation of central visual field, see Chapter 1 section 1.1.2 for more 

details), no functional specialization of central or peripheral vision emerges 

(Straube et al 1994). 

3. Functional sensitivity theory, declaring complementary roles for central and 

peripheral vision, in particular central vision is believed to be specialized in 

regulating postural stability in medial-lateral direction whereas peripheral vision is 

considered to be more efficient in controlling anterior-posterior stabilization 

(Nougier et al 1997; 1998; Stoffregen 1985; Stoffregen et al 1987). 

 

2.4.3.1 Peripheral dominance theory 

 

Based on the separation between ambient and focal visual mode respectively, peripheral 

and central vision are believed to be specialized in coding different features of the 

surroundings in order to maintain balance (Schmidt & Lee 1999; Wade & Jones 1997). The 

ambient mode corresponds to collecting visual information for orientation in the 

environment and, since the peripheral visual field is specialized in motion detection, the 

ambient mode relies on peripheral vision. The focal mode corresponds to the stimulation of 

the central visual field, specifically the fovea, by static characteristics of the surroundings. 

The separation between ambient and focal mode overlaps the model described by Paillard 
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and Amblard (Paillard & Amblard 1985) about the dynamic and kinetic visual channels. By 

a series of several experiments, Amblard and his group were the first to put forward the 

hypothesis of the primacy of peripheral vision in controlling postural stability (Amblard & 

Carblanc 1980; Amblard et al 1982; Amblard & Cremieux 1976). Stroboscopic light was 

used in order to suppress kinetic cues so that peripheral vision could not collect any 

dynamic information (Amblard et al 1982; Amblard & Cremieux 1976). The condition with 

stroboscopic light was compared to a normal light and darkness conditions. Somatosensory 

feedback from the feet was suppressed by the use of a thick foam rubber support which 

subjects were asked to stand on. Body sway was measured through three accelometers 

placed at the level of the head, hips and ankles. Visual cues were the following: subjects 

were located at the centre of a cylinder with an inner wall constituted of black and white 

stripes with a spatial frequency of 0.42 c/deg presented either horizontally or vertically. The 

vertical grating was believed to maximize the lateral body sway while the horizontal was 

supposed to minimize it. In this experiment the accent was put on the lateral body 

oscillation since the subjects were standing on the platform by maintaining the ‘Sharpened’ 

Romberg (or Tandem Romberg) foot position which consists of a foot placed in front of the 

other. This foot position made postural control more challenging thus the subjects were 

expected to be highly reliant on visual information. The grating pattern was presented to the 

subjects either alone or with a wider black strip in the middle as a visual reference (Figure 

2.25). 
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The stroboscopic light increased body sway compared to a normal light condition and no 

differences were found between stroboscopic and darkness conditions (Amblard & 

Cremieux 1976). This was interpreted as evidence of higher importance for movement cues 

and consequently of peripheral vision in postural control (Amblard & Cremieux 1976; 

Amblard et al 1985). The worsening effect on body sway of the stroboscopic light 

compared to normal ambient light diminished when the visual cues were represented by 

vertical stripes. This suggests that vertical stripes evoked somehow kinetic cues useful for 

stabilizing the body in space (Amblard & Cremieux 1976). Although these findings argue 

in favour of higher importance of peripheral kinetic visual cues in the visual control of 

postural stability, the results from these experiments did not discard completely the 

usefulness of static visual cues available from central visual field. When the black reference 

strip was added to the vertical grating under the stroboscopic condition, postural stability 

was further improved (Amblard et al 1980). The authors also found that if the frequency of 

the flashes of the stroboscopic light decreased, postural stability improved (Amblard et al 

1980). Stroboscopic light suppressed the dynamic visual information but not the orientation 

and successive positions of the body in space. High strobe frequencies might increase the 

apparent velocity of moving objects so that the speed calculation of successive body 

Figure 2.25 Illustration of the experimental set up. In this figure 

the condition with vertical stripes is showed. Subjects were 

standing on the foam placed on the force platform (Amblard & 

Cremieux 1976) 
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positions seen through the stroboscopic light was overvalued (Delorme 1971). Thus 

subjects overestimated body displacement and employed greater postural compensatory 

adjustments which increased body sway (Paillard & Amblard 1985). 

Amblard et al (1982) also explained the different contribution of central and peripheral 

vision by the analysis of the power spectra of the lateral acceleration of body sway under 

darkness and normal light conditions. The power spectra of ankle, hips and head oscillation 

decreased at 2Hz and at 7Hz under normal light compared to darkness. The authors 

suggested that two visual modes were subtended to the decrease in body sway at these two 

frequencies. The first visual mode acted as a low pass filter and controlled body sway at 

low frequencies up to 2Hz, where static cues can give their contribution to body orientation. 

The second visual mode provided a high pass filter to control body sway at higher 

frequencies, where movement cues were highly important for postural stability and 

stroboscopic light could affect the maintenance of balance. Around 3Hz a blind frequency 

band was found and this corresponds to a transition frequency range between the two visual 

modes. Under any kind of foot position on the ground or type of ground (soft rather than 

hard floor), the power in this blind frequency band was not decreased by the presence of 

any visual information. This suggests that this blind frequency band might be strongly 

reliant on other sensory input such as the ones provided by the somatosensory and /or 

vestibular system (Amblard et al 1982).  
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Figure 2.26 Power spectrum of the lateral head oscillation under normal light and darkness. The low frequency range (LF) 

corresponds to the domain of the static cues controlling body orientation. The high frequency range (HF) is dependant on 

peripheral visual cues which control body stabilization. The grey region corresponds to the part of the spectrum not 

influenced by vision and corresponding to the transition between the static and kinetic channels (Amblard et al 1985) 

 

In order to avoid any intrinsic effect strictly due to the stroboscopic illumination, in a 

subsequent experiment Amblard and Carblanc (1980) used the same vertical and horizontal 

gratings of the previous study (Amblard & Cremieux 1976) but without stroboscopic light. 

The three visual conditions used were: full vision, peripheral vision only and foveal vision 

only. Postural sway was greatest with foveal vision only, this showed that central vision 

alone was not able to ensure balance and static cues provided by the fovea can have only a 

minor role in the visual control of postural stability (Amblard & Carblanc 1980).  

 

2.4.3.2 Retinal invariance theory 

 

Previous studies investigating the retina location effect on circular vection (i.e. apparent 

self-rotation) established that peripheral visual field leads to circular vection perception 
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when the body is still and the surrounding is moving (Brandt et al 1973). Furthermore the 

same authors found that when visual stimuli moving in opposite directions were presented 

on central and peripheral visual field, spatial orientation of the body relied on the peripheral 

visual stimuli (Brandt et al 1973). This experiment provided evidence about the dominance 

of peripheral vision in controlling induced vection and spatial orientation and the 

specialization of central vision in object-motion detection (Brandt et al 1973). Some years 

later an attempt was made to investigate whether the results from the circularvection 

experiment of Brandt et al (1973) could be extended to postural stability. Paulus et al (1984) 

presented a visual stimulus consisting of a flat screen covered by coloured dots of different 

size during a postural stability task. Subjects were instructed to look at the visual stimulus 

under different visual conditions: occlusion of the central visual field (20° and 30°), 

occlusion of the peripheral visual field (beyond 30°), eyes open and eyes closed. Body 

sway was the same with eyes open and central visual field occlusion (Paulus et al 1984). 

Under peripheral visual occlusion body sway was higher than under central visual 

occlusion. However in the condition where peripheral visual field was occluded, body sway 

was reduced compared to eyes closed (Paulus et al 1984). These findings were interpreted 

as suggesting some redundancy of different parts of the visual field in the control of body 

sway and arguing against the superiority of peripheral vision in controlling self motion 

during quiet stance (Paulus et al 1984). In later work, Straube at al (1994) compared 

postural stability performance under central and peripheral visual condition by magnifying 

the visual stimulus in the peripheral visual field in accordance with the cortical 

magnification factor. As already explained in Chapter 1 (section 1.1.2), peripheral visual 

information relies on less cortical sources compared to central visual information and 

cortical representation of the visual field linearly decreases with the increase of eccentricity 
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(Cowey & Rolls 1974). Straube et al 1994 used Rovamo and Virsu’s M factor to increase 

the size of the cues in the peripheral visual field. In this way they followed Virsu’s 

principle that zeroing the quantitative differences between central and peripheral vision, 

visual information becomes qualitatively the same across eccentricity (Virsu et al 1987). In 

Straube et al’s (1994) experiment, circular parts of visual field were available at 1°, 10°, 

20° or 30° of eccentricity by means of a blind. The higher the eccentricity at which the 

visual field section was presented, the greater the size of the visual cue section.  

The results showed no differences between visual conditions, suggesting that no functional 

difference exists between peripheral and central visual field (Straube et al 1994). The 

results from Straube et al (1994) are consistent with other findings on the visual control of 

circular vection. Andersen and Braunstein (1985) found that central visual field stimulation 

can also lead to circular vection in particular when visual cues presented centrally consisted 

of radially expanding patterns. Post (1988) found that circular vection was not dependent 

on stimulus eccentricity but on the size of visual field area stimulated. 

These findings seem to suggest that the dominance of peripheral vision in controlling body 

sway during quiet stance is merely due to the anatomically different allocation of cortical 

sources for central and peripheral vision rather than to a qualitative difference of the two 

types of visual information. However there is a series of factors that makes acceptance of 

this conclusion premature. Straube et al (1994) used the RMS of the CoP values to 

measures the CoP displacement which as already mentioned is affected by the position of 

the feet on the force platform. Nevertheless the estimation of position of the CoP rather 

than the assessment of body sway at ankle, hips and head (as in Amblard and Cablarc’s 

experiment of the 1976) is considered a better representation of the postural corrections 

occurring to maintain the CoM within the base of support (Straube et al 1994). On the other 
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hand, Amblard et al (1980) used specific visual cues such as black and white stripes, while 

surprisingly Straube et al (1994) did not actually describe the visual cues used in the section 

of visual field visible in their experiment. To date, no other study has applied the cortical 

magnification theory to visual cues presented in central and peripheral visual field during 

balance assessment.   

 

2.4.3.3 Functional sensitivity theory 

 

Stoffregen (1985) analyzed postural sway while subjects were standing in a moving room 

similar to the one designed by Lishman and Lee (1973). The moving room created an 

illusionary motion of the body by the generation of optic flow. In the condition where 

subjects were asked to look straight ahead, higher compensatory sway occurred in response 

to lamellar patterns presented in the peripheral visual field rather than to radial structures 

presented in the central visual field. When subjects looked at the right wall of the moving 

room, the radial flow was available in the peripheral visual field and lamellar flow was 

available to the central visual field. Radial flow placed in the peripheral visual field did not 

produce any body sway, while lamellar flow in the central visual field induced minimal 

postural responses (Stoffregen 1985). This experiment shows a functional sensitivity of 

peripheral and central visual field in response to different visual cues during quiet stance, 

where lamellar patterns have a higher effect when presented peripherally (Stoffregen 1985). 

Paulus et al (1984, 1989) had already suggested a different role for central and peripheral 

vision in the control of sway. The authors stated that up to 1m of distance from the visual 

target, stabilization of posture in the medial-lateral plane is controlled by central vision, 

while it is controlled by peripheral vision in the anterior-posterior plane. The opposite was 
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believed to exist beyond 1m (Paulus et al 1989). More recently Nougier et al (1997, 1998) 

tested the hypothesis that central vision controlled the movement of the body in the medial-

lateral plane while peripheral vision detects body sway in the anterior-posterior plane. In 

their study subjects were instructed to look at a fixation point represented by a cross 

displayed in the central visual field. Central visual field was occluded up to 10° of visual 

angle in one condition while in another condition peripheral vision was occluded beyond 

20° of visual angle. Results showed that velocity of the CoP and the power spectrum were 

lower in anterior-posterior direction with only peripheral visual field available while the 

range of CoP excursion was lower in the medial-lateral direction with only central vision 

available (Nougier et al 1997). The results for this study support the hypothesis of a 

complementary role of peripheral and central vision in controlling body sway (Nougier et al 

1997; 1998). However a limitation of this study is the lack of visual cues in some 

conditions. The only visual cue presented was a cross in the centre of the visual field which 

was unavailable when central vision was occluded and visual cues available to the subjects 

in the peripheral visual field were not mentioned. 

More attention to the type of visual cues was provided by Berecsi et al (2005). They tested 

the functional role of peripheral and central vision in the control of postural stability by 

presenting either a changing random dot pattern every 200 ms (kinetic visual cue) or a 

static random dot pattern (static visual cues). Quiet stance was evaluated by the use of a 

force platform which allowed CoP movements to be measured. The visual conditions 

included: central vision (visual cues presented within 4º or 7° of visual angle), peripheral 

vision (visual cues presented beyond 4º and 7° of visual angle) or full vision (visual cues 

presented in a visual field extended up to 180º horizontally and 90º vertically). Unlike 

Amblard et al (1980), Berecsi et al (2005) did not find any sensitivity for kinetic cues in 
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peripheral vision. Peripheral vision was found to decrease the sway area of the CoP under 

either static or kinetic visual cue compared to central vision. However the maximum 

excursion of CoP was lower under peripheral vision conditions but only in the anterior-

posterior direction. This meant that the higher stabilizing effects of peripheral vision on 

postural stability occurred only in the anterior-posterior plane (Berecsi et al 2005). No 

difference was found between peripheral and central vision conditions in the medial-lateral 

maximum excursion. Berecsi et al (2005) postulated that the lack of effect of peripheral 

vision on the medial-lateral sway could have simply been due to biomechanical constraints: 

the range of motion of the ankle joints is lower in the medial-lateral than anterior-posterior 

plane. In order to test this hypothesis subjects were placed on the force platform either in 

front of the visual target or with the trunk-body turned at 90º on the left or right while the 

head was still facing the visual target. 

 

 

 

The results showed that maximum CoP excursion in the medial-lateral direction was 

significantly lower in the condition where head and trunk-body were both facing the visual 

target (FRONT) regardless of the visual conditions (central or peripheral vision only). This 

was interpreted as the specialization of peripheral vision in controlling the anterior-

Figure 2.27 Schematic of the three head-on-trunk 

conditions in Berecsi et al’s experiments (2005). 

From the left to the right: head and trunk both facing 

the visual target (FRONT), head facing the visual 

target and trunk turned to the left (LEFT), head facing 

the visual target and trunk turned to the right 

(RIGHT). 
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posterior direction of body sway (Berecsi et al 2005). No improvement in body stabilization 

in the medial-lateral direction was found with central visual cues.  

Beyond the dissociation between medial-lateral and anterior-posterior body sway, central 

and peripheral vision has been assigned different roles in the control of stance regardless of 

the direction of sway (Piponnier et al 2009). In Piponnier et al’s (2009) experiment a 3D 

virtual tunnel was presented to the subjects under three visual conditions: central vision 

only where visual cues were presented within 4º, 7º, 15º and 30º; peripheral vision only 

where visual cues were presented beyond 4º, 7º, 15º and 30º and full vision where visual 

cues were presented across all of the visual field. The visual cues consisted of black and 

white squares alternated along concentric circles (Figure 2.28). The virtual depth of the 

virtual tunnel was provided by stereoscopic glasses and the size of the square decreased 

towards the central visual field as function of the distance, although no specific cortical 

magnification equation was employed.  

 

 

 

Figure 2.28 Visual cues used in Piponnier et al’s (2009) experiment. In the top row from left to right: full vision, 

peripheral visual cues only, central visual cues only. In the bottom row, the same visual cues are illustrated with the 3D 

virtual environment and the cave used in this experimental setting (Piponnier et al 2009).   
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Visual cues were made either static or kinetic by the application of sinusoidal movements 

of the squares which evoked the velocity of normal gait. Body sway was assessed by an 

electromagnetic tracking sensor attached to the stereo-glasses. Results showed that anterior-

posterior body sway amplitude and RMS of body sway velocity were not different between 

central and peripheral vision under the static visual cues condition (Piponnier et al 2009). 

This finding is consistent with Straube et al (1994) results and with the retinal invariance 

theory. However under dynamic conditions greater body sway, due to vection which 

evoked higher postural responses, was found for central vision condition with visual cues 

presented within 15º and 30º compared to all the peripheral vision conditions (Piponnier et 

al 2009). The authors concluded that the definition of central vision in the control of quiet 

stance should be limited up to an area within 7º and 15º. Peripheral vision was interpreted 

as having a major role in the control of stance in a dynamic environment (Piponnier et al 

2009). In more ecological static conditions central and peripheral vision were found to 

contribute equally to the control of stance suggesting that central vision might have a 

supplementary role in orienting the postural responses while peripheral vision enables the 

control of the postural adjustments (Piponnier et al 2009). Pipponier et al’s (2009) study 

has the great advantage of presenting 3D static and 3D kinetic visual cues rather than 2D 

visual stimuli as in Amblard and Carblanc (1980) and Berecsi et al’s (2005) experiments. 

Although Piponnier et al (2009) argued in favour of a functional role for peripheral and 

central visual field in the control of upright stance,  medial-lateral body sway was not 

evaluated in their study and this could have provided important information regarding the 

role of central vision compared to peripheral vision during balance.  
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The varied results of the studies reviewed above indicated that the role of central and 

peripheral visual cues in the control of postural stability needed further investigation. A 

problem in the investigation of central versus peripheral visual field on balance 

performance is that there is no agreement on the degrees of visual angle corresponding to 

the central visual field. This ambiguity in the definition of the central visual field extension 

could be a problem when the experimental design requires an occlusion of central or 

peripheral visual field to investigate the difference or the relevance of the central or the 

peripheral vision. In postural stability research, several measures have been employed, for 

example: Nougier et al (1997) considered the central vision limited to the 10º, Brandt et al 

(1973) and Paulus et al (1984) used an occlusion of 30º to cover the central visual field. On 

the basis of neuroanatomical evidence, Berecsi et al (2005) and Piponnier et al (2009) 

decided to apply two restricted simulations of the central field of 4º and 7º. The 4º area 

referred to the distribution of the cones in the retina (Osaka 1994), whereas the 7º 

correspond to the part of the retina projecting to a particular area of the primary visual 

cortex responsible for processing the information from the fovea (Mishkin & Ungerleider 

1982). Since a universally agreed criterion for dividing central and peripheral visual field in 

corresponding degrees of visual angle does not seem to exist, the emphasis should be 

placed on the type of visual cues available rather than on the degrees of visual field 

extension. The different results in previous studies might have been due to the employment 

of poor visual cues or to the presence of uncontrolled visual cues in the surroundings (i.e. 

visible laboratory equipments, etc.). 

The literature on visual control of postural stability includes studies conducted with patients 

affected by retinal diseases, such as retinitis pigmentosa (Turano et al 1993) and macular 

degeneration (Elliott et al 1995; Turano et al 1996). However in these studies the extent of 
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visual field loss is dependent on the stage of the illness. Clinical studies on patients affected 

by central or peripheral visual field loss highlight that either age-related macular 

degeneration (central vision loss) or retinitis pigmentosa (peripheral field loss) provoked 

higher CoP displacement compared to normal sighted individuals (Elliott et al 1995; 

Turano et al 1993; 1996). Nevertheless it has to be kept in mind that patients affected by 

visual field loss can suffer from decreased visual acuity and contrast sensitivity as well 

(Elliott et al 1995; Turano et al 1993; 1996). Postural sway was found to increase linearly 

with decrements in visual acuity in the elderly (Lord et al 1991). Poor postural control was 

found under conditions of increasing refractive blur or diffuse blur simulating cataract in 

healthy elderly (Anand et al 2003a,2003b) and also in healthy young adults when vision 

was blurred by means of semitransparent plastic foil (Paulus et al 1984). A positive 

correlation between contrast sensitivity and balance was also observed in patients with 

central field loss, although it was weak (Elliott et al 1995). These clinical studies suggest 

that the investigation of the role of central and peripheral visual cues in normal sighted 

individuals should rule out the possibility of visual acuity or contrast sensitivity 

impairments in the subjects employed in the studies. In this way a clearer link between 

visual field/visual cues and postural performance can be established.  

 

2.4.4 The integration of visual information with somatosensory 

and vestibular input in the control of upright stance 

 

The control of upright stance provided by one of the three main sensory systems (i.e. visual, 

somatosensory and vestibular systems) has been considered redundant (Paulus et al 1987; 

Simoneau et al 1995). Postural stability is still accomplished with eyes closed or with a 
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somatosensory deficit due for example to diabetic neuropathy (Simoneau et al 1995). 

However the redundant information from one sensory system becomes just sufficient if 

another or all the other sensory systems are impaired (Paulus et al 1987). This re-weighting 

of sensory control mechanisms can be found in macular degeneration patients: they showed 

higher CoP displacement compared to normal sighted individuals only when 

somatosensory inputs from the soles were disrupted by making the subjects standing on a 

foam support (Elliott et al 1995). Lord and Menz (Lord & Menz 2000) found that the 

decrease of postural stability was linked to poor visual acuity and contrast sensitivity under 

condition of somatosensory disruption. The difference between central and peripheral 

visual control of standing highlighted by Nougier et al (1997, 1998) was found only when 

subjects were standing on the foam support and showed that central and peripheral vision 

responded differently to that perturbation. These results indicate that the control of posture 

is based on the complex ‘communication’ between different sensory systems. By using a 

theoretical model regarding the way sensory feedback is combined to generate a unified 

motor response, previous authors hypothesized the existence of a sensory summation 

mechanism: postural responses in relation to separate stimulation of two sensory systems 

were found to be summed when the two sensory systems are stimulated at the same time 

(Carlsen et al 2005; Hlavacka et al 1995). However this model represents several 

limitations. Firstly, a sensory summation model might imply that the sensory systems are 

independent and do not communicate; but this is difficult to believe considering that body 

sway induced by visual stimuli inevitably activates vestibular and somatosensory feedback 

loops (Mergner & Rosemeier 1998). Secondly, postural responses to neck vibration were 

observed to be in the same direction of the naso-occipital axis of the head (gaze direction) 

so that they were consistent with the frame of reference provided by the visual and 
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vestibular system (Deshpande & Patla 2005; Ivanenko et al 2000). Finally, the amount of 

postural responses is weighted on the basis of the information available from other senses: 

with the increase of visual information available, postural instability due to GVS decreases, 

although the drift was not completely compensated by vision (Fitzpatrick et al 1994). A 

model describing multisensory integration of visual, vestibular and somatosensory inputs 

seems more appropriate to explain the control of stance. Day and Cole (2002) investigated 

head and trunk tilt in one subject affected by a rare large-fibre somatosensory neuropathy. 

This subject was not sensitive to cutaneous stimulation and did not have a sense of 

movement or position of the body in space. During the experiment, GVS stimulation was 

used with eyes open or closed. Under the eyes closed condition, lateral body tilt was higher 

compared to normal subjects and his body drift was not completely compensated by visual 

information under the eyes open condition as occurred in the control subjects. The authors 

interpreted these results as evidence that the somatosensory system contributes to postural 

stability in an integrative way with visual and vestibular inputs in normal individuals. 

Before stimulus (GVS) onset when the patient had eyes closed, the profile of the ground 

reaction force from the force platform already presented a drift, which was absent in the 

ground reaction force profile of the normal subjects. This suggests that given the absence of 

any visual or somatosesory feedback before GVS onset, vestibular inputs were already up-

weighted as an initial sensory response selection to the future perturbation. This mechanism 

reflects a slow adaptation to the stimulus presented due to the somatosensory loss while in 

normal individual this re-weighting process occurs faster at the stimulus onset and not 

before (Day & Cole 2002). The authors argued that these findings highlight the presence of 

a continuous adjustment of the weight of the sensory inputs in normal subjects. According 



                                                                                                                                                                     131 

 

to this multisensory integration model, sensory inputs are weighted in a competitive manner 

with the selection of most relevant information for postural stability (Day & Cole 2002).  

The influence of vestibular information on postural stability was investigated not only by 

the use of GVS but also with the employment of head extension up to 45°. In this way the 

otholiths cannot provide vestibular input since the head extension of 45° represents a head 

angle outside of the otholiths working range (Brandt et al 1981). Vestibular feedbacks are 

then disrupted. Postural stability was found to increase under a head extension condition, 

although visual cues in these studies were not controlled and it was not made clear what the 

subjects were looking at during the trials and whether the visual cues changed when 

looking straight ahead and looking upwards (Brandt et al 1981; Nashner et al 1982). 

Furthermore the distance between subjects and front wall and subjects and ceiling were not 

the same in some studies and this could have affected the results (Simoneau et al 1995). 

These limitations of the experimental set up cast doubt as to whether postural instability 

was due to inconsistent visual cues or vestibular disruption. Anand et al (2003b) and 

Buckley et al (2005), standardized the distance between subjects and visual target under 

each head conditions and they used a precise visual target
16

. Maintaining constant visual 

information across the head conditions, these authors could attribute the increase of CoP 

deviation under head extension condition to the disruption of vestibular input. In relation to 

the importance of the visual cues provided in the experimental set up, it should be noted 

that vision can only compensate for vestibular perturbations when visual cues about body 

position in space are provided (Bent et al 2002b; Carlsen et al 2005).  

                                                 
16

 Consisting of a horizontal and vertical square-wave pattern. 
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Therefore the studies investigating the multisensory integration of different types of 

sensory information have highlighted the importance of the visual cues employed in the 

experiments. 

 

2.5 Reaching and Grasping 

 

The reaching and grasping literature is extensive. In this section, a general introduction on 

reaching and grasping kinematics and the description of the most relevant reaching and 

grasping movement parameters are provided. The role of peripheral visual cues in guiding 

the arm and hand is given priority and the accent is placed on reaching and grasping 

movement under visual field restriction (i.e. with peripheral vision occluded). Visual-

proprioceptive integration and reaching and grasping while standing and walking are also 

critically reviewed. 

 

2.5.1 General kinematics of reaching and grasping and main 

descriptive parameters 

 

In his classical experiments for the investigation of aiming movements, Woodworth (1899) 

asked his subjects to move a pencil backwards and forwards on a paper sheet at different 

speeds. The experiment was performed either with eyes open or with eyes closed. Results 

showed that under eyes open the mean errors in targeting the point, where the pencil should 

have reversed direction, increased as function of movement velocity. Under eyes closed the 

mean errors were higher compared to eyes open and the mean errors did not change for 



                                                                                                                                                                     133 

 

different movement speeds. Woodworth (1889) believed that the hand trajectory under the 

eyes closed condition was completely pre-programmed and guided by an initial impulse 

which completely controlled the hand. Under eyes open the programmed movement was 

integrated with online corrections possibly through visual feedback, so that the initial 

impulse was refined by online control of the hand trajectory. The author theorized that 

under visual control, arm movements are guided by a ballistic phase followed by a 

feedback phase. After Woodworth's study, aiming upper limb movements has been divided 

into two phases: a transport component which brings the arm quickly to the target and a 

slow component which accurately completes the movement (Pellison et al 1986).  

Arm and hand movements may differ on the basis of the task requirements. For instance, 

during pointing, arm and hand are controlled as a unit (Soechting & Lacquaniti 1981), 

while during prehension (grasping), arm and hand are controlled separately to achieve 

different goals (Shumway-Cook & Woollacott 2007). The arm is responsible for the 

reaching/transport component of the movement while the hand accomplishes the grasping 

phase (Jones & Lederman 2006). The transport phase brings the hand to the target, the 

grasp phase includes the shaping of the hand for the grip and the actual contact and the 

wrap of the finger around the target object. The division of the prehension movement into 

two phases finds support in the separate anatomical substrate for the control of proximal 

and distal muscles. The pyramidal tract (corticospinal tract) is the spinal root more involved 

in the control of grasping voluntary movements of the distal muscles whereas the extra 

pyramidal tract (rubrospinal tract) is more responsible for proximal and not skilful 

voluntary arm movements (Rosenbaum 1991; Smeets & Brenner 1999). The separation of a 

reach and grasp phase is also supported by the fact that grip aperture was found to be scaled 

to the objects size while the rate at which the reaching movements were performed did not 
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change on the basis of the objects size (Jeannerod 1981,1984). However the independence 

between reaching and grasping has been criticized by other studies. Although prehension 

movement can be divided into reach and grasp components, reaching and grasping 

movements are coordinated and coupled. An example is the fact that the maximum 

handgrip aperture appears to occur at about the 75-80% point of the entire reaching 

movement time, when the hand slows towards the target (Jeannerod 1984)  and it is 

correlated with the peak deceleration of the hand (Gentilucci et al 1992). This ratio between 

time of maximum grip aperture and time for total movement is always the same regardless 

of pathological conditions (Fraser & Wing 1981), different movement time and speed and 

different finger positions (Shumway-Cook & Woollacott 2007). These ‘time-lock related 

behavioural events’ (Rosenbaum 1991) have been interpreted as a strategy to decrease the 

degrees of freedom of the reaching and grasping movement in order to enhance the control 

on the arm/hand (Rosenbaum 1991). Another example of coupling between the reaching 

and grasping phases is that the widening of the fingers increases as function of the velocity 

of the reaching movement, so that the object has greater chance of being caught at high 

speed (Wing et al 1986). Furthermore the fact that the transport component is not affected 

by object size was found not to be always true. Santello and Soechting (1998) found that 

the grasp component is gradually shaped while approaching objects; the shaping was based 

on size, shape and perceived fragility of the target. However when subjects were asked to 

shape their hand for grasping without reaching towards the target, the hand was shaped 

poorly. This result showed that the transport component influenced the grasping (Jones & 

Lederman 2006; Santello & Soechting 1998). Paulignan et al (1991) found that following 

changes in the target position after movement initiation, subjects not only showed 

corrections in the hand transport phase but they also decreased the handgrip. Haggard and 
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Wing (1991) investigated further the link between transport and grasp components of 

prehension movements by applying a perturbation to the upper arm of the subjects while 

the subject was reaching towards a target. The perturbation provided a backward pull to the 

arm of the subject after movement onset. The authors found the presence of a reversal point 

not only in the spatial displacement of the hand transport component (here represented by 

the thumb forward movement) but also in the hand aperture. Furthermore hand transport 

and aperture reversals consistently appeared at 120 ms and 190 ms respectively after the 

perturbation. The reversal of the hand aperture appeared around 200 ms after the 

perturbation so that it could not be simply interpreted as an inertial reaction of the fingers to 

the pull (Haggard & Wing 1991). 200 ms is time enough to allow online voluntary 

corrections in hand movements (Keele & Posner 1968). A more likely explanation is that 

the hand aperture system received input from the status of the transport component 

(Haggard & Wing 1991). These results argued for the coordination and dependency of 

reaching and grasping movements. 

The dependency and independency of reaching and grasping has also been discussed in 

relation to visual guidance of hand movements (Jeannerod & Biguer 1982; Wing et al 

1986). This topic will be reviewed in the next paragraph, together with the contribution of 

peripheral vision to prehension movements.  

 

2.5.2 Reaching descriptive parameters 

 

Several descriptive parameters can be used to quantify reaching performance and they can 

be calculated from the trajectory of sensors (such as passive markers or infrared emitting 

diodes) attached to the hand and wrist. Some of the most used parameters are explained 
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below. These parameters can describe the temporal course or the velocity and spatial 

characteristics of reaching.  

 

2.5.2.1 Temporal course parameters  

 

Movement onset  

 

Movement onset is generally calculated from the velocity of the wrist (forward velocity or 

resultant velocity). Theoretically a wrist velocity higher than zero indicates the hand has 

started to move. However this criterion needs to be more conservative because it has to 

eliminate possible ‘false starts’ due to minimal arm and hand movements (Melmoth & 

Grant 2006).  

 

Movement end 

 

Movement end is also calculated from the velocity profile of the wrist. It is theoretically 

defined as the point where the velocity of the wrist reduces to zero (Naslund et al 2007). 

Similar to the movement onset definition, a suitable criterion based on the data has to be set 

in order to avoid ‘false-stops’. However the most parts of the previous authors have identify 

the event ‘movement end’ with the contact, without distinguishing the instant when the 

hand stopped and the instant when the hand contact the obstacle. 
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Time of reaching  

 

The time spent to complete the reach is known as time of reaching. Many authors have 

defined it as the time between the hand movement onset and the contact (Jeannerod 1981; 

Kuhtz-Buschbeck et al 1998; Melmoth & Grant 2006). However in some situations the 

movement between the end of hand movement and contact can contain large variations and 

false stops due to online corrections. These variations can affect the reach movement time, 

so other authors have defined the reach movement time as the time spent between 

movement onset and end of reaching (Naslund et al 2007).  

 

Duration of acceleration and deceleration phase 

 

Acceleration phase is defined as the time between movement onset and peak velocity while 

deceleration phase corresponds to the time between peak velocity and movement end
17

 

(Jones & Lederman 2006).  

 

2.5.2.2 Velocity and spatial parameters of reaching 

 

Peak velocity  

 

Peak velocity corresponds to the maximum velocity (forward or resultant) reached by the 

hand during the reaching movement. The hand velocity profile for the transport phase 

displays a bell-shaped symmetrical curve, which normally presents one velocity peak and a 

                                                 
17

 In the majority of the previous studies movement end was intended as ‘contact’ with the object, see 

movement end section. 
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single acceleration and deceleration phase (Jeannerod 1984). As previously mentioned the 

general shape of the velocity profile does not change across different hand speeds or loads 

(Soechting & Lacquaniti 1981). However the velocity profile becomes more asymmetric 

when time duration of acceleration and deceleration phases are not similar. For instance, in 

the case of a fragile and small target, the deceleration phase is prolonged (Marteniuk et al 

1990). 

 

Hand path 

 

The distance covered by the hand between the whole reaching movement is defined as hand 

path (Melmoth & Grant 2006). 

 

Maximum hand deviation  

 

The maximum deviation of the hand trajectory from a straight route between the point 

corresponding in space to movement onset and movement end is another spatial parameter 

of reaching (Levin 1996). The maximum hand deviation can also be seen as a measure of 

curvature or straightness of the hand trajectory (Levin 1996). However this measure 

presents a limitation: if the hand trajectory is not smooth and presents several points of 

deflection, this parameter does not provide an adequate representation of the hand path. It is 

probably the reason why hand deviation measures do not present high test-retest reliability 

in some clinical populations such as patients affected by cerebral palsy (Schneiberg et al 

2009).  
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Figure 2.29 Some of the reaching descriptive parameters described in this section. The graph represents the bell-shaped 

profile of the resultant (x, y and z) velocity of the wrist. In this case the reaching parameters are calculated from the 

trajectory of the wrist marker, however some authors deduced reaching parameters from the trajectory of the thumb (e.g. 

(Haggard & Wing 1991; Wing & Fraser 1983). 

 

 

2.5.3 Grasping descriptive parameters 

 

In this section, grasping parameters are defined as the measures in relation to the fingers 

(thumb and index) and the position of the wrist at the moment of maximum finger aperture. 

Similar to the reaching descriptive parameters, the grasping measures can be divided into 

temporal course and velocity and spatial measures. 
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2.5.3.1 Temporal course parameters 

 

Contact 

 

Contact is the point where the hand or fingers make the first contact with the object. It can 

be calculated from the displacement of the object: for example, the contact can be 

represented by the point in time when the displacement of the object is greater than 1 mm 

(Melmoth & Grant 2006). Contact can also be calculated from the object’s velocity, which 

becomes higher than zero at the instant of contact.  The same caution used for the 

calculation of movement onset and end needs to be employed here in order to avoid ‘false 

contacts’, since vibrations may provoke minimum movement of the target so that velocity 

of the target is not exactly zero before the contact. 

 

Time between movement end and contact 

 

This is the time spent by the hand (wrist) between the end of the reaching movement and 

the contact of the object (Melmoth & Grant 2006). This time is relatively short and in a 

perfectly synchronised reaching movement is equal to zero. A long period of time between 

movement end and contact corresponds to the execution of corrections in the final hand 

movement and grasp (Melmoth & Grant 2006).  

 

Time to maximum handgrip and time between maximum handgrip and contact 

 

They describe when the maximum handgrip occurs during the reaching movement (Jones & 

Lederman 2006).  
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2.5.3.2 Spatial and velocity parameters 

 

Maximum handgrip  

 

The maximum aperture of the hand is the main spatial descriptor of grasping movements 

(Jones & Lederman 2006). Maximum handgrip increases as a function of target size and 

target distance from the subject (Gentilucci et al 1991). It is generally defined as the 

maximum resultant distance between thumb and index finger in a two digit grasp and 

between thumb and fingers in a whole-hand grasp (Jones & Lederman 2006).  

 

Grip velocity  

 

The velocity of the aperture of the handgrip is defined as grip velocity. Grip velocity profile 

presents a double peak (Figure 2.30b): an initial positive peak in relation to the opening 

grip phase and a final negative peak that corresponds to the grip closure phase, when the 

hand is closer to the target (Saling et al 1996). Peak grip opening velocity corresponds to 

the positive peak and it is the maximum velocity of the grip in its opening phase (Jones & 

Lederman 2006). Peak grip closure velocity corresponds to the negative peak and 

represents the maximum velocity of the grip in the closure phase. Both peaks were found to 

be influenced by the target size: peak grip opening velocity increased while peak grip 

closing velocity decreased with an increase of object size (Saling et al 1996). 
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Handgrip at contact  

 

This is the resultant spatial thumb-finger distance at the instant of contact with the object. 

This parameter describes the thumb/fingers shaping just before they grasp the object. Grip 

at contact should not differ much from the target size (diameter or wideness), thus either a 

too wide or too small grip at contact reflects poor scaling by the hand aperture (Melmoth & 

Grant 2006). 
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Figure 2.30 Some grasping 

parameters described in this 

section.  

 

 

a  The graph represents the 

resultant (x,y,z) spatial 

displacement of the handgrip.  

Movement end is indicated as 

‘end’ and in this example 

occurs before maximum 

handgrip (i.e. wrist stopped 

before the maximum 

handgrip).  

 

 

 

 

 

b The resultant velocity 

(x,y,z) of the handgrip. The 

positive peak represents the 

maximum grip opening 

velocity and the negative 

peak the maximum grip 

closure velocity. 

 

 

 

 

 

 

 

 

 

 

c The resultant velocity 

(x,y,z) of the target to grasp.  
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2.5.4 Visual control of reaching and grasping and the role of 

peripheral visual cues 

 

2.5.4.1 The two visuomotor channel theory and critique 

 

Jeannerod (1981) believed that visual objects can be described through two different classes 

of properties: intrinsic properties, referring to object features such as size, weight and shape, 

and extrinsic properties, which defined orientation and position of the objects. The extrinsic 

properties describe the target within the coordinates of the observer’s extrapersonal space 

(Jeannerod & Biguer 1982). This means that extrinsic object characteristics represent the 

spatial location of the objects compared to the observer position. In Jeannerod’s (1981) 

model, the extrinsic visual properties of the object guide the reaching component of the 

prehension movement while the intrinsic visual properties of the object are responsible for 

the control of the grasping component. Hence according to this theory, reaching and 

grasping are controlled independently by different visual cues. Jeannerod’s model on the 

separation of visual cues for reaching and grasping is also known as ‘visuomotor channel 

theory’. The hypothesis of the separation between reaching and grasping components does 

not fit well with Jeannerod’s observation that maximum hand aperture always occurs at 

approximately the same time during the reaching movement. Arbib et al (1985) justified the 

temporal constraint between reaching movement and time to maximum handgrip with the 

existence of a ‘coordinated control program’ which still respects the independence of 

transport and grasping components but can explain the time link between the two 

components. The coordinate control program can activate separate movement schema 
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(reaching and grasping) and manage their coordination in time. However they suggested 

that the two movements remain separately controlled (Arbib et al 1985).  

The independency of reaching and grasping based on the visual control of movements has 

been criticized on the basis of several findings. Smeets and Brenner (1999) reviewed 

Jeannerod’s work and reported that the visual property ‘orientation’ had been classified as 

extrinsic at the first stage of Jeannerod’s work (Jeannerod 1981), as intrinsic some years 

later (Jeannerod et al 1995) and as a third separate channel in further studies (Stelmach et al 

1994).  The difficulty of classifying the visual cue of orientation reveals a deeper problem 

in relation to the two visuomotor channels theory (Smeets & Brenner 1999). Objects with 

the same visual extrinsic and intrinsic properties can be grasped in different ways by 

changing the way the hand is used to grasp the object, and by varying the position of the 

wrist (Figure 2.31). 

 

 

 

Figure 2.31 The objects in a and b have the same extrinsic and intrinsic properties but they can be grasped in different 

ways. The manner the objects are grasped also changes the position of the wrist which would represent the transport 

component (adapted from Smeets & Brenner 1999). 

 

Considering the wrist as the representation of the transport component, Smeets and Brenner 

(1999) concluded that reaching and grasping components are strongly coupled.  
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Wing and Fraser (1983) defined the separation of the two motor functions of reaching and 

grasping as ‘artificial’. The authors found that with eyes closed, reaching became spatially 

very variable and the hand was opened wider in order to enable an error-compensation 

strategy for the variability of reaching. They suggested that the wider hand aperture could 

increase the probability of successfully catching the target (Wing et al 1986).  Wing and 

Fraser (1983) also reported that the reduction in the handgrip aperture was mainly achieved 

by the index finger and not by the thumb. Thumb trajectory had a low variability during a 

prehension task compared to both wrist (during reaching) and index finger (during 

grasping). Wing and Fraser (1983) concluded that the thumb was used to visually monitor 

the final approach phase of the reaching movements. This proposed thumb function 

highlighted the problems of the two independent channel theory since the thumb can be part 

of both the grasping and reaching component (Smeets & Brenner 1999; Wing & Fraser 

1983). 

Although the studies mentioned above implied that reaching and grasping are linked, the 

visuomotor channel theory might not need to be completely dismissed.  The separation 

between intrinsic and extrinsic object properties resembled the definition of visual 

exteroception and visual exproprioception (see section 2.1.2 and 2.1.3 of this Chapter), 

where the former was defined as the visual processing of absolute static features of objects 

and events and the latter was responsible for control of the spatial dynamic relationship 

between objects and subject. The concepts of visual exteroception and visual 

exproprioception have been applied to gait (Patla 1998) and posture (Lee & Aronson 1974) 

behaviour while the two terms do not seem to have appeared in the literature in relation to 

reaching and grasping. A division into visual exproprioception and exteroception might 

become the fully developed representation of the previous extrinsic and intrisic properties 
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conceptualized by Jeannerod and Biguer (1982). Furthermore visual exproprioception and 

exteroception can better define the intrinsic and extrinsic features of the objects as static 

and dynamic object characteristics respectively, without the need to divide transport and 

grasping components into separate channels. 

 

2.5.4.2 Peripheral vision and peripheral visual cues: do they control 

reaching and/or grasping? Are they used online or in 

feedforward manner?  

 

Beyond the separation between transport and grasping components, the theory of the two 

visuomotor channels also provided the first division in the roles of peripheral and central 

vision for the guidance of prehension movements (Paillard 1982). Jeannerod and Biguer 

(1982) defined the ‘object channel’ as the visuomotor system providing information about 

an object such as its shape and size. Considering the fovea as the part of the retina more 

suitable to collect static properties of the environment, the ‘object channel’ can be 

interpreted as the specific domain of central vision. On the other hand, the ‘space channel’, 

which is responsible for encoding directional and movement cues, better matches the 

features of peripheral vision. However Jeannerod and Biguer (1982) did not clearly 

attribute the object and space channels to central and peripheral vision respectively. It was 

Paillard (1982) who first linked object and space channel to central and peripheral vision. 

Jeannerod and Biguer (1982) investigated the role of central and peripheral vision in the 

guidance of reaching movements (Jeannerod & Biguer 1982). They found that the 

activation of the muscles responsible for finger movements started before foveation of the 

target. They suggested that the hand’s initial movement is monitored by peripheral vision 
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since prior to moving the image of the hand falls within the peripheral visual field. Central 

vision was considered to be more involved in the final reaching movements towards the 

target when the hand falls on the central part of the retina and when the hand is subjected to 

online corrections in its trajectory (Jeannerod & Biguer 1982). However the assumption 

that peripheral vision has no corrective role in the control of the trajectory seems overly 

dismissive.  

Conti and Beaubaton (1976) conducted an experiment in which subjects were asked to 

point a target under different visual conditions: eyes closed, eyes open, hand visible for the 

first half of the reaching trajectory, hand visible for the second third of the trajectory, hand 

visible for the second half of the trajectory and hand visible for the first and last third of the 

trajectory. The best end-point accuracy was found for the condition with eyes open, hand 

visible for the second half of the trajectory and hand visible for the first and last third of the 

trajectory. Greater accuracy than eyes closed was also found for the condition where the 

hand was visible only in the initial trajectory and in the second third of the trajectory. 

Although these results argue in favour of a major role for central vision in controlling final 

trajectory corrections, the authors also claimed that peripheral vision was involved in 

ongoing corrections of the trajectory and those corrections which appeared in the early 

stage of the reaching movement and contributed to the end-point accuracy (Conti & 

Beaubaton 1976).  

From the study described above, Paillard (1982; 1991) defined peripheral vision as the 

assisting ‘navigator’ of prehension movements, while central vision represented the ‘pilot’. 

In this view, peripheral vision represents the kinetic channel, which control the first fast 

phase of the reaching movement, and it has a role to transport the hand from the initial 

position towards the target. The kinetic channel relies on movement and directional cues 
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(Paillard 1996). Central vision instead is in charge of the landing of the hand on the target 

and central vision uses positional and distance cues to complete the task (Paillard 1996). 

Since central vision represents the static channel, the smooth landing of the hand is 

controlled by monitoring the successive ‘static’ positions of the hand in the central visual 

field. By this relative position (distance) analysis, central vision controls the final grasp of 

the target. Furthermore central vision can estimate the size and shape of the target and plan 

and control the handgrip. Sivak and Mackenzie (1990, 1992) reached the same conclusion 

from the results of two experiments that questioned the role of peripheral and central vision 

in controlling reaching and grasping movements. In the first experiment, subjects reached 

and grasped a dowel under binocular central visual field occlusion provided by hard contact 

lenses that included a black circular mark obscuring the central 10º of visual angle. The 

central visual field occlusion condition was compared to the normal vision condition and 

the results showed that without central visual cues (i.e. the final landing of the hand on the 

target), the velocity profile of the wrist had lower peak velocity and the wrist stopped 

before the contact with the target, so that thumb and finger closed after the arm stopped 

moving. This likely occurred because without a visible target, subjects tried to gain 

somatosensory information from thumb and finger: the contact with the thumb or the index 

finger occurred when the hand aperture was still relatively wide. Without central vision 

maximum hand aperture was greater and appeared earlier than with normal vision. The 

authors suggested that the information from peripheral vision alone is inadequate for 

encoding shape and size of the target because of the lower visual acuity and contrast 

sensitivity provided by peripheral vision, which is thus less sensitive to the fine details of 

the object (Sivak & MacKenzie 1990). Sivak and Mackenzie (1990; 1992) concluded that 
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the lack of central vision affects both the transport and grasping components of the 

prehension movement.  

In a second experiment from the same authors (Sivak & MacKenzie 1990), subjects were 

asked to perform the same task but with peripheral visual occlusion provided by goggles 

with only 10° of central visual angle available. This visual condition was again compared to 

normal vision. Handgrip was not affected by the absence of peripheral vision. On the other 

hand the results showed that without peripheral vision the peak velocity of the wrist was 

lower and appeared earlier than in the normal visual condition. Therefore the target was 

undershot probably because of the absence of relative positional cues between moving limb 

and target. This last finding suggests that peripheral vision provides important distance cues 

and it is in disagreement with Paillard’s (1982, 1991) model where distance cues were 

provided by central vision.  Sivak and Mackenzie (1992) also claimed peripheral vision 

provides both online control and planning of reaching. Sivak and MacKenzie actually 

justified their interpretation on the basis of Prablanc et al’s (1979b) findings: these authors 

found that seeing the static hand in the peripheral vision increased the accuracy of the end-

point in a pointing task and they suggested that peripheral vision is needed in order to plan 

the required hand trajectory.   

The two studies from Sivak and MacKenzie (1990, 1992) showed that peripheral vision 

controlled the transport component and central vision controlled both the transport and 

grasping components. The fact that the absence of peripheral vision only affected the 

reaching phase of movement was interpreted by Sivak and Mackenzie (1992) as evidence 

that reaching and grasping consists of separate movement components. However, although 

Sivak and Mackenzie (1992) agreed with Jeannerod’s model about the independency of 

reaching and grasping, the authors also admitted that the model has limitations. Reaching 



                                                                                                                                                                     151 

 

and grasping are clearly correlated in their results when only peripheral vision was 

available: the hand stopped early (transport component) to allow thumb and finger to grasp 

the target with more caution. Hence Sivak and Mackenzie proposed a revision of the 

visuomotor channels theory, to include the existence of a communication link between the 

transport and grasping components. 

More recently Watt et al (2000) criticized Sivak and Mackenzie’s interpretation of their 

results. Watt et al (2000) argued that under peripheral visual occlusion the target was 

undershot not because online visual information of the location of the moving limb 

compared to the target was missing, but because the reduction of the field of view made the 

target look nearer. Watt et al (2000) designed an experiment where the participants were 

prevented from touching the target to gain somatosensory information from it: subjects 

were instructed to reach the target and only shape their thumb and index finger but not pick 

the target up. In this manner, subjects could not rely on the proprioceptive input stored 

across repetitions of the position of their hand/fingers to successfully reach and grasp the 

target. The authors used a range of visual field restriction of 4º-64º of visual angle. Results 

showed that the final distance of the thumb and peak velocity of the wrist were respectively 

shorter and earlier as the angle of visual field decreased. No differences in the final grip 

aperture were found across visual restrictions. Watt et al (2000) concluded that visual field 

restriction made the subjects perceive the target closer rather than disrupting the online 

visual control of reaching. The authors also claimed that the target looked nearer but not 

bigger since the final handgrip did not show any differences across visual conditions. In 

this sense Watt et al (2000) findings partially agree with those of Sivak and Mackenzie’s 

(1990): peripheral vision does not influence grasping parameters. Loftus et al (Loftus et al 

2004) strongly disagreed with Watt et al (2000) conclusions. These authors believed that 
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the assumption that visual restrictions make objects look nearer was arbitrary since the 

undershooting of the target might not necessarily mean that the target looked nearer. 

Previous research found undershot errors in pointing tasks also occur under full field vision 

conditions if the vision of the moving hand was prevented (Coello & Grealy 1997). Magne 

and Coello (2002) demonstrated that the undershoot errors could be eliminated by 

providing a background rich in visual cues. Therefore in studies where peripheral visual 

field was occluded the underestimation of the target distance might have been due to the 

absence of relevant visual cues such as online vision of the hand, the visual structure of the 

target surrounding and the hand’s spatial position compared to the target location. Loftus et 

al (2004) designed three experiments in order to disprove Watt et al (2000) interpretations. 

In their first experiment subjects were instructed to point at a target under two visual fields 

conditions (restricted to 4º and 16º of central field) and full visual condition. Accuracy in 

pointing did not differ across visual conditions, while end-point variability was higher 

under restricted visual field conditions. In a second experiment, subjects were asked to 

reach and grasp a target under the same visual conditions as experiment one but vision was 

completely removed after movement onset. Results showed that grasping parameters (i.e. 

maximum handgrip and time to maximum handgrip) were not affected by visual conditions 

while with restricted visual field movement time was longer and peak velocity was lower 

and occurred earlier with a longer deceleration phase compared to full vision. The target 

was not undershot and the fact that peak velocity appeared earlier with a longer 

deceleration time under visual field restriction was interpreted as a strategy to decrease the 

end-point (grasping) variability and avoid unwanted collisions. This interpretation also 

explained why no grasping changes were found under the other restricted visual condition. 

In a third experiment, full vision and the 16º visual field restriction condition were 
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compared to a no vision condition in a task similar to that used by Watt et al’s (2000). 

Subjects were asked to reach a target and adjust their fingers as if they were going to grasp 

it but they were prevented from touching the target, so that no somatosensory feedback 

could be gained. Results showed that when subjects needed to rely completely on memory 

to complete the task (no vision condition) they undershot the target as in Watt et al’s study 

(2000). Loftus et al (2004) concluded that the absence of peripheral visual cues did not 

necessary lead to distances being underestimated but instead peripheral visual occlusion 

increased end-point variability. This last finding is in line with the observation of Conti and 

Beaubaton (Conti & Beaubaton 1976). In their pointing task the absence of the first half of 

the hand trajectory (lack of peripheral visual cues) impaired the end-point accuracy. The 

increased variability due to the lack of peripheral visual cues can also be explained with the 

lack of visual exproprioception of the hand. The visual exproprioception from the hand can 

provide online control of the relative positions of hand and target.   

Gonzalez-Alvarez et al (2007) investigated further the influence of peripheral visual 

occlusion on reaching and grasping. The authors claimed that experimental conditions 

where the subjects were prevented from touching the target, as in Watt et al (2000) 

experiment, led to results that were difficult to generalize to real situations and to clinical 

populations such as glaucoma patients. Gonzalez-Alvarez et al (2007) reduced the visual 

field to 11° or 23º of visual angle and asked the subjects to reach and pick up cylinders of 

different sizes at different distances. The authors defined as parameter describing the 

planning of the reaching the maximum velocity, which decreased under 11° and 23° 

conditions. Time of deceleration, which described the online control of reaching, was 

affected only under 11° of visual field restriction. The parameter describing the planning of 

grasping was the maximum handgrip and this was found to be wider in the 11° and 23° 
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field restriction conditions. The online control of grasping described by time from 

maximum handgrip to contact was affected only under 11° restriction. These results 

showed that peripheral visual cues when dramatically removed (11° restriction conditions) 

disrupted the online control and the planning of both reaching and grasping while when 

peripheral vision was restricted to 23° only the planning was affected.  The authors 

concluded that peripheral visual cues are more relevant for the online control of movements 

(Gonzalez-Alvarez et al 2007). This finding highlighted the major role of peripheral vision 

in the online control of movement whereas previous studies only underlined that peripheral 

vision was involved in both the planning and online control of reaching movements 

(Paillard 1982; Prablanc et al 1979b; Sivak & Mackenzie 1992). The results are also in 

disagreement with the previous findings showing that grasping is not affected by the 

absence of peripheral vision (Loftus et al 2004; Sivak & MacKenzie 1990; Watt et al 2000). 

However Gonzalez-Alvarez et al’s (2007) and Loftus et al’s (2004) findings in relation to 

the control of end-point variability by peripheral vision are perfectly consistent with 

findings from adaptive gait and from the first two studies of this thesis (Chapter 4 and 5) 

where peripheral visual cues from the visual exproprioception from the feet and 

obstacle/floor were found to be used online to control the trajectory of the lower limbs. 

Furthermore the possibility that peripheral vision controlled both reaching and grasping 

represented further evidence against the two channel theory’s separation of reaching and 

grasping components.  

Overall Gonzalez-Alvarez et al’s (2007) findings need further investigation since recent 

results from patients with glaucoma (i.e. with peripheral field loss) found no differences 

with subjects with normal vision in handgrip kinematics (Kotecha et al 2009). As already 

mentioned, studies with patients with a visual impairment present limitations due to the fact 
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that visual field loss is normally not the only visual impairment patients have. Furthermore 

the finding that peripheral vision controlled online grasping parameters is in disagreement 

with all the previous literature claiming that the online adjustment in the final reaching is 

controlled by the central vision. It is not clear if the different results between Gonzales-

Alvarez et al (2007) and the previous studies (Loftus et al 2004; Paillard 1982; Sivak & 

MacKenzie 1990) were due to their use of monocular visual conditions.  Gonzales-Alvarez 

et al (2007) used monocular visual conditions because of the difficulty in the alignment of 

the pinholes of each eye which could have impaired stereoacuity. Impaired stereoacuity in 

amblyopic patients was found to affect reaching and grasping (Melmoth & Grant 2006). On 

the other hand Watt et al. (2000) found no differences in their results between monocular or 

binocular visual field restrictions. A way to avoid these difficulties would be concentrating 

on the lower visual field: occluding only the lower visual field allows the use of binocular 

visual conditions without the same risk of impaired stereopsis. Previous studies have stated 

the importance of lower peripheral vision in pointing when the target appeared in the lower 

visual field (Brown et al 2005). However no prehension studies have occluded only the 

lower visual field, although this approach has been commonly used in adaptive gait 

research (Marigold & Patla 2008; Rhea & Rietdyk 2007; Rietdyk & Rhea 2006). Lower 

visual occlusion might bring new insights regarding the online control of peripheral visual 

cues in reaching and grasping as it did for locomotion and adaptive gait in the first two 

studies presented in this thesis (Chapters 4 and 5). 
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2.5.5 Visual-proprioceptive interaction in reaching and the role 

of somatosensory input in grasping 

 

In reaching and grasping movements there are two kinds of proprioceptive inputs: eye 

proprioception encoding the position of the eye ball in the eye socket and arm 

proprioception controlling arm position (Jeannerod & Biguer 1982). Paillard and 

Beaubaton (1978) claimed that the position in space where the fovea points at represents 

the goal that the arm needs to match. However eye and arm movements were found to be 

computed with a short delay between each other (i. e. hand movement starts 100 ms after 

the first eye movement towards the target, Prablanc et al 1979a) so it is difficult to state that 

arm movement can be influenced by eye proprioception. Prablanc et al (Prablanc et al 

1979a) have minimized the role of eye proprioception in the guidance of hand movements 

since they found no correlation between the latencies of eye saccades and hand movements 

after movement onset and between gaze errors and hand errors in pointing towards the 

target when vision was occluded at movement onset. Jeannerod and Biguer (1982) have 

proposed the hypothesis that eye proprioception have another role in reaching and grasping: 

it gives information about the position of the head in relation to the body. In this sense eye 

proprioception contributes to the creation of a body-centred visual space and egocentric 

spatial map.  

Arm proprioception is more directly involved in the guidance of hand movements and it has 

the specific role of updating the position of the hand during the movement. The 

combination of arm proprioception and vision can provide accurate information about 

target position compared to the observer (and this is the definition of visual 

exproprioception). The role of proprioceptive information for the guidance of arm 



                                                                                                                                                                     157 

 

movements has been undermined by previous authors who conducted reaching and 

grasping experiments where vision of the hand was occluded after movement onset. 

(Desmurget et al 1997; Pellison et al 1986; Prablanc et al 1979b).  Prablanc et al (1979b) 

found that a static hand visible in the peripheral field increased the end-point accuracy in a 

pointing task compared to when pointing was performed under a fully open loop 

condition
18

.  Pellison et al (1986) found that vision of the hand during the entire movement 

did not improve the corrections in pointing when the target changed position after 

movement onset of the hand. These two studies highlight the importance of vision of the 

limb before the reaching movement starts and they do not give any relevance to 

proprioceptive inputs (Pellison et al 1986). Flanders et al (1992) argued against these 

findings suggesting that the vision of the static hand before movement onset is not relevant 

information for the accuracy of the task but the fact that both the target and hand are visible 

before movement onset improves accuracy. In this way a visual vector between target and 

initial hand position is available on the retina before that movement starts and it can be used 

for guidance without reling on proprioceptive inputs from the arm position (Flanders et al 

1992). Desmurget et al (1997) provided experimental evidence in favour of Prablanc et al 

(1979b) and Pellison et al’s (1986) findings. Subjects were instructed to point with their 

right index finger, the position of their unseen left finger (i.e. proprioceptive pointing) 

under either a full open loop condition (i.e. eyes closed) or a visual condition where the 

position of the limb was visible up to movement onset. When the position of the limb was 

visible only before movement onset the end-point accuracy was significantly higher 

suggesting that it is vision of the initial status of the limb and not the vision of hand and 

target together that improves end-point accuracy (Desmurget et al 1997). This finding also 

                                                 
18

 eyes closed 



                                                                                                                                                                     158 

 

suggests the initial static visual position of the arm improves the proprioceptive knowledge 

of the initial location of the arm (Desmurget et al 1997). 

However all these conclusions have been drawn without considering that proprioception of 

the limb was always present in the experimental conditions and it is not clear what role 

proprioception plays in the completion of the task (Sarlegna & Sainburg 2009). Vision has 

been considered as overriding proprioception during upper limb movement since under 

prismatic perturbation of vision subjects indicated that they could not perceive any 

mismatch between vision and proprioception of the hand (Hay et al 1965). Subjects 

indicated the position of the hand where they saw it and not where they felt it (Hay et al 

1965). Recently Sarlegna and Sainburg (2009) proposed a new interpretation of these 

results where both vision and proprioception have a role in movements. Vision is believed 

to build the spatial plan of movements whereas proprioception provides sensory input for 

the translation of the kinematic plan into variables corresponding to forces and torques for 

the execution of movement (Sarlegna & Sainburg 2009). 

Somatosensory (haptic) information also plays a role in reaching and grasping movements: 

when cutaneous afferents were anesthetized in order to prevent haptic information being 

used for grasping objects, subjects increased their grip force to compensate for the lack of 

somatosensory input (Witney et al 2004). Furthermore the coordination between grip force 

and load force (i.e. force produced for vertically lifting an object and overcoming gravity 

and inertia, Johansson 1991) was lost. Grip force and load force are coordinated in the 

sense that grip force is adjusted in parallel to the load force and it is always slightly greater 

to prevent slip (Johansson 1991). Besides without somatosensory information from the 

finger tips, the grip force quickly declined and subjects dropped the object (Shumway-Cook 

& Woollacott 2007).  
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2.5.6 Upper limb voluntary movements while standing: role of 

anticipatory postural adjustment 

 

In the study mentioned above, upper limb movements and in particular reaching and 

grasping were investigated from a sitting position. However several studies have 

investigated the effect of upper limb movement on quiet standing and balance maintenance. 

The control of posture relies on feedforward and feedback mechanisms (Shumway-Cook & 

Woollacott 2007), where the first refers to anticipatory postural adjustments (APAs) 

occurring before voluntary movement and the second consists of compensatory postural 

adjustments (CPAs) which counteract the ongoing postural perturbation provoked by the 

execution of movement (Aruin 2002; Massion 1992). Massion (1992) underlined that the 

term ‘anticipatory’ should only be used when describing voluntary movements hence when 

postural adjustments respond to an internal command and not to an external input. APAs 

correspond to a feedforward motor control strategy aiming to counteract or minimize the 

violation of balance provoked by the impending voluntary movements. First, APAs were 

found in muscles activation patterns: Belen’kii et al (1967) showed that during standing, 

postural muscles in leg and trunk were activated between 50-100 ms prior to raising the 

arms. This anticipatory muscle pattern activation occurred with the same temporal sequence 

(i.e. leg and trunk muscle activation first and arm muscle activation after), but in feedback 

manner, after movement initiation to stabilize the body during the ongoing movement 

(Belen'kii et al 1967). Cordo and Nashner (1982) also found leg and trunk muscle 

activation patterns in subjects standing up prior to pulling or pushing a handle. This pre-

selection of the muscles responsible to provide postural support (leg and trunk) for the 

upcoming perturbation is also known as central set (Shumway-Cook & Woollacott 2007). 
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APAs have not only been observed in muscle activation patterns but also in the centre of 

pressure (CoP) displacement before gait initiation: CoP has lateral-backward shift towards 

the stepping foot and a successive backwards shift towards the supporting foot in 

preparation to making a step (Winter 1995). This lateral and backward early CoP shifts 

occur within 100 ms prior to movement onset (Winter 1995). This anticipatory CoP 

displacement helps tip the body forward in the direction of stepping and it is often 

described as a type of APAs (Latash 2008).  

 

 

Therefore APAs can be considered task dependent: on the basis of the movement 

requirements APAs can be seen as CoP anticipatory displacement or as early muscle 

activation. Another characteristic of APAs is that they are influenced by the internal 

expectation of the subjects about the task and not by the actual task (Bouisset & Do 2008; 

Horak et al 1989; Latash 2008). Horak et al (1989) found that while standing on a platform 

subjects produced higher APAs when they expected larger platform perturbations and 

smaller APAs when they expected small perturbations.  

Figure 2.32 APAs before gait initiation: CoP has 

a lateral shifts towards the stepping foot and a 

successive backward shift towards the supporting 

foot.   



                                                                                                                                                                     161 

 

APAs during voluntary arm movements while standing have also been investigated by 

analyzing changes in the vertical torque. During voluntary asymmetric arm movements 

performed from an upright position, the vertical torque profile corresponds to the rotation 

of the body around its vertical axis and it is displayed in two phases (Bleuse et al 2002; 

Wing et al 1997), see Figure 2.33. The first phase represents the body rotation in the 

direction opposite to the successive direction of the arm movement while the second phase 

represents the body rotation in the same direction of the arm movement. Bleuse et al (2005) 

defined the two phase as positive and negative respectively with the positive phase 

describing the body rotation in the direction opposite to the successive direction of the arm 

movement and the negative the body rotation in the same direction of the arm movement. 

 

 

Bleuse et al (2002) found that the positive phase in the vertical torque was present before 

the negative phase just when the arm movement was performed actively (i.e. voluntarily) 

while when the arm of the subject was passively moved by the experimenter, only a 

negative phase was present. The area under the positive phase of the vertical torque before 

movement onset represents the APAs.  

 

Figure 2.33 The double phased trace of the vertical 

torque Tz. The area under the positive phase of Tz 

before movement onset represents the APAs. 

Adapted from (Bleuse et al 2006). It has to be kept in 

mind that the successive occurrence of positive and 

negative area depends on the arm used (left or right) 

or the orientation of the subjects standing on the force 

platform. 
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Figure 2.34 Representation of the clockwise twist of the body in arm-raising counter-clockwise movements during 

standing: a) quiet stance, b) APAs before movement onset (arm still), c) CPAs after movement onset. 

 

Bleuse et al (2005) investigated the purpose of APAs during arm voluntary movements 

while standing. Previous authors have suggested that APAs were performed in order to 

stabilize the CoM of the body before the perturbation created by the movement (Bouisset & 

Zattara 1981). However  other authors found that flexion-extension arm movements have 

greater effect on hips and knee joint displacement rather than CoM displacement, which 

was very small (Pozzo et al 2001). Therefore they hypothesised that APAs are not 

necessarily needed to stabilize the CoM but they are rather used to stabilize the joints in 

space (Pozzo et al 2001). Bluese et al (2005) tested this hypothesis by making their subjects 

perform arm raising movements under either slow or fast speed. APAs have always been 

found in fast arm movements performed while standing given that fast movements have 

higher destabilizing effects on balance (Bouisset & Do 2008). Hence, if APAs were also 

present under slow arm movements, that would be evidence that APAs were used to 

stabilized the joints rather than controlling CoM displacement. This was exactly what 
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Bluese et al (2005) found. In more recent work, Bleuse et al (2006) investigated the effect 

of ageing on the vertical torque and they found that the positive phase of the vertical torque 

before movement onset was absent with fast arm-rising movements in older adults. This 

finding indicates a poor feedforward control of joint stabilization in older people in the 

prevention of voluntary perturbation of balance. 

All the studies mentioned above defined the APAs as a feedforward mechanism in the 

control of body movements. Previous literature has not investigated the influence of vision 

on APAs during reaching and grasping while standing. Considering the inconsistent results 

about the online versus feedforward control of reaching and grasping movements by 

peripheral vision (described in the 2.5.4.2 section), the investigation of APAs could provide 

useful insights in this matter.  Martin et al (2000) found that visual perturbation can control 

postural responses in a pointing task performed while standing. The authors found that 

when subjects needed to point to a target, which was turned off and then reappeared in 

another position after arm movement onset, they increased trunk bending. This trunk 

bending strategy was likely employed under conditions of visual uncertainty in order to 

facilitate further/future arm movement corrections (Martin et al 2000). Thus anterior-

posterior centre of mass (CoM) displacement could be minimized by performing arm 

corrective movements from a position closer to the target (Martin et al 2000). Another 

study involving the same authors measured APAs defined as the muscles activation in the 

lower limb prior to movement initiation when pointing to a target of different size. The 

authors found lower limb activity before movement onset decreased as function of target 

size. Results also showed increased hand acceleration with a decrease in target size. These 

findings suggest that APAs might influence the hand movements by modulating them in 

feedforward manner on the basis of the objects’ characteristics, such as size (Bonnetblanc 
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et al 2004). Thus it is worthwhile investigating further the influence of vision on APAs and 

the effect of visual perturbation on APAs prior to reaching and grasping movements. This 

topic represents a new area of investigation and it might provide new evidence to the 

discussion of online versus feedforward control of peripheral visual cues. 

 

2.5.7 The coordination of reaching and grasping and walking 

 

Georgopoulus and Grillner (1989) have proposed a speculative hypothesis of a possible 

link between walking and prehension not only at the level of the spinal cord but also at the 

level of the cortex. Arm and leg movements are well known to be coordinated during 

walking. An example of this coordination is represented by the arm swinging backwards 

while the contralateral leg is moving forward (Bear et al 1996). This coordinated movement 

is automatic and its anatomical substrate is in the spinal cord, in the connections between 

the cervical motor-neurons controlling the upper limbs and the lumbar motor-neurons 

controlling the lower limbs (Bear et al 1996). However upper and lower limbs movements 

can also be performed in a non-automatic way such as in reaching and grasping while 

walking. Georgopoulus and Griller (1989) hypothesized that non-automatic upper and 

lower limbs movements need visuomotor coordination to be achieved as they might involve 

neural connections between motor cortex (creating the action plan and sending the action 

instructions), parietal cortical areas (processing information about the egocentric spatial 

map) and cerebellum (coordinating movements). Although Georgopoulus and Grillner’s 

(1989) paper is highly cited, not many subsequent studies have actually addressed the 

question how walking and prehension movements are integrated and controlled. A common 

finding of these few studies is that reaching and grasping movements while walking were 
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organized in hierarchical fashion (Marteniuk & Bertram 2001). Cockell et al (1995) found 

that when subjects were asked to walk alongside a table supporting the target and grasp it, 

they used the ipsilateral leg as supportive limb when they grasped the object. This result is 

in contrast with the contralateral leg-arm movement pattern observed during walking and it 

suggests that in reaching and grasping while walking subjects use another pattern of 

coordination between upper and lower limb in order to facilitate the upper limb aiming 

movements (Cockell et al 1995). This suggests that reaching and grasping movements were 

superimposed onto the gait kinematics (Cockell et al 1995). In another experiment by the 

same group, subjects were asked either to walk and grasp an object of different sizes (i.e. 

large and small) or to walk only (Carnahan et al 1996). The authors found that gait 

kinematics were the same across object conditions: no differences were found in minimum 

and maximum toe clearance, single and double support time and stride time. Nevertheless 

hand kinematics differed across walking conditions: maximum wrist velocity was higher 

under walking only and walking and grasping large objects compared to walking and 

grasping small objects, while time of wrist deceleration was lower under walking only and 

walking and grasping large objects compared to walking and grasping small objects. The 

changes in the hand kinematics across walking conditions suggested that reaching was 

superimposed on the normal swinging of the hand while walking (Carnahan et al 1996; 

Marteniuk & Bertram 2001). Similar results were found by Bertram et al (1999): the 

authors asked subjects to walk alongside a table and pick up a full cup either lid or non lid. 

It was observed that when the cup was uncovered walking was slower and this finding was 

interpreted as evidence that gait was adjusted on the basis of the upper limb’s task 

requirements. In agreement with these results, Van der Well and Rosembaum (Van der Wel 

& Rosenbaum 2007) also found that gait was modified in order to meet the demand of a 
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reaching task. In their experiment, subjects reached a plunger located on a table from four 

different starting positions: 4, 3, 2 and 1 walking step away from the plunger. Subjects were 

asked to reach the plunger, picked it up and place it at two different positions (i.e. closer 

and further away) on a table on the right or the left of the subject’s side. Further distances 

required an additional step for the positioning of the plunger and subjects supported the 

body with the leg contralateral to the reaching hand. For closer distances subjects did not 

show a systematic choice of which leg provided final support. This last result differs from 

the ones in Cockell et al (1995) study where subjects used the ipsilateral leg as final 

supportive limb. However, changes in gait imposed by the reaching task constraints may be 

task-dependent (Carnahan et al 1996). Van der Well and Rosembaum (2007) also showed 

that when the task required a further step the choice of the final supportive leg in reaching 

while walking was planned in advance. Subjects increased the tendency to use the 

contralateral leg as the final supportive limb with an increase of the distance between 

starting position and plunger. Beyond the superimposition of the requirements of the 

reaching task on gait, Van der Well and Rosembaum (2007) indicated that the coordination 

between walking and reaching and grasping also required a planning component.  

Although these studies brought valuable information to the investigation of coordination of 

prehension and locomotion, the influence of vision has not been investigated yet. 

Georgopoulus and Griller (1989) have proposed that coordination between locomotion and 

prehension needs visuomotor coordination but to-date it is not clear which visual cues (if 

any) control and plan the coupling between upper and lower limbs. Considering that the 

coordination of walking and reaching is in part planned in advance (Van der Wel & 

Rosenbaum 2007), reaching and grasping while walking can also provide experimental 
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evidence useful to understand the feedforward versus online control of peripheral visual 

cues. 
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3. Chapter 3 General Methods 

 

3.1 Mobility Lab 

 

The five experiments discussed in this thesis were carried out in a mobility lab, of which 

the maximum motion capture volume is up to ~7m long, ~4m wide and ~2m height. The 

mobility lab is illuminated by six fluorescent strip light (size 120 x 57 cm) embedded in the 

ceiling and equally distributed across it. The lab is equipped with a 3D motion capture 

system (Vicon MX, Oxford metrics Ltd., Oxford, UK), incorporating 2 force platforms 

(AMTI OR6-7, Advanced Mechanical Technologies Inc., Boston, USA) and 1 host PC with 

associated software (Figure 3.1). The mobility lab is also supplied with a closet containing 

the charts for the visual acuity and contrast sensitivity tests. 

Although the 3D motion capture system and the force platforms are here described 

separately, in the mobility lab they are connected in a unique system for the analysis of 

movement: 
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       a     b          

 

c             d                 e  

 

Figure 3.1 Scheme of the connections between 3D motion capture system, force platform and PC in the mobility lab: a) 

force platforms send the analog signal to the amplifiers, b) cameras send their signals to the vicon units, c) the amplifiers 

send their signal to the MX Control Unit, d) MX Unit send the signals from cameras and force platforms to the d) Host PC. 

 

3.1.1 3D motion capture system 

 

The 3D motion capture system was used for the collection of the kinematic data. The 

hardware components are: 8 Vicon MX cameras, 2 net and 2 control Units for the 

transmission of the data from cameras to PC, a calibration kit, reflective markers and the 

host PC. The software components of the Vicon system used for data processing includes: 

the Vicon Workstation 5.2.4 and the Vicon Body Builder 3.6. 

 

3.1.1.1 Cameras  

 

The 8 cameras are wall or ceiling mounted and they are arranged in a circle at interval of 

approximatly 45°. Each camera is composed of a video camera, a strobe head unit, a lens, a 

sensor and an optical filter. Six of the cameras are MX-3 model, which have a spatial 
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resolution of 0.3 Megapixel (659 H x 494 V); the model of the other two cameras is MX-13, 

which have higher resolution that is equal to 1.3 Megapixel (1280 H x 1024 V).  

The strobe unit is placed on the front of the camera and is configured into four concentric 

rings composed of infrared Light Emitting Diodes (LEDs). The LEDs emit light coincident 

with the opening of the camera shutter. Four of the MX-3 cameras have a lens with a focal 

length equal to 8.5 mm and the other two have a focal lens length of 6 mm while the MX-

13 cameras have a longer focal length equal to 12.5 mm. The focal length is defined as the 

distance in millimetres needed to have a sharp image projected on the sensor between the 

centre of the lens and the sensor. The shorter focal length indicates that the cameras have a 

wider angular field of view with the disadvantage of a blurred image of far objects. The 

longer focal length had a smaller angular field of view and far objects are in focus. This is 

the reason why they are better positioned more far away from the capture volume. In the 

mobility lab two of the MX-3 cameras are placed closer to the centre of the lab compared to 

the two cameras with longer focal length (MX-13).  

The cameras lenses are built-in with an optical filter that is low-pass absorptive filter 

attenuating the wavelengths of light higher than the ones emitted by the LEDs. 

 

a       b  

 

Figure 3.2 a) One of the MX13 cameras. b) One of the MX3 cameras 
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3.1.1.2 Units 

 

The MX Net Units provide the timing/synchronization of the cameras signals. In the 

mobility lab two MX Net Units receive the signal to and from the cameras and pass it to the 

MX Link. 

A MX Link Unit controls the communication between MX Net Units and receives the 

signal to and from the PC, enabling the timing/synchronization of the signal of all the MX 

Net Units.  

A MX Control Unit receives the analogue signal to and from the two amplifiers of the two 

force platforms. This Unit synchronizes the data capture from the cameras and the force 

platforms. 

 

 

 

Figure 3.3 MX Vicon Units 

 

3.1.1.3 Camera calibration 

 

For each experiment the eight cameras were set up in a way that ensured each subjects’ 

movement was in the field of view of the cameras and every marker was in the field of 

MX Net Units (signal 

from and to the cameras) 

MX Link Unit 

(signal from and 

to the PC) 

MX Control Unit 

(signal from and to 

the amplifiers of the 

force platforms) 
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view of at least two cameras, so that its position and trajectory could be determined in 3D 

space. Sampling frequency of the cameras was set at 100 Hz. 

Before each data collection session a calibration procedure of the camera was undertaken.  

The first part of the procedure consisted of determining the origin of the capture volume 

and the direction of the three Cartesian axes by recording the static position of an L-frame 

(Figure 3.4 on the left). The arms of the L-frame have the same length of the sides of the 

force platforms (46.4 cm x 50.8cm). The origin of the volume capture corresponds with the 

left corner of the first platform (Figure 3.4), the x axis defined the horizontal medio-lateral 

direction, the y axis the horizontal anterior-posterior direction and the z axis the vertical 

direction. 

The second part of the calibration involved the definition of the size of the volume capture, 

which depended on the task of the experiment (i.e. for a walking task the volume would be 

bigger than a standing task). The volume capture was dynamically defined by moving a 390 

mm wand through the space of the lab where subjects are expected to perform the task. 

Once the origin and the orientation of the axes was established and the size of the capture 

volume defined, the capture system was able to work out the relative position and 

orientation of the cameras with respect to the origin, and subsequently reconstruct the 

positions (x,y,z) of every marker in a 3D absolute spatial reference system.  
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Figure 3.4 Calibration Kit: on the left the L-frame for the static calibration as it was positioned for the static calibration 

and  on the right the 390 mm wand (distance between the two markers at the extremities of the wand) for the dynamic 

calibration. 

 
 

3.1.1.4 Reflective markers  

 

Four of the studies in this thesis (studies 1, 2, 4 and 5 corresponding respectively to 

Chapters 4, 5, 7 and 8) involved assessment of whole-body kinematics, which allowed 

calculation of the centre of mass, spatial displacement of body segments and angles and 

moments of the joints. This meant that head, trunk, and lower limb segmental kinematics 

were determined. Following Plug-In-Gait (Oxford metrics Ltd., UK ) guidelines for the 

upper body and Helen Hayes’ marker set model for the lower body (Kadaba et al 1990), 

spherical reflective markers were placed by using double tape on body landmarks: head (by 

a band with four markers), trunk (jugular notch, xiphoid process), back (vertebrae C7 and 

T10), pelvis (anterior-superior iliac spines and sacrum), lateral aspects of the thighs, knees, 

shanks, and ankles (malleoli), and dorsal aspects of the feet (2
nd

, 5
th

 metatarsal heads and 

end of 2
nd

 toe) and posterior aspect of the calcanei). In studies 4 and 5 upper-limb 

segmental kinematics were also determined by placing markers on the acromion, the upper 
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arm, the epicondyle, the lower arm, wrist (at each side of it), the ‘V’ of hand, the index and 

the thumb of the both arms.  

 

 

Figure 3.5 Scheme of the marker positions used. Adapted from Vicon manuals Preparation v1_2. 

 

The markers are spherical in order to easily locate specific points in 3D space by enhancing 

their visibility from a higher range of angles of view. For feet and hands markers with a 

diameter of 4mm were used, whereas for full body capture bigger markers with a diameter 

of 9mm were applied. 

Subjects were asked to wear shorts, T-shirt and flat shoes during the experiments in which 

kinematic data were recorded so that the markers could be directly applied on the skin was 

done where possible. Markers on the trunk, the feet, and the pelvis were attached to 



                                                                                                                                                                     175 

 

subjects’ clothing, which was taped down to prevent excessive movement. In study 4 the 

markers on the feet were applied directly on the skin because subjects completed this 

experiment barefoot.  

In study 2 (Chapter 5), two additional reflective markers were placed on the top and front 

edges of the obstacles used. In studies 4 and 5 (Chapters 7 and 8) one additional reflective 

marker was placed on the centre of the top of the glass used in the experiment after first 

applying a strip of cellotape across the diameter of the glass to which the marker was then 

placed. 

The following anthropometric measures were taken on each subject: height, mass, leg 

length, and knee and ankle width (frontal plane). In studies 4 and 5 (Chapters 7 and 8), 

shoulder off-set, wrist width (distance between the WRA and WRB markers, see Figure 3.5) 

and hand thickness width were also measured.  

In order to calculate the position of a virtual marker representing the inferior tip of the shoe, 

shoe thickness and shoe tip length were measured on each shoe for each subject. Shoe 

thickness was the vertical distance from the top of the shoe tip and the sole. Shoe tip length 

was defined as the horizontal distance between the position of the 2
nd

 toe marker and edge 

of the shoe tip. The measures related to the width and the length of body segments were 

taken from marker to marker (from the geometrical centre of it) by using a measure-tape.   

 

3.1.1.5 Subject Calibration 

 

Before each data collection, a subject calibration trial was recorded. This involved 

capturing a static trial of the subject with the full marker set on. The subject was asked to 

pose still, looking straight ahead with the arm along the body. After recording, markers 
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were labelled and the anthropometric measures added. Autolabel calibration was created on 

the calibration trial, so that for all the dynamic trials subsequently collected for that subject 

the labels of the trajectories could be automatically defined by running the autolabel 

calibration. By inserting the anthropometric measures in the calibration trial, the PlugIn-

Gait 3D link-segment model (see section 3.1.1.6 for details) was created for each subject. 

The model used the static calibration trial to calculate the static values for positions of 

joints centre (based on the physical position of the markers on the joint) and body segments 

orientation (relative to the three Cartesian axes).  

 

3.1.1.6 Host PC, Vicon Software and data processing  

 

The host PC has a CPU INTEL Xeon ™ with a speed of 3.8 GHz and RAM of 1 Gb. 

The Vicon Workstation was used to control how motion capture data were collected and for 

its post-capture processing. Post-capture processing involved identifying each marker on 

the basis of its position on the body. If the trajectory of any marker was incomplete, for 

example, because it became occluded from camera view by a moving limb, the gap(s) in 

the trajectory were filled by either interpolation (when the duration of the gap was under 10 

frames) or by copying the trajectory from a marker from the same body segment (when the 

duration of the gap was bigger than 10 frames). Marker data were then filtered by the 

Woltring spline smoothing routine with mean square error (MSE) filter option set at 10. 

Pilot studies indicated that the MSE set at less than 5 did not offer a good filtering of the 

noise and that the resultant data were still affected by high frequency artefacts, whereas 

MSE set at 20 or higher smoothed the raw data too strongly by making difficult distinguish 

the different events in the gait cycle (toe-off and heel-contact). 
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The Body-Builder application provides the PlugIn-Gait 3D link-segment model that was 

applied to each subjects’ marker co-ordinate data using the individual anthropometric 

measures taken. The model generates the kinetic measures (angles, moment, etc.) of the 

joints based on the real markers trajectories. By applying the 3D link-segment model to the 

dynamic trials, the location of the joint centres and orientation of the body segments based 

on the static calibration trials were optimized.  In the dynamic trials, the model found the 

joint angle that best fit the recorded data frame-by-frame using a statistically based 

procedure. However, this procedure presents some limitation such as the assumption that 

segments remain rigid with constant mass and joints act as simple hinge-joints. 

Body-Builder was also used to model for the virtual marker representing the inferior shoe 

tip. The position of the virtual marker was determined by reconstructing its position relative 

to the markers placed on 2
nd

, 5
th

 metatarsal heads and end of 2
nd

 toe, in the following way. 

The three foot markers determined a coordinate system that had its origin at the 2
nd

 toe. The 

segment between 2
nd

 metatarsal head and 2
nd

 toe represented the y axis while the segment 

between 2
nd

 and 5
th

 metatarsal head represented the x axis. The z axis was the vector 

product between the y and the x axis. The measured shoe tip length corresponded to the 

segment in the y direction and the shoe thickness to the segment in the z direction. The 

inferior tip of the shoe was reconstructed as a virtual marker rather than using a real marker 

because attaching a real marker to the lower tip of the shoe would likely have resulted in it 

being ‘knocked off’ as the foot made contact with the ground.  
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3.1.2 Force platforms 

 

The two AMTI Biomechanics Platforms are embedded in the floor of the mobility lab and 

covered in green lino to match the features of the surrounding and avoid offering an 

additional visual cue.  

 

 

Figure 3.6 The two force platforms embedded in the lab floor. 

 

3.1.2.1 Technical features 

 

These force platforms are built on strain gauge technology: at each corner of each platform, 

symmetrically positioned about the centre, there is a load cell housing three strain gauges 

mounted in way that allows measurement of strain in the three orthogonal directions. The 

strain gauge consists of a conductive wire arranged in a ‘zigzag’ (folded) pattern. The resistance 

of the conductive wire increases when the wire is stretched (i.e. strained’) when a force is 

applied to the platform. The resistance of the wire is proportional to the force. The load cell is 

a transducer that converts the resistance into an analogue electrical signal. The physical 

deformations of the strain gauge are small, hence the output signals have a low voltage and 

are sent to the two (one for each platform) MSA-6 strain gauge amplifiers. The amplifiers 
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enhance the amplitude of the output signals and feature a 1000 Hz low-pass filter. The 

analogue signal is then passed to the MX Control Vicon Unit where a 16 bit ADC card converts 

the signal from analogue to digital. 

 

a  b    c             d  

 

Figure 3.7 a) AMTI force platform b) conductive wire attached to each transducer c) transducer at each corner of the 

platform d) MSA-6 amplifier. Pictures from the AMTI Force plate manual. 

 

3.1.2.2 Force platform outputs and coordinates of the centre of pressure 

 

Each force platform produces six kinetic measures: three forces along the x, y and z axes 

(Fx, Fy, Fz) and the moments about the forces (Mx, My, Mz). Force is a vector with 

magnitude (measured in Newton) and direction. Moment about the force is measured in 

Newton metres and represents the product of the force applied and the distance between the 

point of the force application and the point where the force has its rotational effect (in this 

case the three axes of the platform). 

A calibration of the force platform was undertaken before each data collection. The 

calibration was necessary to determine the reference zero level. 

The three outputs (forces in the 3 orthogonal directions) of each of the four transducers are 

combined in order to calculate the forces along the x, y and z axes and the moment about 

the forces about the origin of the axes: 
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The negative sign in the calculation of Mx and Mz is due to the use of the right-handed 

coordinate system: clockwise moments are negative while counter clockwise moments are 

positive.  

Z0 is the true origin of the axes at the level of the transducers. The origin is located at the 

distance Z0 from the top surface of the platform. Mx, My and Mz represents the moment 

applied about each of the three axes. T is the torque (moment) applied at the surface. Ty 

and Tx are impossible to apply unless the platform has a pulling force applied from the 

floor level, so during normal mobility tasks, such as walking or standing, Ty and Tx are 

equal to 0. 

From the outputs of the force platform it is possible to derive the coordinates of the centre 

of pressure (CoP): 

 

Fz

ZFxMy
CoPx

)( 0
     

Fz

ZFyMx
CoPy

)( 0
  

 

When the signal from the force platform is passed in the computer, the origin of the three 

axis is relocated at one corner of one of the force platform (platform 1) so that it coincides 

with the origin of the capture volume determined in the calibration of the cameras. This 

means that the 2D coordinates of the CoP are not anymore referred to the centre of the 
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platform (but are instead located in the lab/ground co-ordinate system) while the origin for 

moment of forces and forces are still located at the centre of the platform. 

 

3.1.2.3 Subjects’ position on the platform 

 

During assessment of standing postural stability (steadiness) the feet position on the 

platform was standardized across trials and subjects. For each subject a template with the 

feet shape was drawn on a paper sheet having the same size as the platform surface. The 

ankles were positioned at a distance of 11% of subject height apart and the feet were placed 

with their long axes externally rotated by 15° (McIlroy & Maki 1997). This template for the 

foot position was developed by McIlroy & Maki in 1997 and it is based on the average 

preferred foot placement found in 262 subjects. This standardized foot position minimizes 

the influence of the between-subjects variability on the analysis of postural stability 

measures (McIlroy & Maki 1997). Subjects were asked to stand barefoot on the template 

(placed on the platform) with their arms along the sides of the body. 

 

3.2 Data analysis and statistical packages used 

 

The 3D coordinates of the reflective markers, the x and y coordinates of centre of pressure, 

the forces and the moments about each axes (x,y,z) were exported from Vicon BodyBuilder 

in ASCII format and imported in Matlab 7.0.4 (MathWorks Ltd., Cambridge, UK) to 

calculate the dependent measures considered in the studies here presented.  
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Statistical analyses were performed with Statistica 7.0 (StatSoft Inc., USA) and SPSS 15.0 

(LEAD Technology Inc., USA). Specific details of the dependent measures considered and 

the statistical analyses performed are provided in each of the experimental chapters. 

 

3.3 Participants (general features) 

 

Young subjects were students from the University of Bradford. The number of subjects 

chosen was similar to that used in previous research of similar design. 

An informed consent form was signed by each subject. The tenets of the Declaration of 

Helsinki were observed and all the experiments of this thesis gained approval from the local 

Bioethics Committee. Visual tests (see section 3.4) were assessed and all subjects involved 

in the studies had normal or corrected to normal vision in both eyes: equal to or better than 

0.0 logMAR visual acuity (6/6 Snellen equivalent), 1.65 log Pelli-Robson contrast 

sensitivity or better, 120” stereo-acuity or better and a full visual field. Participants not 

showing normal values for visual acuity, contrast sensitivity and stereopsis were excluded.  

Subjects were healthy and they self-reported no current injuries or history of balance or 

musculoskeletal problems or a history of epilepsy or migraine.  

 

3.4 Visual assessment 

 

During the experiments which required wearing goggles (studies 1, 2, 4 and 5 

corresponding respectively to Chapters 4, 5, 7 and 8), subjects with ametropia wore their 

contact lenses for the visual tests and mobility tasks. During the experiments in which  
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goggles were not expected to be worn (study 3, Chapter 6), subjects could wear their 

habitual refractive correction (glasses or contact lenses).  

 

3.4.1 Visual acuity and contrast sensitivity  

 

Visual acuity measurement was taken with the Early Treatment Diabetic Retinopathy Study 

(ETDRS) logMAR charts (luminance 160 cd/m
2
) and tested at a distance of 4 meters using 

a by-letter scoring system (Hazel & Elliott 2002) and a termination rule of incorrectly 

calling four letters on a 5-letter line (Carkeet 2001). Three different EDTRS charts were 

randomly used across conditions and across participants, in order to avoid memorization 

effects. Contrast sensitivity was measured using the Pelli-Robson chart at 1 metre using a 

by-letter scoring system (Elliott et al 1991) and counting the calling of a C as an O or vice-

versa as correct (Elliott et al 1990). Two different charts were used in random order across 

visual conditions and subjects. Both charts were illuminated by fluorescent lighting in the 

set set-up suggested by Ferris and Sperduto (Ferris & Sperduto 1982) and chart luminance 

values were 160 cd/m
2
 (ETDRS chart) and 200 cd/m

2
 (Pelli-Robson chart). 
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   a          b         

 

Figure 3.8 a) One of the ETDRS chart (chart 1) for the visual acuity test. b) One of the Pelli-Robson charts for the 

contrast sensitivity test. Both pictures are from http://precision-vision.com/index.cfm 
 

 

3.4.2 Visual field test 

 

Visual fields were measured using an Esterman test performed with the Humphrey Visual 

Field Analyzer (Carl Zeiss Ophthalmic Systems, Inc.). This test can measure up to 80 

degrees of visual field either side of fixation on the horizontal axis. The test was undertaken 

in a dark room and subjects were instructed to look at a fixation point for the duration of the 

test and press a button when a flashing spot of light appeared at any eccentricity in the 

peripheral visual field. A total of 120 spots of light were flashed in the binocular version of 

the test and 100 in the monocular version. 

http://precision-vision.com/index.cfm
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Figure 3.9 Humphrey Visual Field Analyzer. Subjects were asked to position their head on the chin rest, look at the 

fixation and press a button at the appearance of a flashing spot of light. 

 

3.4.3 Stereopsis 

 

Stereopsis (depth perception) was tested using the TNO test for stereoscopic vision, 

performed at 40 cm of distance from the subjects wearing red-green spectacles. Subjects 

were instructed to maintain the head as still as possible during the test. The test is divided 

in six different plates. The first four plates present hidden items (such as butterflies or 

geometrical figures) and are used in order to establish if any stereoscopic vision is present. 

Plates V to VII were used to determine quantitatively stereoacuity. Each plate presents two 

sets of two stereograms at different retinal disparities and the three plates provide a range 

from 15 to 480 seconds of arc. These stereograms are represented by ‘cakes’ with a missing 

‘slice’, subjects need to indicate where the missing part is located (top, bottom, left or right). 

The score of the test was determined by the highest retinal disparity when both stereograms 

at the same level could be perceived.  
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Figure 3.10 TNO test. 

http://www.haagstreituk.com/products/sight_testing_equipment/stereotests/1/priorityascending/cataloguedetail.html 

 

3.4.4 Dominant eye 

 

The dominant eye was determined using the Kay picture sighting dominance test. In this 

test, subjects were invited to hold at their arm length the box in Figure 3.11 at arms length 

with the open end facing upwards and the circle facing the subject. With the both eyes open, 

they were asked to adjust the position of the box in order to centre the star on the back 

surface of the box inside the circle on the front surface of the box. After this, with one eye 

covered in turn they were asked if they could still see the star. The eye which they saw the 

star with was categorized as the dominant eye. 

 

 

Figure 3.11 Kay pictures dominance test. http://www.kaypictures.co.uk/dominant.html
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4. Chapter 4  Importance of peripheral visual cues in 

controlling minimum-foot-clearance during 

overground locomotion 

 

Some of the results presented here have been published as: Graci V, Elliott DB, Buckley 

JG. 2009. Peripheral visual cues affect minimum-foot-clearance during overground 

locomotion. Gait & Posture. 30(3): 370-374. 

 

4.1 Rationale  

 

The role of lower visual field cues during locomotion has been investigated by several 

studies that found that walking speed as well as step and/or stride length were reduced 

when visual exproprioceptive information regarding the position of the lower limbs in 

relation to the floor was occluded (Marigold & Patla 2008a; Turano et al 1999). Lower 

visual field information updates the motor system in online mode regarding foot placement 

and lower limb trajectory in particular when challenging situations such as walking across 

multiple surface terrains or during obstacle crossing (Marigold et al 2007; Marigold & Patla 

2007; Marigold & Patla 2008a; Rietdyk & Rhea 2006). However previous studies lack 

counterbalanced visual conditions with upper or whole peripheral field occluded, which 

could provided comprehensive evidence about the role of lower visual field cues compared 

to other peripheral visual field cues. Furthermore, minimum-foot-clearance (MFC) has 

never been investigated in previous studies determining the effect of lower visual field 

http://www.ncbi.nlm.nih.gov/pubmed/19628392?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/19628392?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DefaultReportPanel.Pubmed_RVDocSum
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occlusion on gait. MFC corresponds to a crucial event during the gait cycle and a poor 

control of it would likely lead to the increases in falls risk (Begg et al 2007; Mills et al 2008; 

Sparrow et al 2008). Recent studies have suggested that under conditions of uncertainty 

during walking, a motor control strategy of increasing MFC to ensure safe clearance of the 

ground combined with a decrease of MFC variability is evidence of fine control of the foot 

trajectory, is used to lower the likelihood of tripping (Begg et al 2007; Mills et al 2008; 

Sparrow et al 2008). The aim of the present study was to determine if this motor strategy is 

employed during overground walking on a clear path when peripheral visual cues such as 

visual exproprioceptive information from the body and lamellar flow are absent. A second 

aim of the study was to determine the relative importance of visual cues provided by 

different parts of the peripheral visual field (upper, lower and circumferential) on the 

control of MFC and the influence of different peripheral visual cues on the employment of 

the above described safety strategy. 

 

4.2 Methods  

 

4.2.1 Participants 

 

Twelve participants took part in the study. One subject’s data were discarded from the 

analysis because of problems with foot marker tracking. The remaining eleven subjects 

consisted of 7 males and 4 females (mean ± 1 SD age, 26.64 ± 6.07 years, height 170.27 ± 

9.56 cm). More details about the selection criteria for the participants in the study are given 

in the General Methods (see Chapter 3, section 3.3). 
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4.2.2 Visual conditions 

 

Four monocular visual conditions were employed in the experiment: upper occlusion (UO), 

lower occlusion (LO), circumferential-peripheral occlusion (CPO) and full vision (FV) as 

the control condition. Standard plain eye-protective goggles (JSP Ltd. Oxford, UK) were 

used to provide the four visual conditions. The use of monocular occlusion avoided the 

potential misalignment across the two eyes of the pinholes under CPO, which could 

potentially impair stereopsis. This approach has also been used by studies investigating the 

visual control of prehension (Gonzalez-Alvarez et al 2007) and the minimum visual field 

required for successful locomotion (Pelli 1986) for the same reason.  

 

 

 

Figure 4.1 The four visual conditions from the left: full vision (FV), upper occlusion (UO), lower occlusion (LO) and 

circumferential-peripheral occlusion (CPO). 

 

In each visual condition the non-dominant eye was completely occluded by applying black 

tape on the corresponding side of the goggles, and the dominant eye was occluded in the 

following manner: upper and lower visual fields were occluded by placing black tape with 

the upper (LO) or lower edge (UO) level with the midpoint of the subject’s pupil (Figure 

4.1). By occluding lower and upper visual field at the midpoint of the pupil, it ensured that 
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even with small vertical eye movements subjects could not have seen their lower limbs or 

the floor within two steps ahead in the LO condition or the ceiling above them with UO.  

Circumferential-peripheral visual occlusion was achieved by placing black cardboard with 

a single hole over the goggles, leaving available only the central 20º of visual field, so that 

the floor would have been visible only from 2 steps ahead. This was done because it has 

been suggested that during locomotion subjects fixate about 2 steps ahead to acquire visual 

exteroceptive information regarding the environment (i.e features of the ground or the 

presence of obstacles) (Land 2006; Marigold & Patla 2007; Patla & Vickers 1997). Central 

visual field extension was defined for each subject in the following way: the vertex distance 

between the eye and goggles was measured, and on the basis of this, the diameter of the 

hole on the cardboard was calculated to give 20º of visual angle. In order to centre the hole 

of the cardboard on the subject’s pupil, participants were asked to stand two walking steps 

away and fixate a marker placed on a floor-based obstacle. The cardboard patch was then 

placed over the dominant eye and when the subjects said that he/she could see the marker 

through the hole, the cardboard was fixed on the goggles with black tape. Where there were 

gaps between the occluded part of the goggle and subject’s face, black tape was applied on 

the goggle. 

 

4.2.3 Visual assessment 

 

Visual acuity (VA) and contrast sensitivity (CS) measurement were tested on FV and CPO 

conditions (representing the least and most perturbed visual conditions respectively) as 

described in the General Methods (Chapter 3, section 3.4). Mean ± 1 SD VA scores were:   

-0.11 ± 0.07 logMAR for FV and -0.10 ± 0.08 logMAR for CPO (both Snellen equivalent 
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6/5). Mean ± 1 SD CS scores were: 1.78 ± 0.14 log CS for FV and 1.73 ± 0.11 log CS for 

CPO. An Esterman monocular visual field test was undertaken on one subject and 

confirmed that the goggles used for each visual condition occluded the expected extent of 

the visual field (see appendix A). 

 

4.2.4 Protocol 

 

Subjects were asked to walk at their customary speed along a level flat-surface walkway 

approximately 7m long, whilst looking straight head. The sides of the walkway were 

defined by positioning parallel grey boarding (1.8m high) 4m apart over the length of the 

walkway. This ensured that environmental visual cues were consistent across trials. The 

end of the pathway was established by two vertical poles 2m high placed 1 meter apart.  

Given that in each walking trial subjects stopped at the same place in the lab highlighted by 

the vertical pole, starting position was randomly varied by +/-20 cm. This was done in 

order to prevent subjects simply using a motor strategy rather than relying on visual 

information to complete the task. Trials were repeated 6 times, for each of the 4 visual 

conditions giving a total of 24 trials.  

3D body segment kinematics was captured (100 Hz) using motion capture techniques (see 

General Methods, Chapter 3, section 3.1.1). Reflective markers were placed as explained in 

the General Methods (Chapter 3, section 3.1.1.4). A virtual marker, representing the 

inferior tip of the shoe (virtual shoe tip) was determined by reconstructing its position 

relative to the markers placed on 2
nd

, 5
th

 metatarsal heads and end of 2
nd

 toe (see Chapter 3, 

section 3.1.1.6 for further details).  
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4.2.5 Dependent measures  

 

MFC was the main dependent/outcome measure in this study. However in order to facilitate 

comparisons with previous research investigating how/what visual field cues are used to 

control gait, step length and walking velocity were also taken into consideration. The 

average head angle and average head vertical displacement/translation were examined in 

order to assess if head movements had any bearing on the outcome measures. 

The first and the last steps of each walking trial were excluded from the analysis in order to 

avoid the dependent measures being influenced by accelerations in walking pace occurring 

at gait initiation and termination. For each step (data from right and left foot) MFC was 

defined as the minimum vertical distance between the floor (i.e. vertical origin of 

laboratory co-ordinate reference system) and the virtual shoe-tip marker, at the instant of 

maximum horizontal velocity of the virtual marker (Figure 4.2).  

 

Figure 4.2 a) Positions of the foot markers and the virtual shoe-tip marker on the feet. b) Vertical displacement in 

centimetres of the 2nd toe marker (thin line) and the virtual shoe-tip marker (thick line) during a gait cycle. c) The 

horizontal forward velocity profile of the virtual shoe-tip marker during a gait cycle (Graci et al 2009). 
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Step length was defined as the horizontal distance between the 2
nd

 toe of each foot during 

ground contact for consecutive foot-falls. Walking velocity was estimated by calculating 

the average of instantaneous forwards velocity of the sternum marker over the duration of 

each trial. Head angle and head height were calculated by averaging head angle and head 

height over the duration of each walking trial. From their values, the head angle and head 

height of a static calibration trial were subtracted. The static calibration trial represents the 

static reference for the position of the head while subjects looked straight head. The 

average of head angle and height might hide that subjects increased the head angle and 

height here and there along each trial. For this reason also the variability of head angle and 

head height over the duration of each trial (i.e. within-trial variability) was calculated 

(which essentially determined the magnitude of head movements in each trial). 

4.2.6 Data analysis 

 

The influence of two factors was investigated: visual condition with four levels (UO, LO, 

CPO and FV) and repetition (n= 6). 

Skewness and kurtosis of MFC distribution were examined for each subject and they were 

found to be systematically positive and higher than 2 (2.2 < skewness < 7.6 and 7.1 < 

kurtosis < 76.6) so that MFC distribution was considered not normally distributed. 

Therefore median and inter-quartile range (IQR) were used as statistical descriptors
19

 and 

calculated for the MFC-values of each trial. Non parametric statistical methods were used to 

analyse the MFC data. The effects of visual condition and repetition on skewness, kurtosis, 

                                                 
19

 For non-normal distributions the use of the mean is not ideal because this descriptor is more affected by the influence of 

outliers than median, which instead is based on the cumulative frequencies and not on the values of the data. Besides SD 

overestimates the variance on the side of the distribution with high numerousness of values (i.e. left side for distribution 

skewed to the right) while IQR keeps in account the both left and right side of the distribution (lower and upper quartile) 

(Siegel & Castellan 1988). 
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median and IQR of MFC were determined using two-way-Friedman’s ANOVA. Post-hoc 

analyses were performed using Wilcoxon’s signed ranked test.  

Step length, walking velocity, head angle and height were normally distributed; skewness 

and kurtosis were within 2 and -2 (-1.5 < skewness < 1.8 and -0.6 < kurtosis < 1.7). Two-

way ANOVAs for repeated measures were used to determine the effects of visual condition 

and repetition on the mean and within-trial standard deviation of step length, walking 

velocity, head angle and height. Post-hoc analyses were undertaken using Tukey’s HSD test.  

The p-level for statistical significance was set at 0.05. 

 

4.3 Results 

 

4.3.1 Minumum- foot- clearance 

 

MFC was influenced by the loss of peripheral visual cues. Friedman’s ANOVA showed 

that the median MFC was significantly influenced by vision (X
 2

(3)= 11.6, p< 0.009) and 

repetition (X
2

(5)= 13.2, p< 0.02) and a significant interaction between visual condition and 

repetition was found (X
2

(15)=47.1, p< 0.002), see Figure 4.3.  

A motor strategy of increasing the median for safely clearing the ground was employed 

only in the condition without circumferential-peripheral visual cues (CPO). Post-hoc 

analyses performed with the Wilcoxon’s signed rank test showed that the median of MFC 

was significantly higher under CPO than with LO, UO and FV (T= 6, p< 0.01; T= 8, p< 

0.02; T= 1, p< 0.002), see Figure 4.3a. MFC decreased across repetitions in UO and FV 

(under UO, MFC was higher in first repetition than all the others T< 9, p< 0.01; under FV 

MFC was higher in first repetition than the fifth T= 7, p< 0.02). No effect of repetition was 
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found for CPO (T >14, p> 0.08) or LO (T >21, p> 0.80), see Figure 4.3b.  The second 

motor strategy of decreasing MFC variability was not found: visual condition, repetition 

and their interaction had no significant effect on the IQR of MFC (X
2

(3)= 0.6, p= 0.89; 

X
2

(5)= 3.88, p< 0.56; X
2

(15)= 18.1, p< 0.25).  

 

 

Figure 4.3 Mean (±1 SD): a) Main effect of visual condition on MFC. b) Visual condition x repetition interaction. The 

medians of MFC were average across subjects for each visual condition and SD of the mean was calculated. Asterisk 

represent significant differences between CPO and all the other visual conditions (p< 0.02) (Graci et al 2009). 

 

Skewness and kurtosis of MFC distributions were systematically skewed to the right 

(skewness > 0) with positive kurtosis but there were no significant differences found in 

these measures across visual conditions (X
2

(3)= 2.2, p= 0.52; X
2

(3)= 7.1, p= 0.67), 

repetitions (X
2

(5)= 3.4, p= 0.66; X2
(5)= 4.5, p= 0.47) and no interaction of visual condition  

by repetition (X
2

(15)= 18.5, p= 0.25; X
2

(15)= 22.1, p= 0.15). Figure 4.4 compares the 

distributions of all MFC-values for each visual condition.  
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Figure 4.4 Histograms of the distributions of all MFC-values for a) circumferential-peripheral occlusion (CPO), b) lower 

occlusion (LO), c) upper occlusion (UO) and d) full vision (FV). The total number of MFC-values involved in the analysis 

for in each visual condition were: CPO n= 401, LO n= 372, UO n= 376, FV n= 383 (Graci et al 2009). 

 

4.3.2 Step length and walking velocity 

 

Homogeneity of variance was violated only for the repetition effect on the mean and 

standard deviation of walking velocity
20

, so that in these cases Greenhouse and Geisser’s 

correction of the degrees of freedom was applied (this will make the degree of freedom 

non-integer). 

The mean of step length and walking speed were influenced by visual condition (F(3,30)= 

13.3, p< 0.0001; F(3,30)= 13.4, p< 0.0001) and post-hoc analysis showed that both measures 

decreased with CPO compared to UO, LO or FV (Tukey’s HSD, p< 0.0001; p< 0.0002; p< 

                                                 
20 Assumption of homogeneity of variance was tested with Mauchly’s test of sphericity (p-level set at p< 0.05). 
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0.001), see Table 4.1. For mean step length and walking velocity there was no effect of 

repetition (F(5,50)= 0.25, p= 0.94; F(2.1,20.1)= 0.27, p= 0.76) and no interaction between visual 

condition and repetition (F(15,150)= 0.47, p= 0.95; F(15,150)= 0.48, p= 0.95). For standard 

deviation of step length and walking velocity there was no change with visual condition 

(F(3,30)= 2.2 p= 0.06; F(3,30)= 0.8, p= 0.46), repetition (F(5,50)= 1.1, p= 0.41; F(1.1,10.2)= 1.4, p= 

0.26) and no interaction between terms (F(15,150)= 0.87, p=0.59; F(15,150)= 0.96, p= 0.51).   

 

Table 4.1 Mean (±1 SD) of step length and walking velocity for the main effect of visual condition. Asterisk 

represents the significant differences between the mean of the dependent measures under CPO and the other 

three visual conditions (Tukey’s HSD, p< 0.001). 
 

 FV UO LO CPO 

STEP LENGTH (cm) 70.4 (4.8) 70.3 (4.0) 69.9 (3.5) 69.1 (3.9)* 

WALKING VELOCITY (cm/s) 124.2 (0.2) 124.8 (0.2) 123.5 (0.2) 120.2 (0.2) * 

 

4.3.3 Head angle and head height 

 

Homogeneity of variance was violated for the repetition effect of mean head angle and head 

height, so that in these cases Greenhouse and Geisseir’s correction of the degrees of 

freedom was applied.    

Mean head angle and head height were affected by visual condition (F(3,30)= 25.5, p< 

0.0001; F(3,30)= 17.7, p< 0.0001) and mean head angle and height were found to be lower 

and higher respectively under LO compared to all the other visual conditions (Tukey’s 

HSD, p< 0.001), see Table 4.2. No effect of repetition and no interaction between visual 

condition and repetition were found (F(2.4,24.5)= 0.99, p= 0.39; F(1.6,16.42)= 0.72, p= 0.47; 

F(15,150)= 0.53, p= 0.91; F(15,150)= 0.53, p= 0.92).  
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Table 4.2 Mean (± 1 SD) of head angle and head height for the main effect of visual condition. Asterisk 

represents the significant differences between the mean of the dependent measures under LO and the other 

three visual conditions (p<0.001).
 21

 
 

 FV UO LO CPO 

Head angle (deg) 2.3 (1.7) 5.3 (1.5) -6.1 (1.7)
 
* 4.5 (1.6) 

Head height (cm) -2.7 (1.5) -3.1 (1.5) -1.3 (1.4) * -2.7 (1.4)  

 

No effect of visual condition and repetition was found on the standard deviation of head 

angle (F(3,30)= 1.1, p=0.37; F(5,50)= 4.1, p= 0.84). However, a significant visual condition by 

repetition interaction (F(15,150)= 2.2, p< 0.009) was found on the standard deviation of head 

angle. Although Tukey’s HSD test did not indicate a significance difference between 

conditions, results showed that the amount of within trial variability in head angle 

decreased across repetitions with CPO (Figure 4.5). A significant effect of visual condition 

was also found on the standard deviation of head height (F(3,30)= 7.3, p= 0.001), indicating 

vertical head movements were lower in LO and CPO compared to FV and UO (Tukey’s 

HSD, p< 0.03; p< 0.005).  

 

                                                 
21 In Table 4.2, negative values for head height denote that head was lowered compared to the static calibration trail. 

Negative values for head angle indicate flexion, positive values extension. 
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Figure 4.5: Standard deviation of head angle under CPO (blue line) show a smooth decrease across repetition compared 

to all the other visual condition. 

 

The standard deviation of head height was not affected by repetition or interaction of visual 

condition by repetition (F(5,50)=5.1, p=0.77; F(15,150)=0.78, p= 0.69). 

 

4.4 Discussion 

 

Under CPO subjects used shorter step and walked more slowly compared to UO or LO, 

suggesting that subjects were more cautious when circumferential-peripheral visual cues 

were missing. These findings can be explained in the following way. With CPO, only part 
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of the ceiling and floor from beyond two steps ahead were visually available, hence the 

subjects could not gain any online visual information from the immediate ceiling and floor 

at their current walking position. This means that there were no online visual 

exproprioceptive cues from the position of the head and lower limbs relative to the ceiling 

and the floor were missing. Furthermore lamellar flow was severely disrupted under CPO 

so that visual exproprioceptive information relative to ego-motion compared to the 

surrounding, which is known to be useful in regulating walking speed (Atchley & Andersen 

1998; Duchon & Warren 2002; Koenderink 1986), was unavailable.  

LO and UO did not show any significant differences in step length and walking speed 

compared to FV condition. This suggests that lamellar flow rather than visual 

exproprioceptive cues from the body was the main reason for the decrease in step length 

and walking speed when circumferential-peripheral cues were absent (CPO). This finding  

also indicates that lamellar flow from the upper visual field can compensate for the lack of 

vision of the lower limbs (LO) when walking on a clear and flat surface rather than 

complex terrains. This result is in line with previous findings showing that subjects walked 

slower with lower visual field occlusion compared to normal vision when they walked 

across multi-surface terrains but not when they walked on a clear and flat surface (Marigold 

& Patla 2008a).  

The similar results for UO and LO argue against the special role of terrestrial flow in 

guiding locomotion, found in previous studies (Baumberger et al 2004; Fluckiger & 

Baumberger 1988; Lejeune et al 2006); although these studies did not employ an upper 

visual field condition in their experimental design.  

The distribution of MFC values was found systematically positively skewed in each visual 

condition. This agrees with previous findings (Begg et al 2007; Mills et al 2008; Sparrow et 
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al 2008) and argues in favour of the hypothesis suggested by Begg et al (2007) that the 

locomotor system diminishes the variability of MFC values in the lower quartile of the 

distribution to ensure a constant margin of safety between foot and ground (Figure 4.4). 

The median of MFC increased under CPO compared to all the other visual conditions. This 

means that besides the decrease in step length and walking speed, an additional motor 

strategy aiming to increase the MFC to safely clear the ground and reduce risk of falls was 

employed when online peripheral visual cues were not available. Previous studies have 

proposed the hypothesis of an increase in the MFC median together with a decrease of 

MFC variability to improve safety when subjects have to walk under challenging 

conditions (Begg et al 2007). However these authors could only find differences in MFC 

variability (Begg et al 2007; Mills et al 2008; Sparrow et al 2008). The novelty of my 

results is shown by the increase of MFC median caused by changes in vision and in 

particular by the removal of peripheral visual cues. 

The second hypothesised strategy of decreasing the variability of MFC was not found in 

my study. It is likely that subjects did not decrease MFC variability likely because lower 

visual field cues, which are believed to fine tune online the trajectory of the foot online 

during gait (Patla 1998; Rietdyk & Rhea 2006), were unavailable. 

MFC did not show any significance differences between LO, UO and FV. This finding 

differs from those indicating MFC increases during obstacle crossing when lower visual 

field is occluded (Patla 1998; Rietdyk & Rhea 2006). During overground locomotion, it is 

possible that the visual information that the ground is clear of obstacles from beyond two 

steps ahead combined with visual exproprioception from the head in space and lamellar 

flow in the upper field are sufficient to control foot trajectory and MFC.  
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The central visual field was available in all the visual conditions. Under CPO central visual 

cues could provide only feedforward information about the surrounding since the ground 

and ceiling were visible only beyond two steps in this visual condition. The increased MFC 

under CPO shows that central visual cues are inadequate for the online fine control of foot 

trajectory and that peripheral visual cues about the online position of the body in space are 

important even when these cues are provided by the upper visual field alone. 

The significant interaction of visual condition by repetition showed that MFC decreased 

across repetitions only in UO and FV. This indicates that lower visual field cues such as 

visual exproprioceptive information from the feet can favour the familiarization with the 

environment and/or with the task, and that without lower visual cues subjects take longer to 

become comfortable with the experiment/environment.  

Mean head angle and height were not statistically different across the walking trials 

between CPO, FV and UO, indicating that subjects looked straight ahead in these 

conditions. However, under LO subjects kept the head more flexed and at an increased 

heght compared to all the other visual conditions. This may have occurred in an attempt to 

see over the mid-pupil occlusion line.  

The increase in the mean head angle under LO could likely be due to a compensation for 

higher head height kept by the subject under LO during the duration of the walking trial 

(Pozzo et al 1989; Pozzo et al 1990). An increased head flexion could maintain the position 

of the head closer to the trunk offering higher head stability by decreasing the degree of 

freedom of the head-neck joints (Pozzo et al 1990). The hypothesis that subjects tried to 

stabilized the head rather than attempting to see the floor or the lower limbs under LO is 

also supported by the fact that the difference of ~6° of head flexion from the calibration 

static trial is minimal. The subjects with lowest body height (154 cm) with a head flexion 
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angle of 6.1º would have been able to see the ground only beyond 16m (i.e. not possible in 

our laboratory). This means that under LO subjects did not bring either the lower limbs or 

the floor two steps ahead into the field of view.  

The head results in relation to LO also seems to involve an up-weighting of vestibular 

information when visual exproprioception from the body (legs and trunk) was missing. The 

within trial standard deviation of head height was lower under LO and CPO and within trial 

standard deviation of head angle decreased under CPO across repetitions, suggesting that 

subjects attempted to compensate for the visual field loss by maintaining vestibular and 

visual information from the remaining visual field as constant as possible (Cromwell et al 

2002) . 

 

In conclusion the findings of this study indicate that when circumferential-peripheral cues 

(head and lower limbs position in space and lamellar flow) were missing, MFC increased. 

This was likely a motor control strategy which is employed to safely clear the ground in 

condition of uncertainness as suggested by Begg et al (2007). The second accompanying 

safety strategy (suggested by Begg et al 2007 as well) of decreasing MFC variability was 

not found probably because of the lack of online visual exproprioceptive information from 

the peripheral visual field which is used to fine tune the position of the body in space.  
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5. Chapter 5 Peripheral visual cues in controlling and 

planning adaptive gait 

 

Some of the results presented here have been published as: Graci V, Elliott DB, Buckley JG. 

2010. Utility of peripheral visual cues in controlling and planning adaptive gait Optometry 

and Vision Science 87 (1): 21-7, 

 

and presented as a poster: Graci V, Elliott DB, Buckley JG. Utility of peripheral vs central 

cues in controlling and planning adaptive gait at the VII Progress in Motor Control 

Conference (PMC) 2009, Marseille, France 

 

5.1 Rationale  

 

In Chapter 4 the role of peripheral visual cues was investigated in overground locomotion 

on a clear surface. The aim of the present study was to determine the relative importance of 

visual cues from different parts of the visual field in controlling adaptive gait involving 

negotiating a floor-based obstacle placed within the travel path. The differences in the 

present study from earlier ones investigating the importance of peripheral vision to the 

control of adaptive gait (Rhea & Rietdyk 2007; Rietdyk & Rhea 2006) include adding the 

conditions of upper and circumferential-peripheral visual field occlusion and the use of 

ecologically valid obstacles from everyday life such as a doorframe. As previously 

mentioned (Chapter 2, section 2.3.2), a hemifield loss, either of the upper visual field or 
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lower visual field, represents the effects of the early stages of the neural degeneration in 

glaucoma patients and peaked caps and age-related ptosis also lead to upper visual field 

loss. Because of the relatively high prevalence of these clinical conditions, it seems 

reasonable to study the influence on adaptive locomotion of other kinds of visual 

occlusions besides the one of the lower visual field.  

The obstacle consisted of a solid surface structure positioned either as a lone structure or so 

that it made up the bottom section of a doorframe. The two different heights of the obstacle 

were 4 and 8cm in order to reflect the range of typical heights of the lower section of 

doorframes in the real world. By occluding the upper, lower or circumferential peripheral 

visual fields, visual cues were restricted to the lower, upper or central visual field 

respectively. Considering subjects were instructed to look straight ahead along the task, the 

visual cues from the doorframe and/or obstacle were different in each visual condition and 

available at different stages in the approach. These differences are summarised below:  

 with circumferential peripheral visual occlusion, the doorframe and obstacle 

disappeared from two walking step lengths away;  

  with lower visual field occlusion, the upper part of the doorframe was always 

visible whereas the obstacle disappeared from two walking step lengths away; 

 with upper visual field occlusion, the lower part of the doorframe and obstacle were 

always visible while the upper part of the doorframe disappeared from two walking 

step lengths away. 

The present study also tried to test the hypothesis of a link between visual exteroception 

and central visual cues and between visual exproprioception and peripheral visual cues. 

Visual exteroception information is believed to be acquired in a feedforward manner, while 

visual exproprioception information is gained online (Mohagheghi et al 2004; Patla 1998; 
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Rhea & Rietdyk 2007; Rietdyk & Rhea 2006). Thus by manipulating when cues from the 

different fields became available or made unavailable, an attempt was made to determine 

whether central visual cues were used in a feedforward manner so that they could be 

classified as visual exteroceptive cues, and whether peripheral cues were used online and 

could be classified as visual exproprioceptive cues. 

 

5.2 Methods 

 

5.2.1 Participants 

 

Data collection for study 1 (Chapter 4) and study 2 (the present Chapter) were undertaken 

concurrently on the same subjects with the exception that in the study described here all the 

twelve subjects were considered for the analysis since no problem in the calculation of the 

dependent measures occurred. The order of the two tasks (i.e. study 1 and 2) was 

randomized across participants.  

The twelve subjects were 7 males, 5 females (mean ± 1 SD, age 26.16 ± 6.01 years, height 

171.08 ± 9.54cm). 

 

5.2.2 Visual conditions 

 

The visual conditions were the same as study 1: upper visual occlusion (UO), lower visual 

occlusion (LO), circumferential-peripheral visual occlusion (CPO) and full vision (FV) (see 

Chapter 4, section 4.2.2).  
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5.2.3 Visual assessment 

 

Mean ± 1 SD VA scores for FV and CPO conditions for the twelve subjects were -0.10 ± 

0.06 and -0.09 ± 0.07 logMAR respectively (Snellen equivalent ~ 6/5), and mean ± 1 SD 

CS scores were 1.78 ± 0.15 and 1.72 ± 0. 11 log CS respectively (two tailed t-test p< 0.12). 

 

5.2.4 Protocol 

 

The walking corridor in the mobility lab was demarked as already explained in the protocol 

of study 1 (Chapter 4, section 4.2.4).  

Subjects were asked to look straight head while walking as they would do under normal 

viewing condition in everyday life. In this way the doorframe/obstacle would have been 

viewed using the central visual field up to about two steps before crossing (Patla & Vickers 

1997). They were also invited to walk at their natural speed along a walkway which had an 

obstacle located at approximately 3m from the start. The obstacle was either placed within 

a doorframe, or as a lone object. The metal doorframe and obstacle were designed using 

ecological criteria, to ‘mimic’ the ubiquitous white UVPC patio door. The doorframe was 

212cm in height and 95cm in width. The obstacle heights used were 8cm and 4cm. The two 

obstacles had a depth of 4cm and their width was the same as the doorframe. The white 

colour of the obstacle and doorframe ensured a good contrast with the surrounding. The 

obstacle/doorframe had a luminance of 60.9 cd/m
2
 while the luminance values of the floor, 

ceiling and the grey boards delimiting the walkway were 17.9, 10.8  and 7.51 cd/m
2 

respectively. 

 



                                                                                                                                                                     208 

 

 

Figure 5.1 a) 4 cm obstacle. b) doorframe 4cm obstacle. c) 8 cm obstacle. d) doorframe 8cm obstacle. 

 

Starting positions were determined by asking subjects to walk up to and over one of the 

obstacles from at least four walking steps away. Each subject’s starting position was 

adjusted until they stepped over the obstacle consistently with the same leg in a natural and 

comfortable manner. Tape was placed on the floor to mark this position. Two other starting 

positions were marked by tape on the floor, one 20cm in front and one 20cm behind the 

starting point chosen by each participant. These two positions were included in order to 

prevent subjects simply using a motor strategy to negotiate the obstacle, rather than using 

visual information to complete the task. The three starting points were randomized across 

the trials. Subjects achieved between three to five steps before the obstacle/doorframe and 

two or three steps after. Trials were repeated 6 times and performed in two blocks: obstacle 

only and doorframe with obstacle. The 4 visual conditions (UO, LO, CPO, FV), 2 blocks 

(doorframe with obstacle, obstacle only), 2 obstacle heights (8cm and 4cm) and 6 

repetitions were completed in random order, for a total of 96 trails (4x2x2x6= 96). 

Reflective markers were placed on the body landmarks and 3D body segment kinematics 

were recorded as described in Chapter 4 and in the General Methods (Chapter 3, section 

3.1.1).  
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5.2.5 Dependent measures 

 

Head flexion and vertical translation  

 

Head movements were examined in order to rule out the possibility that subjects moved 

their head to increase the visual field under visual occlusion conditions. 

 Range in head flexion (deg): determined as the difference between minimum and 

maximum head angle in the sagittal plane from instant of lead-limb heel contact 

before the obstacle to instant of lead-limb heel contact after the obstacle.  

 Range in head vertical translation (mm): determined as the difference between 

minimum and maximum head vertical translation from lead-limb heel contact 

before the obstacle to lead limb heel contact after the obstacle.  

 

Foot placement before the obstacle 

 

 Lead and trail foot horizontal distance before obstacle (mm): defined as the anterior-

posterior horizontal distance between the position of the virtual shoe tip marker 

(during ground contact) and the front edge of the obstacle.  

 

Obstacle crossing 

 

 Lead and trail limb vertical toe clearance (mm): defined as the vertical distance 

between the virtual shoe tip marker and the upper edge of the obstacle at point of 

crossing. 
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 Crossing walking velocity (m/s): determined as the mean instantaneous velocity of 

the sternum marker in the anterior-posterior direction, from lead limb heel contact 

before the obstacle to lead-limb heel contact after the obstacle. 

 

Variability 

 

 Variability across repetitions of lead and trail limb vertical toe clearance and of lead 

and trail foot horizontal distance. 

 

5.2.6 Intra-session repeatability 

 

Data for study 1 (Chapter 4) and study 2 (the present Chapter) were collected in the same 

session, hence in order to check the intra-session repeatability of the experimental tasks and 

determine if fatigue and/or familiarisation had an influence on findings, subjects were 

asked to perform repeated over-ground walking trials before (n=3) and after (n=3) the main 

data collection session for the two experiments. In these trials subjects walked, without 

wearing the occlusion goggles, at their natural walking speed along the lab, which was clear 

of the obstacle or doorframe. Mean values across 3 repetitions were determined for the 

following dependent measures: step length and width, time of single and double support, 

step frequency, and walking speed.  
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5.2.7 Data analysis 

 

Dependent measures were tested for normality with the Kolmogorov-Smirnov test (p-level 

set at 0.05). Data were normally distributed for 89 of 96 distributions for lead foot 

horizontal distance, 86 of 96 distributions for trial foot horizontal distance, 87 of 96 

distributions for lead toe clearance, 93 of 96 distributions for crossing-walking velocity, 79 

of 96 distributions for head flexion and 95 of 96 distribution for vertical translation. Since 

the great majority of the data sets within each dependent measure were normally distributed 

for each of the above dependent measures, repeated-measures four-way ANOVAs were 

used to determine the effects of the following: 

 Visual condition: 4 levels (UO, LO, CPO and FV); 

 Obstacle type: 2 levels (obstacle with doorframe, obstacle only); 

 Obstacle height: 2 levels (8 cm and 4 cm); 

 Repetition: 6 levels. 

For the variability of the dependent measures, data were normally distributed in 15 of 16 

distributions for lead and trail foot horizontal distance while for lead vertical toe clearance 

all the data sets were normally distributed. Repeated-measures three-way ANOVAs were 

used to determine the effects of visual condition, obstacle type and height.  

All the post-hoc analyses were undertaken using Tukey’s HSD test.  

The distributions of the dependent measures used for testing the intrasession repeatability 

(step length and width, time of single and double support, step frequency, and walking 

speed) were all normally distributed so that 2-tailed t-tests were used to determine 

differences between the two bouts of walking trials (i.e. mean of the 3 repetitions before the 



                                                                                                                                                                     212 

 

data collection session compared to the mean of the 3 repetitions after the data collection 

session). The alpha level of significance was set at 0.05 for all the above statistical tests.  

 

5.3 Results 

 

Where the homogeneity of variance
22

 was violated the Greenhouse and Geisser’s correction 

of the degrees of freedom was applied (see non-integer F degrees of freedom in the 

reported results from the ANOVA).   

 

5.3.1 Head flexion and head vertical translation 

 

Visual condition, obstacle type and height, repetition and their interaction had no 

significant effect on range of head flexion (all the p> 0.2) or vertical head translation (all 

the p> 0.3). In order to confirm that the subjects did not walk with their head flexed during 

the whole experiment, the differences between the average head angle for each visual 

condition and the head angle in the static calibration trial recorded for each subject before 

the data collection were calculated. These differences were in the order of few degrees: 

2.20° in CPO, 2.06° UO, 3.27° in LO and -1.23° in FV
23

 and they were not significant 

between conditions (p= 0.34). 

 

 

                                                 
22 Assumption of homogeneity of variance was tested with Mauchly’s test of sphericity (p-level set at p<0.05). 
23

 Negative numbers refer to extension of the head compared to the calibration trial. 
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5.3.2 Foot placement before the obstacle 

 

Lead foot horizontal distance was affected by visual condition (F(3,33)= 10.1,  p< 0.001, 

Figure 5.2a) and was greater in CPO and LO conditions than in UO or FV (Tukey’s test, p< 

0.033). A significant interaction between visual condition and obstacle type was observed 

(F(3,33)= 3.2, p< 0.033). Since Tukey’s HSD test on the visual condition by obstacle type 

interaction could not highlight any significance difference, a three-way ANOVA was 

performed on data collected for the doorframe conditions only. Main effect of visual 

condition was found (F(3,33)= 5.04, p< 0.006) and lead foot horizontal distance was not 

significantly different between LO, UO and FV conditions (Tukey’s test, LO=UO p= 0.825; 

LO=FV p= 0.758) showing that with the doorframe present under LO, lead foot placement 

returned to normal values (FV values). However, under CPO condition lead foot placement 

was still significantly greater than in FV or UO conditions (Tukey’s test, p< 0.012) but no 

difference between CPO with obstacle only and CPO with doorframe conditions was found 

(Tukey’s test, p= 0.96). 

Trail foot horizontal distance was affected by visual condition (F(1.8,20.5)= 26.11, p< 0.001, 

Figure 5.2b) and it was significantly greater in CPO compared to UO and FV conditions 

(Tukey’s test, p< 0.001) and compared to LO condition (Tukey’s test, p< 0.04). A 

significant interaction between vision condition and obstacle type was observed (F(3,33)= 7.1, 

p< 0.008), showing that unlike lead foot horizontal distance, trail foot horizontal distance in 

CPO condition increased further when the doorframe was present (Tukey’s test, p< 0.027) 

and did not return to normal values under LO conditions with the doorframe present 

(Tukey’s test, LO ≠ FV p< 0.035). 
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Figure 5.2 Group mean (± 1 SD): lead (a) and trail foot (b) horizontal distance before the obstacle for the two obstacle 

types in each vision condition. Asterisk indicates significant differences between obstacle types (p< 0.05) (Graci et al 

2010) 

 

Obstacle height did not affect neither lead nor trail foot placement (F(1,11)= 1.1,  p= 0.32; 

F(1,11)= 0.1,  p= 0.98). 

 

5.3.3 Obstacle crossing  

 

Lead limb vertical toe clearance was affected by visual condition (F(1.3,14.7)= 16.6, p< 0.001, 

Figure 5.3a), and post-hoc analysis showed that lead limb vertical toe clearance was greater 

in CPO and LO compared to UO or FV conditions (Tukey’s test, p< 0.001). Lead limb 

vertical toe clearance was greater for the low compared to high obstacle (F(1,11)= 36.3, p< 

0.001, Figure 5.3). A significant interaction of vision condition by obstacle type (F(3,33)= 6.1, 

p< 0.002), indicated that lead limb vertical toe clearance in CPO condition was 

significantly greater when the doorframe was present compared to when the obstacle only 

was present (Tukey’s test, p< 0.001). 

Trail limb vertical toe clearance was influenced by visual condition (F(1.2,13.4)= 9.7, p<0.006, 

Figure 5.3b), and post-hoc analyses showed that toe clearance was significantly greater in 
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CPO condition than in UO or FV conditions (Tukey’s test, p< 0.001) and was significantly 

greater in LO condition than in FV condition (Tukey’s test, p< 0.011). Trail limb vertical 

toe clearance was greater for the low compared to the high obstacle (F(1,11)= 35.3, p< 0.001). 

No significant effect of obstacle type (F(1,11)= 0.01, p= 0.97) or interaction of visual 

condition x obstacle type was found for trail limb vertical toe clearance (F(3,33)= 0.5, p= 

0.69). 

 

 

Figure 5.3 Group mean (± 1 SD): lead (a) and trail (b) limb toe clearance for the two obstacle types in each vision 

condition. Asterisk indicates significant differences between obstacle types (p< 0.05) (Graci et al 2010) 

 

Crossing walking velocity was affected by visual condition (F(1.1,12.2)= 9.7, p< 0.001, Figure 

5.4), and was lower in CPO and LO conditions compared to UO or FV conditions (Tukey’s 

test, p< 0.007). A significant interaction between visual condition and obstacle type (F(3,33)= 

5.1, p< 0.005) indicated that obstacle crossing velocity was significantly reduced in CPO 

condition when only the obstacle was present compared to when obstacle and doorframe 

were present (Tukey’s test, p< 0.022). 
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Figure 5.4 Group mean (± 1 SD): crossing walking velocity for the two obstacle types in each vision condition. Asterisk 

indicates significant differences between obstacle types (p< 0.05) (Graci et al 2010) 

 

5.3.4 Variability  

 

Vision condition, obstacle height, obstacle condition, repetition and their interaction had no 

significant effects on variability in lead foot horizontal distance (all p> 0.17). A significant 

effect of vision condition was found for variability in trail foot horizontal distance (F(3,33)= 

3.8, p< 0.01), and lead and trail limb vertical toe clearance (F(3,33)= 24.1, p< 0.0001; F(3,33)= 

8.1, p< 0.02) (Figure 5.5). Post hoc analyses revealed that the variability of lead and trail 

limb vertical toe clearance was higher in CPO and LO conditions compared to UO or FV 

conditions (Tukey’s test, all p< 0.026). Tukey’s HSD did not show any significant effect 

between conditions in trail foot horizontal distance; however variability was higher under 

CPO and LO than UO and FV conditions (Figure 5.5b). 
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Figure 5.5 Group mean (±1 SD): variability in lead (a) and trailfoot (b) horizontal distance before the obstacle, lead (c) 

and trail limb (d) toe clearance for the four visual conditions. Asterisks indicate significant differences between obstacle 

types (p< 0.05) (Graci et al 2010) 

 

5.3.5 Repetition  

 

The effect of repetition was significant for lead foot horizontal distance (F(5,55)= 2.4, p< 

0.05), lead and trial limb vertical toe clearance (F(5,55)= 7.7, p< 0.001; F(5,55)= 2.5, p< 0.05) 

and obstacle crossing velocity (F(5,55)= 7.3, p< 0.001). Lead and trial limb vertical toe 

clearance and lead foot horizontal distance tended to be reduced in the latter repetitions: 

lead foot horizontal distance and trail limb vertical toe clearance were reduced in the fifth 
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repetition compared to the first (Tukey’s test, all p< 0.028), lead limb vertical toe clearance 

was reduced in the fifth and sixth repetitions compared to the second and to the first, and in 

the fourth compared to the first, (Tukey’s test, all p< 0.018). Obstacle crossing velocity was 

significantly greater in the fourth, fifth and sixth repetitions compared to the first repetition 

(Tukey’s test, all p< 0.004).  

No significant interaction was found between repetition and either visual condition or 

obstacle type in any dependent measures (all p> 0.1). 

 

5.3.6 Intra-session repeatability  

 

A significant effect of session was found for step length (t(11)= -3.8, p< 0.003) and walking 

speed (t(11)= -3.1, p< 0.01) and both were increased in the post-experiment compared to pre-

experiment walking trials. However, these differences did not result in an accompanying 

change in time of single or double support, step frequency, or step width (all p> 0.05). This 

analysis indicated fatigue was not a factor, and tends to suggest that participants became 

more comfortable walking within the laboratory environment on completion of the 

experiment. 

 

5.4 Discussion 

 

Head flexion range and vertical translation were constant across the visual conditions. This 

indicates that subjects followed the instruction to look straight ahead and did not increase 

visual field by moving/flexing their head. 
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5.4.1 Central visual cues are mainly exteroceptive while 

peripheral visual cues are mainly exproprioceptive 

 

Central visual cues were the only information all the visual conditions had in common and 

they provided the image of the obstacle/doorframe only up to two steps before the crossing. 

All subjects successfully cleared the obstacle in CPO as in all the other conditions. This 

means that visual exteroceptive information from the obstacle/doorframe gained by the 

central vision was maintained in memory and was sufficient to plan successful obstacle 

negotiation. However visual exteroceptive information could not compensate for the lack of 

visual exproprioception information from the body when negotiating the 

obstacle/doorframe as indicated by the increased variability in toe clearance and trail foot 

placement under CPO and LO. The increased variability in toe clearance and trail foot 

placement without vision of the lower limbs (LO and CPO) indicate that visual 

exproprioceptive cues from the lower visual field are required for fine tuning limb 

movements (Rhea & Rietdyk 2007; Rietdyk & Rhea 2006).  

Lead and trail foot horizontal distance and lead limb toe clearance were greater, and 

crossing velocity was reduced, in CPO and LO compared to full vision and UO conditions. 

These findings can be interpreted as a strategy to increase margins of safety between feet 

and obstacle to avoid tripping (Patla 1998; Patla et al 1996). The use of this strategy 

suggests it was more challenging to cross the obstacle in the absence of lower visual 

information. Furthermore the lack of changes under UO indicates that these safety-driven 

adaptations are not due to a loss in visual field per se but to the lack of specific online 

visual exproprioceptive cues from the lower limbs relative to the position of the 

obstacle/doorframe (Patla 1998; Rietdyk et al 2005; Rietdyk & Rhea 2006).  
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The present study provides evidence indicating which parts of the visual field provide 

exproprioceptive and exteroceptive information, thanks to the employment of the CPO 

visual condition. As the CPO condition only provided visual information from the central 

20°, the similarity in adaptive gait in LO and CPO conditions suggests that exteroceptive 

cues are provided by the central visual field whilst exproprioceptive cues are provided by 

the peripheral visual field.  

 

5.4.2 Importance of lower visual cues  

 

In agreement with previous work, lead-foot horizontal distance with LO returned to normal 

values (i.e. FV condition values) when the doorframe was present, showing that visual 

exproprioception from the head position relative to the doorframe compensated for the lack 

of visual exproprioception of the lower limb (Rietdyk & Rhea 2006). Lead limb toe 

clearance with LO did not return to normal values with the doorframe present likely 

because the visible part of the doorframe gave information about the horizontal position of 

the obstacle but not its height; underlining that lead limb toe clearance is highly dependent 

on the specific visual exproprioception of the lower limbs (Rietdyk & Rhea 2006).  

Trail foot horizontal distance decreased with the doorframe present under LO but it did not 

reach normal FV values as found by Rietdyk and Rhea (2007). This is not likely due to the 

use of monocular conditions rather than binocular since in previous studies monocular 

occlusion was found to affect only toe clearance but not the foot placement before the 

obstacle (Patla et al 2002). The foot placement before the obstacle is believed to rely on 

movement parallax cues provided by ego-motion which were found to extract enough depth 

information for the control of foot horizontal distance under monocular visual conditions 
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(Eriksson 1974; Patla et al 2002). A possible reason for the lack of decrease to normal 

value of trail foot placement may be due to the height of obstacles used: Rietdyk and Rhea 

(2006) used 10, 20, 30 cm while in this study 4 and 8 cm were employed. When free to 

choose how to negotiate obstacles which almost match the length of the lower leg subjects 

prefer to move around rather then step over them (Patla 1997; Warren 1988). This suggests 

that obstacles of 20 or 30 cm can make the task somewhat different to negotiating obstacles 

of less than 10 cm. A second reason may be the different way the visual field was occluded: 

in this study lower visual field was occluded from the mid-point of each subject’s pupil 

downwards, standardising the amount of visual cues unavailable to the participants, 

whereas in previous studies the same occlusion goggles (basket-ball training goggles) were 

used by all the subjects (Rhea & Rietdyk 2007; Rietdyk & Rhea 2006). 

Beyond the methodological difference with previous studies, it could be argued that trail 

foot horizontal distance represents a more critical foot placement before the obstacle and 

this could be the reason why trail foot placement did not return to normal value with the 

presence of the doorframe under LO. For example, trail foot placement too close to the 

obstacle would mean the lead limb would cross the obstacle at or close to the point of mid-

swing, rather than during terminal swing, increasing the risk of contacting the obstacle with 

the toes of the lead foot (rather than the heel which would be more likely in terminal swing) 

(Chou & Draganich 1998). Furthermore the finding from Chou and Draganich (1998) 

indicates that control of the trail limb is influenced by the proprioceptive input gained by 

the lead limb flexion during crossing. This interpretation is supported by previous studies 

which found that in leg flexors (activated in the lead limb during crossing) are controlled by 

vision and leg extensors (activated in the trail limb supporting the body) rely on 

proprioceptive information (Dietz 1992; Van Hedel et al 2002).  
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5.4.3 The higher relevance of visual cues from the whole 

peripheral visual field  

 

The lack of upper visual field cues (UO) alone did not affect the dependent measures and 

all results under UO were similar to the FV condition. This means that the height of the 

upper section of the doorframe was not perceived as an obstacle to negotiate since it was 

placed well above the head and no online control of head movements was required. Despite 

the lack of change under UO, CPO results do not mirror those from the LO condition. 

Except for lead foot placement under LO, the presence of the doorframe led to different 

results in CPO and LO. When the doorframe was present, lead foot position remained 

increased with CPO. This is not surprising as the exproprioceptive cues of the doorframe 

(i.e. head position relative to the upper parts of the doorframe in LO) were not available in 

CPO online. At the same time, the lead foot position in CPO did not change with the 

addition of the doorframe. This confirms previous studies that highlight the role of 

exteroceptive cues being used in a feedforward manner gained during the initial approach 

(Patla 1998; Rietdyk et al 2005; Rietdyk & Rhea 2006). Further, this finding is another 

indication that the exteroceptive cues are provided by information from the central visual 

field.  In contrast trail foot placement and lead limb toe clearance with CPO increased 

further and crossing velocity was further reduced when the doorframe was present. This 

was despite the fact that visual information in CPO was the same during crossing for the 

both obstacle and obstacle plus doorframe conditions. The exteroceptive information 

regarding the obstacle and doorframe positions and height would have been available to 

subjects during the approach to the obstacle and would have been used in feedforward 

manner. Lead foot position remained unchanged with the doorframe as it was further away 
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than trail foot position, which means that exteroceptive information was sufficient to 

indicate that the subject was a step away from the doorframe and there was no concern 

about hitting it. The further reduction in crossing velocity and increase in trail foot 

horizontal distance and lead limb toe clearance when the doorframe was added in CPO, 

may have been due to concerns about hitting the doorframe with the any part of the body, 

considering the close distance between obstacle/doorframe and body at the trail foot 

placement compared to when the subject was placing the lead foot on the ground. 

These findings suggests that as long as the upper or the lower visual field remains (e.g. LO 

or UO), the visual system can make some use of the available visual online 

exproprioceptive information about the position of the body relative to visible part of the 

obstacle. The absence of online lateral, upper or lower visual cues under CPO, such as the 

lamellar flow which is useful to control ego-motion, feedforward exteroceptive information 

is not sufficient when a complex tasks such as stepping over an obstacle within a doorframe 

is attempted and additional safety driven gait adaptations are thus employed. This finding 

would indicate the existence of a hierarchy in the importance of the different parts of the 

peripheral visual field during adaptive gait, with upper visual field loss alone leading to 

least problems, lower visual field loss more problems and circumferential-peripheral visual 

field loss the most problems. Previous clinical studies in patients with peripheral visual 

field loss highlighted the high relevance of lower visual field compared to the upper visual 

field (Lovie-Kitchin et al 1990; Turano et al 2004). However the cited studies did not check 

the presence of correlations between mobility performance and combined areas of the 

visual field. A three-category peripheral visual field loss model (i.e. upper, lower and 

circumferential-peripheral) could provide a useful new approach for comparing the effects 

of peripheral field loss on mobility in clinical studies. As a possible confirmation of the 
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adequacy of a three-category peripheral visual field loss model, the results from Freeman 

and colleagues (2007) showed no increased falls risk in patients with just lower or just 

upper visual field loss, but found a significant link only when the field loss in the two areas 

were combined (Freeman et al 2007).  

The findings related to CPO suggest that although lower visual cues are clearly the most 

important in terms of adaptive gait involving obstacle negotiation, the absence of upper and 

lower peripheral visual cues together had a greater effect on adaptive gait than that with just 

lower visual field occlusion.  Thus the retention of the upper visual field in a patient who 

has already lost the lower visual field due to eye disease might prevent further decrements 

in adaptive gait. It could be argued that the upper visual field is only important because it 

represents a portion of remaining visual field which can be used to scan the environment 

and compensate for the loss of the lower visual field. However it has been shown that 

patients with peripheral field loss due to glaucoma or retinitis pigmentosa do not showed 

compensatory eye/ head movements while they walk or cross a street (Hassam et al 2005; 

Vargas-Martin & Peli 2006).  

 

5.4.4 Different control of trail toe clearance and the role of 

somatosensory feedback  

 

Trail limb toe clearance increased in the LO and CPO conditions compared to UO and FV 

conditions, even though both trail limb and obstacle would not have been visible during 

trail limb crossing. This finding is consistent with previous research (Murphy 1997; 

Rietdyk & Rhea 2006) and may be due to trail limb vertical toe clearance being dependent 

on the visual information collected when the trail foot is placed before the obstacle 
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(Rietdyk & Rhea 2006). However with the doorframe present trail foot horizontal distance 

decreased in LO and increased in CPO conditions whereas trail limb vertical toe clearance 

remained unchanged. This seems to suggest that trail toe clearance is not only influenced 

by visual information collected at trail foot placement but also by the somatosensory 

information from the lead limb when landing after the obstacle. Somatosensory feedback is 

gained in safely clearing the obstacle with the lead foot (Patla et al 2004): once the lead 

foot landed after crossing the obstacle, somatosensory feedback indicating no tripping
24

 

indicated that the height of the obstacle did not change with or without the doorframe 

present, even though the presence of the doorframe had already lead to an increase in trail 

foot horizontal distance.  

The results for trail toe clearance are also different from those for lead toe clearance: the 

former was not affected by the doorframe’s presence while the second increased with 

doorframe present under CPO (Figure 5.3). These differences are in line with previous 

studies which found that lead and trail obstacle clearance is controlled differently by vision 

although both measures are increased when vision is occluded (McFadyen et al 2007; 

Mohagheghi et al 2004). The results suggest that unlike the lead limb with the doorframe 

present under CPO, the trial limb did not employ any extra margin of safety such as 

increasing further the distance of the foot from the obstacle. This may be due to the fact that 

when stepping with the lead limb the centre of mass moves away from the support limb 

(trail limb) making tripping more threatening, while during trail limb elevation the centre of 

mass is moving towards the supporting limb (lead limb landed on the other side of the 

                                                 
24

 During the task, every subject experienced few contacts with the obstacle irrespective of visual condition, 

obstacle type or height. 
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obstacle) so the probability of trips would be less threatening in term of consequences since 

the subject would need only to make a further step to recover balance (Patla et al 1996). 

 

5.4.5 Obstacle height and main effect of repetition 

 

Lead and trail vertical toe clearance were significantly reduced when negotiating the higher 

obstacle. This finding is consistent with that found for stepping up and on to raised surfaces 

of increasing height (Heasley et al 2004; Johnson et al 2007), and has been suggested to be 

an energy saving strategy (Heasley et al 2004). This response was found irrespective of 

vision conditions. Obstacle height did not influenced lead or trail foot placement as already 

indicated by previous studies (Chou & Draganich 1998; Mohagheghi et al 2004). 

Lead and trail vertical toe clearance were also significantly reduced for the last three 

repetitions compared to the first three. Unlike stepping up and onto a raised surface where 

somatosensory feedback, regarding what height the lead-limb foot is when it makes contact 

with the raised surface, can be used to determine the height of the surface (Heasley et al 

2004), stepping over an obstacle provides no specific somatosensory feedback to determine 

its height, but can provide feedback confirming no tripping has occurred. Thus after the 

first 1 to 3 repetitions subjects felt safe in decreasing lead-limb vertical toe clearance, 

which in turn provided feedback that was used to set trail-limb toe clearance, which was 

also found to decrease with repetition.  

Crossing velocity increased for the last three repetitions and consequently lead foot 

horizontal distance also increased. These results are consistent with the intra-session 

repeatability results which showed an increased in walking velocity and step length in the 

second bout of walking trails performed after the main data collection. Taken together these 
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findings suggest that subjects became more comfortable with the environment as the 

experiment progressed. The lack of interaction between repetition and visual field condition 

indicates that these effects did not influence the main results concerning the visual field 

occlusions. 

 

In conclusion the findings here described highlighted a clear link between central visual 

cues and visual exteroception and peripheral visual cues and visual exproprioception. 

Beyond the confirmations of previous results highlighting the importance of lower visual 

field cues, this study indicated that circumferential-peripheral visual cues had higher impact 

on limb trajectory than the simple lack of lower visual field cues. This result represents new 

evidence for the combined relevance of visual exproprioception and lamellar flow provided 

by peripheral vision in the control of adaptive gait. The study also suggested that although 

the lack of upper visual field alone did not affect adaptive gait, when added to the loss of 

lower visual field (CPO), it can impact on obstacle negotiation. Furthermore the results 

present some evidence about the different control of lead and trail limb and their 

dependence on different types of sensory feedback. 
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6. Chapter 6  Utility of peripheral versus central 

visual cues in controlling upright stance 

 

6.1 Rationale  

 

The literature about the roles of central and peripheral vision in controlling postural 

stability suggests three main theories: the peripheral dominance theory which argues in 

favour of the higher importance of peripheral visual field in controlling quiet stance 

(Amblard & Carblanc 1980; Dichgans & Brandt 1978), the retinal invariance theory which 

claims equivalence for central and peripheral visual cues if the latter are magnified 

according with the cortical magnification factor (Straube et al 1994) and the functional 

sensitivity theory which states that central and peripheral vision have different but equally 

important roles in the maintenance of balance (Berecsi et al 2005; Nougier et al 1997; 

Stoffregen 1985).  

Previous studies have tried to confirm one theory or another. However these studies present 

some shortcomings. In Amblard and Carblanc’s (1980) experiment, peripheral vision and 

kinetic visual cues were found to have a major role in controlling lateral body sway. In their 

experiment, subjects were standing upright using a very challenging foot position (one foot 

placed in front of the other) and the visual cues provided, consisting of vertical or 

horizontal black and white stripes, were not matched to the physiological features of the 

visual system. Peripheral and central visual fields have different type of ganglion cells 

which increase in receptive field size as a function of eccentricity (Cowey & Rolls 1974). 
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In other words, central vision has higher cortical representation compared to the peripheral 

visual field (Cowey & Rolls 1974; Rovamo & Virsu 1979b). In relation to these anatomical 

characteristics, Straube et al 1994 magnified the peripheral visual field made available to 

the subjects during a postural stability task and as a result no differences between central 

and peripheral vision in the control of stability were found. However a detailed description 

of the visual cues used in Straube et al’s (1994) paper was not offered and the use of the 

RMS as the only parameter to evaluate the CoP excursion makes it difficult to accept their 

conclusion.  The studies supporting the functional role of central versus peripheral visual 

field suggested that medial-lateral CoP movements were controlled by central vision 

whereas anterior-posterior CoP displacement was monitored by peripheral vision (Nougier 

et al 1997, 1998). However these studies employed a wide range of different visual angles 

for the definition of central visual field (Berecsi et al 2005; Nougier et al 1997, 1998; 

Piponnier et al 2009) and in some cases did not control the visual cues presented and 

instead simply used a cross in the central visual field (Nougier et al 1997). Other studies 

have also demonstrated that poor visual acuity and contrast sensitivity can significantly 

affect postural stability (Elliott et al 1995; Lord et al 1991; Paulus et al 1984). This means 

that studies on normal subjects should make sure that participants have normal visual acuity 

and contrast sensitivity before taking part in the study, so that the results can be better 

related to the role of peripheral versus central cues.  

The aim of this study was to examine the utility of central and peripheral visual cues to 

postural control by using well defined and controlled visual cues which were magnified 

according to the cortical magnification factor.  
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6.2 Methods 

 

6.2.1 Participants 

 

Nineteen young adults took part in the study. They were 9 males and 10 females with mean 

± 1 SD age equal to 26.11± 2.68 years and mean ± 1 SD height 171.63 ± 12.94 cm. For 

more information and selection criteria see General methods (Chapter 3, section 3.3). All 

subjects who participated in this study had normal vision (see visual assessment section 

below).  

 

6.2.2 Visual assessment 

 

Visual acuity (VA) and contrast sensitivity (CS) measurements were tested monocularly on 

the right eye (left eye was occluded). Monocular visual conditions were used given that the 

visual targets have been magnified according to Rovamo and Virsu’s monocular cortical 

magnification factor (Rovamo & Virsu 1979b). Monocular visual conditions were used by 

Straube et al (1994) for the same reason. Furthermore previous studies have shown no 

differences in postural stability under binocular vision compared to monocular vision (Fox 

1990; Isolato et al 2004), although increasing the distance between subject and visual target 

was reported to impair postural stability with binocular vision but not with monocular 

vision (Le & Kapoula 2006). Other studies found no particular benefit of dominant eye 

compared to non-dominant eye for the stabilization of body sway (Gentaz 1988; Isolato et 

al 2004). Mean ± 1 SD VA score was -0.11 ± 0.08 logMAR (Snellen equivalent 6/5). Mean 

± 1 SD CS score was 1.73 ± 0.12 log CS. An Esterman monocular visual field test was 
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undertaken on each subject to exclude visual field defects and the range of seen spots was 

98-100 out of a total of 100 spots.   

 

6.2.3 Visual targets  

 

Two visual targets were employed: one as a central visual cue and the other as a peripheral 

visual cue. Each visual target consisted of four equally spaced red light-emitting diodes 

(LEDs) with a diameter of 0.25 cm located in a straight line on a metal panel. LEDs were 

used because the data were collected in a completely darkened laboratory environment in 

order to control the visual cues available: in the dark, only the LEDs were visible. Each 

visual target was mounted on tripods so that they could be adjusted to each subject’s eye 

level. The central visual target was located in front of the subject, while the peripheral 

visual target was placed at the side of the subjects in a way that the centres of the two metal 

panels were at an angular distance of 60º (Figure 6.2). 60º was chosen so that the whole 

peripheral target (when placed horizontally) was in the field of view of the subjects. The 

centre of each metal panel was at a working distance of 1 m from each subject’s right eye.   

Red LEDs were chosen as rods and cones have a similar sensitivity to light of long 

wavelengths: there is no rod-cone break in the dark adaptation curve (Barlett 1965; Hecht 

1937; Hecht et al 1937), see Figure 6.1.  
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Figure 6.1 Dark adaptation curves for different stimuli. Subjects needed to detect a dim light patch (of different colour) in 

the dark. On the x axis the time spent in dark by the subjects performing the detection task is reported. On the y axis the 

luminance threshold is reported.  

The curve of dark adaptation has normally two different parts highlighting the presence of two different systems operating 

at different light condition. One system is represented by the cones responsible of the first parts of the curve and operating 

in photopic condition (day light). The other system is represented by the rods responsible of the second parts of the curve 

and operating in scotopic condition (dark). The red light curve (R1 and R2) does not show the same rod-cone break in the 

curve as the other coloured light (Barlett 1965). 

 

In this way, any dark adaptation occurring during the experiment would have been similar 

when targets were central only (adaptation driven mainly by cones) or peripheral only 

(adaptation driven by rods). In addition, the experimental design attempted to ensure dark 

adaptation was kept to a minimum and subjects were only in dark conditions during the 40s 

data collection periods. To determine whether dark adaptation could have influenced the 

results, an ‘eyes open, no visual cues’ condition was included for comparison with the eyes 

closed condition (see section 6.2.4) 

The spacing between the four LEDs for the central target was 0.25 cm (angular distance at 

1m of 0.14°) and the spacing between the four LEDs in the peripheral visual targets was 

magnified by the cortical magnification factor M (Rovamo & Virsu 1979a, 1979b). M 
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scaling varies as a function of meridian (nasal, temporal, inferior and superior). In this 

experiment the visual target fell on more than one meridian (nasal and temporal, inferior 

and superior) so that a middle ground M scaling factor was used (Rovamo & Virsu 1979b; 

Virsu et al 1987):  

 

0
7.2

1 M
E

M 







  

 

E is the eccentricity at which the target was presented in the periphery and in this 

experiment was 60º. M0 is the foveal value of the target to magnify and in this study the 

spacing between the LEDs in the central target was 0.14º (0.25 cm). Hence the spacing 

between the four LEDs of the peripheral target was 5.81 cm (angular distance 3.32º). 

The spacing between the 4 LEDs in the central target was chosen so that the spacing 

between the 4 LEDs in the peripheral target would not have been too big after 

magnification, otherwise parts of the peripheral visual target would have fell outside the 

field of view of the subjects. 
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Figure 6.2 Schematic of the visual targets and their positions in the experimental setting. In the dark the metal panel 

disappeared, leaving a view of only the red LEDs. Black cardboard was added to the targets to avoid possible light 

reflection on the LED wires.  

 

6.2.4 Visual conditions 

 

Paulus et al (1984, 1989) hypothesised that medial-lateral postural sway relies on horizontal 

retinal target displacement. However, Amblard and Camblard (1980) found that lateral 

body sway was reduced when vertical rather than horizontal stripes were presented in the 

peripheral visual field. Similarly, Turano et al (1996) found that a vertical central image 
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displacement
25

 improved postural stability. In order to understand if there is specialization 

of central and peripheral vision in controlling vertical rather than horizontal retinal target 

displacement, in this study the visual targets were displayed either horizontally (as in 

Figure 6.2) or vertically.   

Ten main visual conditions were provided: 

1. Only central visual cues placed horizontally (CH); 

2. Only central visual cues placed vertically (CV); 

3. Only peripheral visual cues placed horizontally (PH); 

4. Only peripheral visual cues placed vertically (PV); 

5. Peripheral and central visual cues together placed horizontally (CPH); 

6. Peripheral and central visual cues together placed vertically (CPV); 

7. Peripheral visual cues placed horizontally, central vertically (PHCV); 

8. Peripheral visual cues placed vertically, central horizontally (PHCV); 

9. No cues (eyes open in the dark); 

10. Eyes closed (in the dark). 

 

6.2.5 Protocol 

 

During each trial subjects were instructed to stand as still as possible with bare feet on a 

force platform covered by a dual-density foam surface. The foam surface was used in order 

to disrupt somatosensory information and enhance visual inputs. A template was placed on 

the foam for positioning the feet in the same position across trials. The template was based 

on subject’s height which meant foot position was also standardised across participants (see 

                                                 
25

 The visual stimulus used consisted of random dots plotted on a screen moved up or down (Turano et al 

1996). 
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General methods, Chapter 3, section 3.1.2.3 for more details). Before data collection 

subjects stood on the foam support for 1 minute to get familiar with the surface and the task. 

 

 

 

At the experimenter’s signal, the room lights were switched off and subjects were 

instructed to stay stationary looking at the central target in the condition where this was 

present or simply looking straight ahead when this was not. A single trial lasted 40s after 

which the room lights were switched on again. Subjects were kept in the light for 1 minute 

before starting the next trial. In this way, any dark adaptation was kept to an absolute 

minimum which ensured during data collection the only visual cues available were the 

LEDs. The data from the first 10s of each trial have not been analyzed to avoid problems 

associated with possible postural drift due to the lights being just switched off and/or to the 

subjects getting used to the new dark visual condition. The order of measurement for the 10 

visual conditions was fully randomized and each measurement was repeated 4 times for a 

total of 40 trials. 

 

Figure 6.3 Picture of the laboratory 

set up for this study. The force 

platform used was covered by a foam 

support with the feet template where 

the subjects stand on.   
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6.2.6 Dependent measures and data analysis 

 

6.2.6.1 Time domain 

 

Dependent measures in the time domain analyzed were: velocity of the CoP in anterior-

posterior (AP) and medial-lateral (ML) directions, trace length of CoP movement, 95% 

elliptical confidence area, standard deviations (SD) of CoP values in AP and ML directions 

and range of CoP excursion in AP and ML directions.  Trace length was calculated as bi-

dimensional (i.e. resultant) otherwise it would have led to the same results as the velocity of 

CoP, since the velocity corresponds to trace length over time. 

The dependent measures were averaged across repetitions and the vision effects were 

evaluated. Vision was a factor with 10 levels corresponding to the twelve visual conditions 

described above: CH, CV, PH, PV, CPV, CPH, PHCV, PVCH, eyes closed and no cues.  

Normality was tested with the Kolmogorov-Smirnov test. For the SD ML, velocity AP and 

ML, trace length and CoP range AP and ML, more than a half of the distributions matched 

the criteria for normality. A series of one-way repeated measures ANOVAs were 

performed on these dependent measures and Tukey’s HDS post-hoc test was used to 

highlight differences between different visual conditions. The distributions of the 95% 

elliptical area and SD AP were skewed to the right (skewness>2) and Kolmogorov-

Smirnov test showed p <0.05 for each distribution. Hence a nonparametric one-way 

Friedman’s ANOVA was performed. In all the above tests the level of significance was set 

at 0.05. 
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6.2.6.2 Frequency domain 

 

Fast Fourier Transformation (FFT) was performed in order to analyze the frequency content 

of the CoP signals under the different visual conditions. Welch’s average method was used 

in order to compute the power spectral density in the AP and ML directions for each visual 

condition. This procedure averages the signal across repetitions in order to minimize the 

variance of the spectral estimation (Buchanan & Horak 1999; Welch 1967). In this 

experiment all the signals had the same length (30s) so that there was no need to overlap 

the segments of signals. Signals were detrended
26

 to avoid the impact of spurious low 

frequencies on the power spectra. Given that the spectral density can only be calculated at 

discrete points, a finer spacing of these points was achieved by zero padding the signals, 

which resulted in interpolation across more points (Stranneby & Walker 2004). First 

harmonic or fundamental frequency corresponded to the inverse of the time period (30s): 

1/T= 0.03 Hz.  

The power spectral density for each visual condition was normalized by dividing the 

spectrum for the maximum power intensity so that all values of the spectrum were between 

0 and 1 and they could then be averaged across subjects (Nougier et al 1997).  

In order to compare the power spectral density across the twelve visual conditions, a similar 

method to the one used by Nougier et al (1997) was employed. For frequencies over 2 Hz 

the power spectral density was minimal so that the frequency range taken into account was 

between the first harmonic 0.03 and 2 Hz. The power spectra between 0.03 and 2 Hz for 

each visual condition were divided in 10 frequency bins (each bin had a frequency range of 

0.196 Hz) and the power within each bin was summed. The distributions of the power 

                                                 
26

 In order to detrend the signal the Matlab function ‘detrend’ was used. This function removes the best 

straight line fit from the data. 



                                                                                                                                                                     239 

 

spectral density were skewed to the right (skewness > 2) and Kolmogorov-Smirnov test 

showed p< 0.05 for each distribution. The power spectral density in postural stability is 

generally a skewed distribution since most of the power is distributed over low frequencies 

in human movements (Winter et al 1974). In order to compare the power spectra of the 

different visual conditions Wilcoxon’s signed rank tests were used. The level for 

significance for the Wilcoxon’s test was adjusted using Bonferroni’s correction (p-level 

divided by the number of comparisons: 0.05/45=0.001) to compensate for multiple 

comparisons (Field 2008).  

 

6.3 Results 

 

Where the homogeneity of variance
27

 was violated the Greenhouse and Geisser’s correction 

of the degrees of freedom was applied (see non-integer F degrees of freedom in the 

reported results from the ANOVA).   

No significant effect of vision for SD ML (F(3.2,58.3)= 0.52 p= 0.67), velocity ML (F(9, 162)= 

1.31 p= 0.24), CoP range ML (F(2.8, 50.1)= 0.41 p= 0.73), CoP range AP (F(4.5, 80.7)= 1.77 p= 

0.13) was found.   

 

                                                 
27 Assumption of homogeneity of variance was tested with Mauchly’s test of sphericity (p-level set at p<0.05). 
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Figure 6.4 Group of Mean ± 1 SD of the dependent measures normally distributed: velocity ML, SD ML, range AP and 

range ML. The non significant p-values from the one-way-ANOVAs are reported in each graph. 

 

The Friedman’s ANOVAs performed on the dependent measures not normally distributed 

did not any significant effect of vision: SD AP (X
2

(9)= 9.21 p= 0. 42) and 95% elliptical 

area (X
2

(9)= 14.52 p= 0.11). 
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Figure 6.5 Group of Median ± IQR of the dependent measures not normally distributed: SD AP and 95% area. The non 

significant p-values from the Friedman’s ANOVAs are reported in each graph. 

 

A significant effect of vision was found for velocity AP (F(9,162)= 8.52 p<0.001). Tukey’s 

post-hoc tests showed that velocity AP was significantly higher under eyes closed condition 

compared to the conditions with both visual targets available (CPH, CPV, PHCV, PVCH, 

p<0.001) and compared to CV (p< 0.02), CH (p< 0.001) and PH (p< 0.02).  No other 

significant differences between visual conditions were found (p> 0.14). 

A significant effect of vision was also found for the trace length (F(9,162)= 6.41 p< 0.001). 

Tuckey’s post-hoc tests showed that under eyes closed trace length was significantly higher 

compared to the conditions with both visual targets available (CPH, CPV, PHCV, PVCH, 

p< 0.001) and compared to CV (p< 0.006). No other significant differences between visual 

conditions were found (p> 0.05). 
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a    b  

 

Figure 6.6 Group of Mean ± 1 SD of a) the velocity of CoP in AP direction and b) trace length of CoP. The eyes closed 

condition is the only condition presenting significant differences. Asterisks represent p< 0.02. 

 

The power spectral density bin analysis did not show any significant differences across 

visual conditions in AP or ML directions (T> 7, p> 0.002; this is not significant at the 5% 

level after Bonferroni correction for multiple comparisons). 

 

a  
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b  

 

 

 

c  
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d  

 

Figure 6.7 Power spectral density of CoP signal in AP (a) and ML (c) directions. Bin frequency of power of CoP signal in 

AP (b) and ML (d) directions. No significance differences between visual conditions were found. 

 

6.4 Discussion  

 

The lack of differences across the dependent measures between the condition without visual 

cues (i.e. no cues condition) and eyes closed suggest that any dark adaptation that occurred 

during the small time window of 40 seconds was minimal and had no effect on postural 

stability. Dark adaptation would have been less likely to occur with the red LEDs and could 

therefore be argued as a non-significant factor for all the other experimental conditions 

(Figure 6.1).   

The results of this experiment do not confirm the findings of Straube et al (1994). They 

found no difference in the RMS between conditions with central visual cues only versus 

peripheral visual cues only when the peripheral visual cues where magnified according to 

the cortical magnification factor, but they found increased RMS with eyes closed. The 

RMS can be seen a measure of the dispersion of the data and it can be considered 



                                                                                                                                                                     245 

 

analogous to the SD and to the 95% elliptical area used in the present study. These two 

parameters did not show any significant differences in the current experiment between 

visual conditions. The RMS in Straube et al (1994) was affected by the position of the feet 

maintained by the subjects on the platform, which could be the source of the increased 

RMS with eyes closed rather than increased postural instability. The fact that no differences 

in SD, 95% area and range of excursion were found between eyes closed and the other 

visual conditions in the present study may imply that these three measures are less affected 

by different visual conditions and/or are more variable when postural stability data are 

collected in the dark. This is consistent with the different values of SD and velocity found 

by previous authors testing postural stability under normal day-light conditions rather than 

in the dark. Turano et al (1996) found that normally sighted individuals in normal light 

conditions presented a SD AP around 2 mm while the results from this experiment show 

that SD AP was between 6 and 8 mm (Figure 6.5a). Furthermore in this study, SD AP is not 

normal distributed and presents high variability (Figure 6.5a) and the same kind of 

distribution is presented by the 95% elliptical area (Figure 6.5b). Nougier et al (1997) found 

that the range of excursion in both ML and AP direction in each visual condition was 

around 15 mm under altered surface conditions. In this study the range of CoP excursions 

in each visual condition was much higher: about 35 mm in the AP direction and almost 20 

mm in the ML direction (Figure 6.4c and 6.4d).  

The above comparisons with previous studies highlight that collecting postural stability 

measures in the dark makes the dependent measures higher in magnitude, in particular for 

the SD, 95% area and range of CoP.  
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Previous studies have reported a large variety of postural stability measures which has lead 

to a similar amount of variety in experimental outcomes (Geurts et al 1993). Therefore the 

hypothesis that SD, 95% elliptical area and range of excursion do not highlight differences 

between visual conditions in the presence of an impoverish setting (i.e. dark room with the 

only visual cues available represented by LEDs) can be a starting point for future research 

aiming to test the reliability of the traditional postural stability measures. This finding also 

highlights that the choice of experimental setting and visual cues is critical. In this study, a 

dark room and LEDs where used in order to offer highly controlled visual cues. The same 

studies in a normal lighted room may have found differences in the SD, 95% area and range 

of excursions but these differences could simply have been due to uncontrolled visual cues. 

In the present study the subjects could have seen the tripods which the visual targets were 

mounted on and features of the ceiling and floor under normal room lighting conditions. 

Although previous studies have reported that body sway increased by 10% when room 

illumination was reduced from photopic to scotopic conditions (Kapteyn et al 1979), it was 

found that the presence of a single LED in the dark reduced postural sway by 1/3 compared 

to eyes closed conditions (Paulus et al 1984). However Paulus et al (1984) quantified 

postural sway by the use of the RMS of the CoP positions and not by using the SD or the 

95% elliptical area of the CoP positions. As stated previously differences in RMS may be 

due to foot position changes rather than just postural sway changes. 

Another possible limitation represented by a complete dark room with only LEDs visible is 

represented by ‘visual field dependence and independence’. Perception of the body’s 

vertical orientation (gravitational direction) in the dark is subject dependent and can be 

tested with the Rod and Frame Test (Witkin & Asch 1948). During this test subjects are in 

the dark and they need to adjust a luminous rod to a vertical position within a tilted 
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luminous frame. Some subjects adjust the rod in relation to the tilted frame and they are 

called ‘visual field dependent subjects’ since visual information overrides proprioceptive 

input. Other subjects adjust the rod in relation to the body vertical orientation and they are 

‘visual field independent subjects’ and they rely more on proprioceptive information. 

Isableu et al (1997) found that variability in the postural stabilization of the body is higher 

in visual field dependence subjects in particular when dynamic visual cues were 

unavailable. This may imply that SD and other measures of dispersion of the CoP data are 

more affected by the visual field dependence of some subjects in the dark room. 

Furthermore in the dark the visual field independent subjects might have difficultly 

stabilizing posture by standing on the foam support, which disrupted somatosensory inputs.  

It is also possible that in the dark, the postural stability system uses the visual cues to 

control the velocity of CoP sway rather than CoP movements, which might lead to fear of 

hitting nearby objects which are not visible in the dark. The average velocity of CoP is an 

index of the amount of activity required to control upright stance (Pinsault & Vuillerme 

2009) and while it is associated to the trace length, it is not necessarily linked to the SD. In 

the current study, the velocity of CoP in AP direction presented significant differences 

between visual conditions. As the velocity of CoP is considered the most reliable and 

repeatable measure of posturography (Cornilleau-Peres et al 2005; Lanfold et al 2004; 

Raymakers et al 2005) this can explain why this parameter highlighted differences that 

were not evident in SD, 95% area, range of excursion and power spectra. Furthermore there 

are no differences between the values of the velocity of this study and the ones found in 

Nougier et al’s (1997) study, which was undertaken in normal light conditions. In Nougier 

et al’s (1997) study, the velocity in both ML and AP direction in each visual condition was 
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between 10 and 12 mm/s. Similarly in this study ML velocity was around 9 mm/s (Figure 

6.4a) and AP velocity was around 12 mm/s (Figure 6.6a).  

Velocity ML did not showed any significant differences across conditions. On the other 

hand, velocity AP was significantly lower in all the conditions with both peripheral and 

central visual targets present (i.e. CPH, CPV, PHCV and PVCH), regardless of the 

orientation (vertical or horizontal) compared to eyes closed. This means that although the 

cortical magnification factor equalized the amount of visual information from peripheral 

and central field, peripheral and central visual cues provide additional information to each 

other and have different roles in controlling body sway. The results from the trace length 

are similar to the one from the velocity AP: trace length was lower in all the conditions 

with both peripheral and central visual targets present (i.e. CPH, CPV, PHCV and PVCH) 

and under the CV condition compared to eyes closed. At a first examination, the results 

may suggest that control of the postural stability system relies on both peripheral and 

central visual cues when they are presented together. The image of the peripheral visual 

cues during the backward and forward body movements provides information about the 

speed of body sway. On the other hand the looming (i.e. the expansion in size of the visual 

target on the retina) of the image of central visual cues and the time the looming occurs 

indicate the distance between body and target and the speed this distance is travelled. 

However this interpretation cannot be completely supported by the results from this 

experiment since also some of the conditions with only one visual target led to greater 

postural stability compared to eyes closed. More likely these results seem to suggest that in 

the dark any visual cue is useful no matter the eccentricity. This conclusion is also 

supported by the lack of differences across the dependent measures between the condition 

without visual cues (i.e. no cues condition) and eyes closed. 
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No differences across visual conditions were found in the velocity of CoP in the ML 

direction. These results are in line with Berencsi et al’s (2005) study: the authors found no 

differences between visual conditions (central visual cues only, peripheral visual cues only 

and no cues) in the ML dependent measures. They argued that this was due to the lower 

range of ankle motion in the ML directions due to biomechanical constraints of the ankle 

joints.  

 

The results from the FFT analysis are not consistent with Nougier et al’s study (1997). 

They found that peripheral vision was more efficient in the control of AP body oscillation 

since the frequency bins obtained with peripheral vision contained less power than those 

obtained with central vision only. In the present study no differences were found in the 

frequency bins of the power spectral density across visual condition in either AP or ML. 

These dissimilar results may be due to the different statistical analysis. Nougier et al (1997) 

compared the power frequency bins associated with the different visual conditions using the 

t-test, which is a parametric test. The authors assumed the normality of power spectra 

distributions, but in postural stability most of the power is concentrated in the low 

frequencies (Figure 6.7). Parametric tests are also more powerful than non parametric tests 

and can more often provide Type I errors and so highlight significant differences when 

there are none (Siegel & Castellan 1988). In their study the p-level of the t-test was also set 

at 0.05 and not corrected for the number of comparisons. This suggests that Nougier et al’s 

(1997) claim of an advantage of peripheral vision in controlling AP body sway is weak. In 

order to avoid Type I error in the current study a non parametric test was used in order to 

compare the visual conditions and Bonferroni’s correction was applied for multiple 

comparisons.  
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In conclusion, the results for CoP velocity in the AP direction discussed above cannot 

completely support the hypothesis of a functional role for peripheral and central visual cues: 

significant results from only one parameter of the five analyzed (i.e. velocity, SD, 95% area, 

range of excursion and power spectrum) means that these findings are not conclusive. A 

limitation of the study could lay in the use of static visual cues for both central and 

peripheral visual field. Jasko et al (2003) found that postural responses (head movements) 

were sensitive to a wider range of sinusoidal movements of optic flow presented in the 

peripheral visual field compared to the central visual field. This suggests that peripheral 

vision might make a higher contribution to stabilise posture only when the visual cues are 

dynamic (Jasko et al 2003). Another possible explanation for the lack of strong significant 

differences may be linked to the parameters used to describe postural stability. In the last 

twenty years new methods to analyse the CoP signal have been found to be more reliable 

and repeatable (in particular when data are collected on a foam support) than any other 

traditional measures (Doyle et al 2005; Lin et al 2008). These methods refer to body sway 

as a stochastic process, where CoP movement change over time in an 

indeterministic/probabilistic way (Collins & De Luca 1993). The analysis of time varying 

and dynamical structure of the CoP trajectories is called Fractal Analysis. A fractal is a 

structure consisting of repetitive patterns. By giving a fractal dimension to the CoP signal, 

it is possible to calculate how much of a fractal can fill the signal in statistical terms 

(Mandelbrot 1982). In the future, it is possible that this relatively new method for the 

analysis of CoP movement will highlight more consistent results about the functional role 

of peripheral versus central visual cues. 

This study highlights useful hints for future research in postural stability: the choice of 

measures to evaluate postural stability should be contingent on the postural task and the 
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experimental setting used; fractal analysis of the CoP trajectory might lead to new 

consistent results about the utility of central vs peripheral visual cues and finally, the visual 

cues employed needs to be precisely controlled and designed in order to avoid possible 

spurious outcomes. 
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7. Chapter 7 Lower visual cues control online 

reaching and grasping movement while standing 

 

Some of the results presented as a poster : Graci V, Bloj M and Buckley J (2009) Do lower 

visual cues provide online control for reaching and grasping while standing? at the Applied 

Vision Association (AVA) Christmas meeting 2009, Bristol UK 

 

7.1 Rationale  

 

In 1981 Jeannerod proposed a model for the description of reaching and grasping 

movements: the two visuomotor channels theory. According to this theory reaching and 

grasping movements are controlled independently by different type of visual cues. 

Reaching relies on visual extrinsic object properties such as their position and orientation, 

while grasping is influenced by visual intrinsic object properties such as their size and 

weight (Jeannerod 1981, 1984). However this model does not account for the experimental 

evidence that has shown that reaching and grasping are coupled (Haggard & Wing 1991; 

Santello & Soechting 1998; Smeets & Brenner 1999; Wing & Fraser 1983; Wing et al 

1986).  

Although it is plausible that some visual information has more influence on reaching rather 

than grasping or vice versa, a model which does not see reaching and grasping as two 

complete independent components of the prehension movement is needed. The concept of 

visual exteroception and exproprioception might represent a refined version of the two 

visuomotor channels theory. These two terms were initially conceptualized for postural 
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stability (Lee & Aronson 1974) and gait (Patla 1998) but they have never been assigned to 

upper limb movements. Visual exteroception refers to static object features that are 

independent of the observer’s view, while visual exproprioception is defined dynamically 

by the spatial relationship between subject and object (Lee & Thompson 1982). These two 

concepts can define prehension movement not by dividing into transport and grasping 

components but by identifying the role of different visual cues in the control of the whole 

upper limb movement. In the first two studies of this thesis visual exproprioceptive cues 

were found to be mainly peripheral visual cues which were used online to fine tune foot 

trajectory (see Chapter 4 and 5). It is not known if this interpretation can be extended also 

to reaching and grasping movements. From previous studies investigating the role of 

peripheral visual cues in the control of prehension controversial outcomes emerge. By 

examining prehension movements with artificial restrictions of the visual field, several 

studies argued in favour of the role of peripheral vision in both the planning and online 

control of reaching (Sivak & MacKenzie 1990,1992). Other authors found that the absence 

of peripheral vision affected reaching but not grasping (Kotecha et al 2009; Loftus et al 

2004; Sivak & MacKenzie 1990,1992; Watt et al 2000). However a recent study suggested 

that peripheral visual cues are involved in the online control of both the transport and 

grasping component of prehension movement (Gonzalez-Alvarez et al 2007).  

The use of a circumferential peripheral restriction in the studies cited above could have led 

to some of the differences in results. Watt et al (2000) found that subjects undershot the 

target with visual field restriction and that these errors increased as a function of the visual 

restriction. The authors interpreted the finding as suggesting that visual restriction made the 

object look closer. Loftus et al (2004) suggested that Watt et al’s (2000) interpretation was 
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incorrect and highlighted that the errors did not necessarily need visual field restriction to 

occur.  

The use of binocular artificial peripheral visual field occlusion in previous studies might 

have led to a misalignment of the pinhole through the two eyes with consequently possible 

impairment of stereopsis (Loftus et al 2004; Sivak & MacKenzie 1990,1992; Watt et al 

2000). For this reason Gonzalez et al (2007) used monocular peripheral visual field 

restriction. However the discrepancy in their results, when compared to others in the 

literature, could have been due to this methodological difference.  

The scope of the present study was to clarify the role of peripheral visual cues in the online 

control of both the reaching and grasping components and also to test whether there is a 

link between peripheral visual cues and visual exproprioception as found for gait. A 

different study design from previous studies was planned. A lower visual field occlusion 

(rather than circumferential) was used to avoid possible stereopsis impairments and the 

previous controversy about ‘undershot errors’ produced by visual field restrictions. In 

addition, a glass of water was used as it is a more ecological target than a simple dowel. 

Subjects were asked to pick the glass up and place it further away without spilling the water. 

In this way the task did not represent a simple motor assignment without sense, but an 

ecological aim was given to the movement itself. In this study subjects performed a 

reaching and grasping task from a standing position, so that postural adjustments prior to 

(APAs) and after (CPAs) movement onset (i.e. wrist starting to move) could be examined 

based on the vertical torque profile. APAs  are considered a typical  feedforward 

mechanism while CPAs occur during the ongoing movement. The analysis of APAs and 

CPAs in reaching and grasping while standing could better underline the role of 
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peripheral/lower visual cues (i.e. vision of the moving limb) in the online control of 

reaching and grasping movements. 

 

7.2 Methods 

 

7.2.1 Participants 

 

Thirteen right-handed participants took part in the study: 5 males and 8 females (mean ± 1 

SD, age 25.6 ± 6.1 years, height 170.12 ± 9.6 cm). Subject selection/inclusion criteria are 

given in the General Methods (see Chapter 3, section 3.3). In addition, inclusion criteria 

included a clear right hand preference. This was done because the task used in this study 

was performed with both non-dominant and dominant hands, the recruitment of 

ambidextrous subjects would have led to spurious results. Handedness was determined 

using the ‘Waterloo Handedness Questionnaire-Revised’ (WHQ-R) (Elias et al 1998), see 

appendix C. Compared to the more commonly used Edinburgh Handedness Inventory 

(Oldfield 1971), the WHQ-R has 36 items rather than the 10 of the Edinburgh Handedness 

Inventory (EHI) and it includes an item related to the hand preference for grasping a 

cup/glass, unlike the EHI. In the WHQ-R test, in this study, subjects were asked to indicate 

for each activity their preferred hand used by circling one of 5 choices: right always (Ra), 

left always (La), right usually (Ru), left usually (Lu) or both hands equally (Eq). Responses 

were scored on a scale from -2 (corresponding to left always) to 2 (corresponding to right 

always). A score between 8 and 72 denoted right laterality while a score between -72 and -8 

denoted left laterality. In this study ambidexterity was defined as scores within the 10% of 

0 (Savitz et al 2007), which equals a score in the range of -7 to 7. 
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In the present study, the WHQ-R handedness score was within the range 34-72 for the 13 

subjects selected to take part.  

 

7.2.2 Visual conditions 

 

Two binocular visual conditions were employed in the experiment: lower occlusion (LO), 

and full vision (FV) as the control condition. Standard plain eye-protective goggles (JSP 

Ltd. Oxford, UK) were used to provide the two visual conditions.  

 

 

 

Figure 7.1 The two visual conditions. From the left: lower occlusion (LO) and full vision (FV). 

 

Lower visual fields were occluded by placing black tape with the upper edge level with the 

midpoint of the subject’s pupil (Figure 7.1). Subjects were instructed to look at the target to 

grasp and were advised that they could flex their head to see the target prior to movement 

onset and while performing the task. In this way the target fell on the central visual field 

while all the lower visual field cues (arm/hand and lower body) were occluded. Part of the 

thumb and the index finger were only in view immediately prior to contacting the target 

with the hand (i.e. final handgrip around the target). By occluding the lower visual field at 
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the midpoint of the pupil, it ensured that with small vertical eye movement subjects could 

not have seen their arm/hand in the lower visual field. Where there were gaps between the 

occluded part of the goggle and subject’s face, black tape was applied to the goggle. 

 

7.2.3 Visual assessment 

 

Binocular visual acuity (VA), contrast sensitivity (CS) and depth perception were measured 

as described in the General Methods (Chapter 3, section 3.4). Mean ± 1 SD VA score was: -

0.19 ± 0.06 logMAR (Snellen equivalent 6/4). Mean ± 1 SD CS score was: 1.9 ± 0.09 log 

CS. Median ± IQR retinal disparity was 60’’ ± 45’’. An Esterman monocular visual field 

test was undertaken on one subject and confirmed that the goggles used for LO visual 

condition occluded the expected extent of the lower visual field (see appendix B). 

 

7.2.4 Protocol 

 

A corridor/walkway was defined by positioning parallel grey boarding (1.8m high) 4m 

apart over the length of the walkway. This ensured that environmental visual cues were 

consistent across trials (as for study 1 and 2, Chapter 4 and 5). Subjects stood on a template 

placed on one force platform as explained in the General Methods (Chapter 3, section 

3.1.2.3). A desk was located at 30 cm from the hip joint centre of each subject with the 

longer side facing the subject. The desk was 72.5 cm high and with the longer side 

measuring 75.5 cm and the shorter side measuring 50.5 cm. 

Two identical plastic glasses were used as targets to reach and grasp. Each glass was rigid, 

semi-transparent and cylindrical with a height of 13cm and a diameter along the entire 
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length of 7cm. One glass contained 30ml of water, reaching 1cm from the bottom of the 

glass and is referred to throughout the report as the ‘semi-empty glass’. The other glass was 

full with 350ml of water, reaching 1cm from the top of the glass and is referred to as the 

‘full glass’ (Figure 7.2). The glass, either semi-empty or full, was placed on the desk in 

front of the subjects in line with the subject’s body midline.  

 

Figure 7.2 Glass conditions: on the left full glass condition and on the right semi-empty glass condition. 

 

The distance between each subject’s hip joint centre and glass corresponded to 25% of the 

subject’s height. In this way the position of the glass on the desk was standardized across 

subjects and the position of the glass was within arms length (Van der Wel & Rosenbaum 

2007). The 25% subject height distance between glass and subject allowed the subjects to 

maintain a comfortable body posture when they flexed their head to look at the glass under 

both visual conditions. Subjects were instructed to look at the glass and stand as still as 

possible with their arms at their sides. Subjects were informed that each trial would begin 

when the experimenter said ‘start’ so that a subject knew that he/she needed to stand still 

from that moment on. After a time of between 3 to 5 seconds the experimenter gave the 
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subject the instruction ‘go’ and they started their hand movement. The time for the 

instruction varied between 3 and 5 seconds across trials to minimized anticipation effects. 

A minimum time of 3 seconds before movement onset allowed identification of a baseline 

for the vertical torque in each trial, so that the anticipatory phase in the vertical torque 

could be more easily recognized. Subjects were asked to pick up the glass from the side 

with thumb and finger and place it on the desk where indicated without spilling any water. 

They were also asked not to drag the glass to the farther position. The position where the 

subjects were instructed to place the glass was in line with the body midline but further 

away than the original position of the glass. The second position of the glass corresponded 

to 35% of the subject’s height from their hip joint centre (Figure 7.3). 

 

             

 

Figure 7.3 Experimental set-up. a) Subject position: in this example the subject was wearing the goggle providing the 

lower visual occlusion condition (LO).  b) The desk with the full glass and the indication for where to place glass. 

 

The task was performed either with the dominant or with the non-dominant hand. Subjects 

picked up both glasses individually with both their dominant and non-dominant hand (one 

hand at the time) before the data collection in order to familiarise themselves with the target 

Glass  
position 

Glass 
placement 
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weight. The task was performed under two visual conditions (LO and FV), two glass 

conditions (semi-empty and full) and two hand conditions (dominant and non-dominant). 

Trials were repeated 3 times for a total of 24 trials (2 x 2 x 2 x 3= 24).  

3D body segment kinematics were captured (100 Hz) using motion capture techniques 

(Chapter 3, section 3.1.1). Reflective markers were placed as explained in the General 

Methods (Chapter 3, section 3.1.1.4). In addition to the markers on the body, thumb and 

fingers, a marker was placed on a small piece of a transparent cellotape applied across the 

top of the glass. Ground reaction forces and moments, used to determine vertical (z) axis 

torque, were collected (100 Hz) using one strain gauge force platform (Chapter 3, section 

3.1.2). 

 

7.2.5 Dependent measures  

 

Movement onset was defined as the onset that the instant resultant velocity (x,y,z) of the 

anterior wrist marker exceeded 60 mm/s. An analysis of wrist instantaneous resultant 

velocity across trials revealed that this criterion was adequate to avoid ‘false starts’. 

Previous authors have used 50 mm/s as the movement onset for the wrist forward velocity 

(Melmoth & Grant 2006) but their subjects performed the reaching and grasping 

movements from a sitting position with the arm resting on the table before starting each 

trial. In this study subjects stood upright with the arm along the body and the natural body 

sway during upright stance would have caused wrist movement (with respect to lab) so that 

a higher criterion for movement onset was needed. Resultant velocity was used rather than 

just forward velocity since the position of subjects’ hand was along the body before 

movement initiation, hence under the desk top level. This meant that anterior, lateral and 
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vertical component of the wrist velocity needed to be considered during the calculation of 

movement onset since subjects needed to lift the hand up and move it laterally to bring it 

over the top level of the desk during the first phase of the reaching movement. 

Movement end corresponded to the frame in which the instantaneous resultant velocity of 

the wrist marker first became less than 60 mm/s before contact with the glass. An analysis 

of wrist velocity across trials indicated that this criterion allowed the detection of 

movement end and overcame ‘false stops’ Glass contact was calculated from the marker on 

the glass and corresponded to the frame where the glass instantaneous resultant velocity 

was higher than 10 mm/s. This criterion was adequate to avoid ‘false contacts’ with the 

glass. At contact the hand could move the glass in any direction (forward, lateral or vertical) 

and this was the reason why the resultant velocity was used for the ‘contact’ event selection. 

In order to identify the point when glass lift occurred, only the vertical (z) velocity of the 

glass marker was considered and the ‘lift’ was defined as the frame were the instantaneous 

vertical velocity of the glass marker exceeded 10 mm/s. 

The vertical torque (Tz) about the body’s vertical axis was determined according to the 

following equation (Bleuse et al 2002): 

 

)( FyxFxyMzTz CoPCoP   

 

Where Mz is the moment of force along the force platform’s z axis and the additional 

moments ycopFx and xcopFy were the effects of the horizontal forces acting at a  distance of 

the centre of pressure (CoP) from the centre of the force platform (Bleuse et al 2002, 2005). 

The coordinates of the CoP were reported with respect to the centre of the force platform 

(see General Methods, Chapter 3, section 3.1.2.2 for more details) before application of the 
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above formula. The successive position of positive and negative phases of the vertical 

torque (Tz) depended on the arm (dominant or non dominant). The Tz profile from the non 

dominant hand was inverted (by multiplying by -1) in order to have all the Tz profiles 

starting with a positive phase. The positive areas under Tz before and after movement onset 

were calculated and they represented the anticipatory postural adjustments (APAs) and 

compensatory postural adjustments (CPAs) respectively. The magnitude of the CoP lateral 

and backward shifts were also calculated from 100 ms before movement onset up to 

movement end. 
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Figure 7.4. Calculation of the 

force platform parameters. 

 

a  Resultant velocity of the 

wrist. Movement onset was 

calculated as the instant in 

which wrist resultant velocity 

exceeded 60 mm/s.  

 

 

 

 

 

 

 

 

 

 

 

 

b  Vertical torque profile. 

The figure at the left corner 

of the graph represents the 

feet position on the platform 

and the twist of the body in 

the direction opposite to the 

one of the arm moving. 

The area under the positive 

phase of the vertical torque 

before movement onset 

corresponds to the APAs 

whereas the area under the 

positive phase of the vertical 

torque corresponds to the 

CPAs. 

 

 

 

 

 

 

 

 

 

 

c Trajectory of the CoP in AP 

direction. The figure at the 

left corner of the graph 

represents the feet position on 

the platform and the 

backward direction of the 

CoP. The backwards shift in 

this trial occurred after 

movement onset. 
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Table 7.1 defines the hand kinematic parameters used in this study. The dependent 

measures been divided into two groups: reaching parameters and grasping parameters.  

 

Table 7.1 Reaching kinematics descriptors 

REACHING 

Hand Path (mm) Length of the resultant wrist displacement 

(x,y and z) along the entire reaching 

movement (i.e. between movement onset 

and glass lift) 

 

Maximum vertical hand height (mm) The highest spatial position in the vertical 

(z) direction reached by the wrist during the 

reaching movement between movement 

onset and movement end. 

 

Index of curvature (mm)  Maximum deviation of the resultant hand 

trajectory (x,y and z) from a straight route 

between the point corresponding in space to 

movement onset and movement end. 

Peak hand velocity (mm/s) Maximum resultant velocity (x,y and z) f the 

wrist between movement onset and 

movement end. 
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Acceleration time (s) Time between movement onset and peak 

hand velocity. 

 

Deceleration time (s) Time between peak hand velocity and 

movement end. 

 

Time of movement (s) Time spent in reaching between movement 

onset and movement end. 

 

 

 

 

 

Figure 7.5 Temporal descriptive reaching parameters and peak velocity. 
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Table 7.2 Grasping kinematics descriptors 

GRASPING 

Handgrip at contact (mm) Spatial resultant distance (x,y and z) 

between thumb and index finger markers at 

contact with the glass 

Hand height at contact (mm) Height of the wrist at contact with the glass 

 

Maximum handgrip (mm) Maximum distance between thumb and 

index finger markers between movement 

onset and movement end 

 

 Peak grip opening velocity (mm/s) 

(maximum opening velocity) 

 

Maximum velocity of the handgrip in the 

hand opening phase, which occurred 

between movement onset and maximum 

handgrip. 

 

Peak grip closing velocity (mm/s) 

(maximum closure velocity) 

Minimum velocity of the handgrip in the 

closure phase of the hand, which occurred 

between maximum handgrip and contact 

with glass. 

 

Time to maximum handgrip (s) Time between movement onset and 

maximum handgrip 
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Time between maximum handgrip and 

contact (s) 

Time between maximum handgrip and 

contact with glass. 

 

Time between movement end and 

contact (s) 

Time between movement end and contact 

with glass  

Time between movement end and 

maximum handgrip (s) 

Time to maximum handgrip was subtracted 

to time of movement end so that a negative 

time indicated that the hand stopped before 

reaching its maximum aperture. 

 

Time to lift (s) Time between contact with the glass and 

glass lift  

 

 

In the above table 7.2, it should be noted that two different temporal measures after 

maximum handgrip were analyzed: time from maximum handgrip to contact and time from 

movement end (i.e. when wrist ended the reaching movement) to contact. These were 

performed because in the most of the trials (213 of 312, around 69 % of the trials) the wrist 

stopped the reaching movement (movement end) before the index finger and thumb reached 

their maximum aperture (i.e. time between movement end and maximum handgrip). Hence 

the time from maximum handgrip and contact represents the time spent for final shaping of 

the hand for grasping, while the time between movement end and contact represents the 

whole time spent in the entire grasping phase (or in the entire final part of the reaching and 

grasping movement) by the hand. 
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In most of the previous studies (Gonzalez-Alvarez et al 2007; Melmoth & Grant 2006; 

Sivak & MacKenzie 1990) only the time from maximum handgrip to contact was 

considered without considering whether the grasping phase actually started before the 

maximum handgrip (i.e., movement end occurring before maximum handgrip). 
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Figure 7.6  

Spatial and temporal 

grasping parameters.  

 

a  Handgrip resultant (x,y 

and z) displacement. 

Handgrip was defined as 

the distance between thumb 

and index markers. 

Maximum handgrip 

appeared around 75-85% of 

the movement time 

between movement onset 

and contact. 

 

 

 

b Resultant (x,y and z) 

velocity of the glass. The 

contact with the glass could 

occur with any part of the 

hand (in the picture the 

contact occurred with the 

thumb). The contact was 

defined as the instant in 

which the glass resultant 

velocity exceeded 10 mm/s. 

 

 

 

 

 

 

 

c  Vertical (z) velocity of 

the glass. The lift of the 

glass was defined as the 

instant in which the vertical 

velocity of the glass 

exceeded 10 mm/s. 
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Figure 7.7 Grip velocity presented a double peak profile. The positive peak represents the maximum opening velocity of 

the hand (thumb and index finger) and the higher the positive peak grip velocity, the higher the maximum opening 

velocity of the hand. The peak grip opening velocity occurred between movement onset and maximum handgrip. The 

negative peak represents the maximum closing velocity of the hand and the lower the peak (more negative), the higher the 

maximum closing velocity of the hand. The negative peak occurred between maximum handgrip and contact. 
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Some previous authors considered that movement of the thumb rather than the wrist 

represented the transport component during reaching and grasping movements on the basis 

of the following experimental evidence. Wing and Fraser (1983) showed that the movement 

of the thumb along the axis created by wrist and the target had lower spatial variability 

compared to the index finger. This result was interpreted as evidence that the thumb acts as 

a ‘line of sight’ for the visual guidance of reaching.  The same authors also observed that 

the handgrip closure is mostly carried out by the index finger while the thumb remains 

quite stable along the reaching trajectory. In order to test the possible role of the thumb in 

the online control of hand movements, the spatial variability (i.e. standard deviation) of the 

thumb resultant (x,y and z) displacement was calculated between movement end and 

contact. The same analysis was performed with the index finger data.  

 

Trial-to-trial variability was defined as the standard deviation across repetitions and it was 

calculated for APAs and CPAs because these dependent measures presented high 

variability across repetitions. Trial-to-trial variability was also calculated for some hand 

kinematic measures such as hand path, maximum vertical hand height, deceleration time, 

maximum handgrip, time to maximum handgrip, time between maximum handgrip and 

contact, time between end and contact. These analyses were performed in order to gain 

further insights into the possible role of lower visual cues in the online control of hand 

trajectory while reaching and grasping. 
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7.2.6 Data analysis 

 

Each dependent measure was tested for normality with the Kolmogorov-Smirnov test. More 

than a half of the distributions of APAs, CoP lateral shift, time between movement end and 

maximum handgrip and variability of deceleration time were not normally distributed and 

skewed to the right. A logarithmic transformation was applied to the dependent measures 

data that were not normally distributed using the formula of Bartlett (Bartlett 1947): 

 

)1(log'  XX n  

 

where X corresponds to each data point and X’ is the natural logarithm of each data point 

increased by one. The logarithmic transformation is used for right skewed data set so that 

the data have a Gaussian shape after the transformation and parametric test can be 

performed. Medians were calculated for the non-normally distributed dependent measures 

(i.e. APAs, CoP lateral shift, time between movement end and maximum handgrip and 

variability of deceleration time). The medians were averaged across subjects for each 

condition and standard deviation (SD) of the mean of the medians was calculated and 

reported in the results section.  

More than a half of the distributions of all the other dependent measures were normally 

distributed. The factors considered in the analysis were:  

 Visual condition on two levels: lower occlusion (LO) and full vision (FV) 

 Glass condition on two levels: semi-empty and full glass 

 Hand condition on two levels: dominant and non-dominant hand 

 Repetition (n=3) 
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Four-way-ANOVAs were used to analyze all dependent measures except for the trial-to 

trial variability where only the effect of visual condition, glass and hand condition could be 

estimated. Hence three-way-ANOVAs were used on the trial-to-trial variability. Post-hoc 

comparisons were analyzed with Tukey’s HSD post-hoc test. Level of significance was set 

at 0.05 for all the above statistical tests. 

 

7.3 Results 

 

All the subjects successfully completed every trial without spilling the water from the glass. 

Homogeneity of the data was assumed for all the dependent measures. 

 

7.3.1 Force platform measures: APAs, CPAs and CoP shifts 

 

The differences in APAs were not statistically significant across visual conditions (mean ±1 

SD, FV 8.33 ± 13.86 N.mm.s, LO 7.03 ± 11.03 N.mm.s; F(1,12)= 2.07 p= 0.17) and across 

any other condition (p> 0.07). Trial-to-trial variability of APAs was affected only by glass 

condition and variability in APAs was higher in the semi-empty glass compared to full 

glass condition (mean ± 1 SD, semi-empty glass 10.04 ± 10.12 N.mm.s, full glass 8.48 ± 

9.93 N.mm.s; F(1,12)= 6.58 p< 0.02). Trial-to-trial variability of APAs was not affected by 

visual condition, hand condition, repetition or by any interaction effect (p> 0.11). 

CPAs were higher when the glass was semi-empty compared to full (mean ± 1 SD, semi-

empty glass 350.86 ± 102.41 N.m.s, full glass 319.78 ± 99.49 N.mm.s; F(1,12)= 4.06 p< 

0.006). CPAs were affected by significant interactions of visual condition by glass 
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condition (F(1,12)= 5.27 p< 0.03), glass by hand condition (F(1,12)= 7.99 p< 0.01) and glass 

condition by repetition (F(2,24)= 5.74 p< 0.009). Post-hoc analyses showed that CPAs under 

LO visual condition with full glass were significantly lower compared to LO visual 

condition with semi-empty glass (Tukey’s test p< 0.004) and to FV with either full or semi-

empty glass (Tukey’s test p< 0.001), see Figure 7.8a. In contrast CPAs were higher under 

semi-empty glass compared to full glass condition when the task was performed with the 

non-dominant hand (Tukey’s test p< 0.007) while no differences were found between hand 

conditions with the dominant hand (Tukey’s test p= 0.39), see Figure 7.8b. Under the semi-

empty glass condition, CPAs decreased across repetitions and thus no differences were 

found in CPAs across glass conditions in the third repetition (Tukey’s test p= 0.99), see 

Figure 7.8c. 

 

 

 

Figure 7.8 Group of mean ± 1 SD from the significant interaction effect found in CPAs:  a) Interaction visual by glass 

condition. b) Interaction glass by hand condition. c) Interaction glass condition by repetition. Asterisks indicated 

significant differences between conditions (p< 0.05). 

 

No influence of visual condition, hand condition, repetition or other interaction effects was 

found in CPAs (p> 0.06). 
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Trial-to-trial variability of CPAs presents the opposite trend compared to the magnitude of 

CPAs: variability of CPAs was higher with full compared to semi-empty glass (mean ± 1 

SD, semi-empty 52.15 ± 31.54 N.mm.s, full 68.89 ± 37.43 N.mm.s; F(1,12)= 2.64 p< 0.02) 

and a significant interaction of glass by hand condition was also observed (F(1,12)= 12.58 p< 

0.004). Post-hoc analysis showed that under the non-dominant hand condition, variability 

of CPAs was higher with full glass compared to semi-empty glass (Tukey’s test p< 0.004) 

while there were no differences across glass conditions under dominant hand condition 

(Tukey’s test p= 0.93), see Figure 7.9.  

 

 

 

Hence the interaction of glass by hand condition in the variability of the CPAs (Figure 7.9) 

also showed a trend opposite to the interaction of glass by hand condition found in the 

magnitude of the CPAs (Figure 7.8b). No other significant effect was found across 

conditions on the variability of CPAs (p> 0.13). 

CoP backwards shift before movement onset was observed only in about the 16% of the 

trials (52 trials of 312). CoP lateral shift before movement onset was observed in about 

Figure 7.9 Group of mean ± 1 SD from 

the significant interaction effect glass by 

hand condition on the variability of 

CPAs. Asterisks indicated significant 

differences between conditions (p< 

0.004). 
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20% of the trials (64 trials of 312). The magnitude of CoP backwards and lateral shift did 

not show any significant differences across conditions (p> 0.06). 

 

7.3.2 Reaching 

 

Time of movement and hand path were both longer under LO compared to FV condition 

(F(1,12)= 14.46 p< 0.003; F(1,12)= 44.43 p< 0.001), full compared to semi-empty glass 

condition (F(1,12)= 7.82 p<0.01; F(1,12)= 9.31 p< 0.02) and non-dominant hand compared to 

dominant hand condition (F(1,12)= 15.98 p< 0.002; F(1,12)= 94.91 p< 0.001), see Table 7.3. 

Repetition and all the interaction effects were not significant for these two parameters (p> 

0.11). 

 

Table 7.3 Group of mean ± 1 SD of the significant differences (p<0.02) in time of reaching and hand path 

 Vision Glass Hand 

FV LO semi- 

empty 

full dom non- 

dom 

Time 

of  

movement (s)  

0.67 (0.18) 0.72 (0.18) 0.68 (0.18) 0.72 ( 0.19) 0.62 (0.18) 0.77 (0.22) 

Hand 

path (mm) 

159.11 

(38.79) 

175.65 

(39.62) 

166.04 

(40.11) 

168.72 

(36.72) 

146.24 

(41.24) 

188.52  

(43.13) 

 

Trial-to-trial variability of hand path was higher under LO compared to FV condition 

(mean ± 1 SD, FV 11.53 ± 3.89 mm, LO 14.75 ± 4.64 mm; F(1,12)= 9.44 p< 0.01) and higher 

under dominant hand compared to non-dominant hand (mean ± 1 SD, dominant 15.66 ± 
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5.31 mm, non-dominant 10.63 ± 3.31 mm; F(1,12)= 17.79 p<0.001). Repetition, glass 

condition and all the interaction effects were not significant in the variability of hand path 

(p> 0.14). 

Peak velocity of the hand was found surprisingly higher under LO compared to FV 

condition (mean ± 1 SD, FV 467.62 ± 178.41 mm/s, LO 495.68 ± 172.45 mm/s; F(1,12)= 

7.81 p< 0.02). This result could be due to the fact that the subjects raised the hand higher in 

the vertical direction under LO in order to see the hand in their upper visual field. In order 

to examine this hypothesis the resultant velocity of the wrist from only lateral (x) and 

forward (y) components and the maximum hand vertical height were analyzed. Peak 

velocity of the hand calculated from lateral (x) and forward (y) components did not show 

any significant differences across visual conditions (mean ± 1 SD, FV 421.31 ± 95.51 mm/s, 

LO 424.04 ± 99.54 mm/s; F(1,12)= 0.05 p= 0.82). Maximum hand vertical height was 

significantly higher under LO compared to FV condition (mean ± 1 SD, FV 908.36 ± 26.61 

mm, LO 921.53 ± 27.51 mm; F(1,12)= 9.98 p<0.008) and under non-dominant hand 

compared to dominant hand condition (mean ± 1 SD, dominant 906.61 ± 24.08 mm, non-

dominant 923.28 ± 31.07 mm; F(1,12)=  9.32 p<0.01). Furthermore the trial-to-trial 

variability of maximum hand vertical height was higher under LO than FV condition (mean 

± 1 SD, FV 9.78 ± 3.13 mm, LO 14.37 ± 6.91 mm; F(1,12)= 6.18 p< 0.03). The results from 

maximum hand height and the resultant velocity from x and y components indicate that the 

significantly higher vertical height of the hand observed under LO biased the vertical (z) 

velocity profile of the wrist. By eliminating this component no differences in peak hand 

velocity emerged (mean ± 1 SD, FV 421.31 ± 95.25 mm/s, LO 424.04 ± 99.54 mm/s; 

F(1,12)= 0.05 p= 0.82). Peak hand velocity was also higher under non-dominant compared to 

dominant hand (mean ± 1 SD, dominant 434.27 ± 161.21 mm/s, non-dominant 529.03 ± 
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190.66 mm/s; F(1,12)= 40.99 p<0.001) and when velocity profile was calculated from only x 

and y components (mean ± 1 SD, dominant 430.82 ± 98.82 mm/s, non-dominant 506.51 ± 

104.63 mm/s; F(1,12)= 68.40 p<0.001). Maximum hand vertical height was significantly 

higher under non-dominant hand condition compared to dominant hand condition (mean ± 

1 SD, dominant 906.61 ± 24.08 mm, non-dominant 923.28 ± 31.07 mm; F(1,12)= 9.32 

p<0.01). Unlike the results of the visual conditions, no changes in variability of maximum 

hand vertical height were observed across hand conditions (mean ± 1 SD, dominant 12.25 ± 

5.11 mm, non-dominant 11.89 ± 5.73 mm; F(1,12)= 0.03 p= 0.85). No other significant 

differences were observed in peak velocity, maximum hand height and its variability across 

conditions (p> 0.07). 

 

 

In relation to the maximum vertical height, the index of curvature of the hand trajectory 

was significantly higher under LO condition compared to FV condition (mean ± 1 SD, FV 

35.55 ± 10.34 mm, LO 43.06 ± 14.85 mm; F(1,12)= 68.40 p<0.001) and under non-dominant 

hand compared to dominant hand condition (mean ± 1 SD, dominant 32.31 ± 11.14 mm, 

non-dominant 46.31 ± 14.85 mm; F(1,12)= 29.83 p<0.001). 

Figure 7.10 Line plot of the hand vertical 

displacement (z) plotted against the hand 

forward displacement (y) between 

movement onset and movement end. The 

graph reports the wrist trajectory from two 

trials (one performed under LO and 

another one under FV) from the same 

subject. 
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Acceleration time was longer under LO compared to FV condition (mean ± 1 SD, FV 0.27 

± 0.05 ms, LO 0.28 ± 0.05 ms; F(1,12)= 9.06 p< 0.02) and with non-dominant hand 

compared to dominant hand (mean ± 1 SD, dominant 0.27 ± 0.05 ms, non-dominant 0.28 ± 

0.05 ms; F(1,12)= 9.41 p< 0.01). Deceleration time was longer under LO compared to FV 

condition (mean ± 1 SD, FV 0.40 ± 0.11 ms, LO 0.44 ± 0.11 ms; F(1,12)= 10.11 p< 0.008), 

with full compared to semi-empty glass (mean ± 1 SD, semi-empty 0.40 ±  0.15 ms, full 

0.44 ± 0.15 ms; F(1,12)= 8.36 p< 0.02) and with non-dominant hand compared to dominant 

hand (mean ± 1 SD, dominant 0.36 ±  0.11 ms, non-dominant 0.48 ± 0.18 ms; F(1,12)= 12.34 

p< 0.004). For the deceleration time a significant interaction visual condition by glass 

condition was found (F(1,12)= 5.48 p< 0.04). Post-hoc analysis showed that under semi-

empty glass condition deceleration time was not significantly different across visual 

conditions (Tukey’s test p= 0.34) while under full glass condition deceleration time was 

longer under LO compared to FV condition (Tukey’s test p< 0.001), see Figure 7.12a.  

Trial-to-trial variability of the deceleration time was also higher under LO condition 

compared to FV (mean ± 1 SD, FV 0.05 ± 0.03 ms, LO 0.08 ± 0.05 ms; F(1,12)= 10.62 p< 

Figure 7.11 Resultant (x,y and z) wrist 

displacement for two trials (one performed 

under LO and another one under FV) between 

movement onset and movement end. The graph 

reports the wrist trajectory from two trials from 

the same subject. ‘d’ represents the index of 

curvature (Levin 1996) and it is defined as the 

maximum distance between the real path of the 

wrist and the ideal path of the wrist represented 

by straight line passing through the point of 

movement onset and movement end. 
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0.007)  and under full glass compared to semi-empty glass condition (mean ± 1 SD, semi-

empty 0.05 ± 0.04 ms, full 0.08 ± 0.06 ms; F(1,12)= 5.98 p< 0.04). A significant interaction 

of glass by hand condition was also found (F(1,12)= 6.41 p< 0.03) and post-hoc analysis 

showed that under non-dominant hand condition the variability of time of deceleration was 

higher with full glass than semi-empty glass (Tukey’s test p< 0.01) whereas no significant 

differences under dominant hand condition were found across glass conditions (Tukey’s 

test p= 0.98), see Figure 7.12b.  

 

a     b       

Figure 7.12 Group of mean ± 1 SD from a) the significant interaction effect visual by glass condition on the deceleration 

time and b) from the significant interaction effect glass by hand condition on the variability of the deceleration time. 

Asterisks indicated significant differences between conditions (p< 0.05). 

 

7.3.3 Grasping  

 

Handgrip at contact showed a significant effect of glass: handgrip at contact was higher for 

semi-empty than full glass (mean ± 1 SD, semi-empty 110.85 ± 5.55 mm, full 104.11 ± 

3.06 mm; F(1,12)= 39.58 p<0.001). No other effect on handgrip at contact was observed (p> 

0.07). Hand height at contact did not show any significance differences across the other 

conditions (p> 0.26).  
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Maximum handgrip was higher under LO compared to FV condition (mean ± 1 SD, FV 

127.22 ± 7.03 mm, LO 129.59 ± 8.25 mm; F(1,12)= 7.96 p<0.02). Maximum handgrip did 

not show any significant differences across the other conditions (p> 0.05). Variability of 

maximum handgrip was also higher under LO compared to FV condition (mean ± 1 SD, FV 

3.18 ± 1.41 mm, LO 3.88 ± 1.88 mm; F(1,12)= 6.74 p<0.02).  

Time to maximum handgrip was longer under LO compared to FV condition (mean ± 1 SD, 

FV 0.82 ± 0.18 s, LO 0.92 ± 0.18 s; F(1,12) =  19.06 p< 0.001). No other significant effect on 

time to maximum handgrip was found (p> 0.08). Trial-to-trial variability for time to 

maximum handgrip did not show any significant differences across conditions (p> 0.11). 

Time from maximum handgrip to contact was longer under LO compared to FV condition 

(mean ± 1 SD, FV 0.42 ± 0.16 s, LO 0.51 ± 0.22 s; F(1,12) =  10.51 p< 0.007) and under  full 

compared to semi-empty glass condition (mean ± 1 SD, semi-empty 0.36 ± 0.18 s, full 0.57 

± 0.21 s; F(1,12)= 171.61 p< 0.001). A significant interaction of visual condition by glass 

condition was also found (F(1,12)= 7.05 p< 0.03) and showed that under the full glass 

condition, time between maximum handgrip and contact was higher with LO compared to 

FV (Tukey’s test p< 0.001), see Figure 7.13a. A significant three way interaction of visual 

condition by glass condition by repetition (F(2,24)= 4.25 p< 0.03) showed that the above 

difference across visual conditions under full glass disappeared in the third repetition 

(Tukey’s test p= 0.99), see Figure 13b.  No other significant effect time between maximum 

handgrip and contact was found (p> 0.06).  
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a b  

 

Figure 7.13 Group of mean ± 1 SD from the significant interaction effect found on the time between maximum handgrip 

and contact: a) significant two ways interaction visual by glass condition and b) significant three ways interaction visual 

condition by glass condition by repetition. Asterisks indicate significant differences between conditions (p< 0.03). 

 

Trial-to-trial variability for time between maximum handgrip and contact showed a 

significant effect only of the visual condition: the variability was higher under LO 

condition compared to FV condition (mean ± 1 SD, FV 0.11 ± 0.05 s, LO 0.14 ± 0.05 s; 

F(1,12)= 7.53 p< 0.02). No other significant effect on the variability time between maximum 

handgrip and contact was observed (p> 0.28). 

Time between movement end and maximum handgrip was influenced only by hand 

condition. In general the hand slowed down (i.e. wrist velocity under 60 mm/s) before 

reaching the maximum aperture; in fact the time between movement end and maximum 

handgrip is negative. However the time between movement end and maximum handgrip is 

longer under the dominant hand condition (mean  ± 1 SD, dominant -0.24 ± 0.16 s, non-

dominant -0.11 ± 0.17 s, F(1,12)= 5.73 p< 0.03). No other significant effect on the time 

between movement end and maximum handgrip was found (p> 0.13).  

Time between movement end and contact was longer under LO compared to FV condition 

(mean ± 1 SD, FV 0.58 ± 0.19 s, LO 0.71 ± 0.26 s; F(1,12) =  12.72 p< 0.004) , full glass 

condition compared to semi-empty glass condition (mean ± 1 SD, semi-empty 0.54 ± 0.21 s, 
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full 0.74 ± 0.23 s; F(1,12)=  140.64 p< 0.001) and under dominant hand compared to non 

dominant hand (mean ± 1 SD, dominant 0.73 ± 0.25 s, non-dominant 0.56 ± 0.19 s; F(1,12)=  

29.35 p< 0.001). The fact that the time between movement end and contact was higher 

under dominant hand rather than non-dominant is likely linked to the significant interaction 

effect of visual condition by hand condition (F(1,12)= 5.86 p<0.03): under LO condition, the 

time between movement end and contact was longer with the dominant hand compared to 

non-dominant hand (Tukey’s test p<0.001), while no differences were found across hand 

conditions under FV (Tukey’s test p= 0.06), see Figure 14a. A significant interaction of 

glass condition by repetition for the time between movement end and contact (F(2,24)= 6.11 

p< 0.007) showed that time decreased across repetitions under the full glass condition 

(Tukey’s test p< 0.001) while no differences were found across repetitions under the semi-

empty glass condition (Tukey’s test p> 0.71), see Figure 14b. No other significant effects 

on the time between movement end and contact was observed (p> 0.08). 

 

a b  

 

Figure 7.14 Group of means ± 1 SD from the significant interaction effect found on the time between movement end 

contact: a) significant two ways interaction visual by hand condition and b) significant two ways interaction visual 

condition by glass condition by repetition. Asterisks indicate significant differences between conditions (p< 0.001). 
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Trial-to-trial variability of the time between movement end and contact was affected only 

by visual condition and the variability was higher under LO condition compared to FV 

(mean ± 1 SD, FV 0.12 ± 0.05 s, LO 0.18 ± 0.11 s; F(1,12)= 8.45 p< 0.02). All the other 

effects on the variability of the time between movement end and contact were not 

significantly different across conditions (p> 0.17). Time to lift did not show any significant 

differences across conditions (p> 0.09).  

Peak grip opening velocity showed no significant differences across conditions (p> 0.19) 

while peak grip closure velocity was higher (i.e. the closing of the hand occurred slower) 

under LO compared to FV condition (mean ± 1 SD, FV -137.15 ± 38.98 mm/s, LO  -122.68 

± 36.51 mm/s; F(1,12)= 6.12 p< 0.03). Peak grip closure velocity was also higher (i.e. the 

closing of the hand occurred slower) under full glass compared to semi-empty glass 

condition (mean ± 1 SD, semi-empty -150.95 ± 59.31 mm/s, full -108.88 ± 29.42 mm/s; 

F(1,12)=  6.53 p< 0.03). No other significant effect of minimum grip velocity was found 

across conditions (p> 0.33). 

 

7.3.4 Thumb and index finger analysis 

 

No differences across conditions were found in the spatial variability of the thumb 

displacement between movement end and contact (p >0.06). For the index finger a 

significant interaction of visual condition by hand condition was found (F(1,12)= 5.47 p<0.04) 

and it showed that the index of the dominant hand had higher spatial variability under LO 

compared to FV condition (Tukey’s p< 0.03) while no differences across visual conditions 

under the non-dominant hand condition were found (Tukey’s p= 0.96), see Figure 15. No 
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other differences on the spatial variability of the index finger were found across conditions 

(p> 0.15).  

 

 

 

7.4 Discussion 

 

The aim of this study was to understand whether peripheral/lower visual cues controlled 

both reaching and grasping movements online. A secondary aim of this study was to apply 

the definition of visual exproprioception (i.e. moving-limb position compared to target 

position) to the lower visual cues involved in reaching and grasping movements while 

standing (i.e. moving-hand position and body adjustments compared to target location) 

similar to its application in the vision and gait literature.   

 

 

 

Figure 7.15 Group of mean ± 1 SD from the 

significant interaction effect on the spatial 

variability of the index finger between 

movement end and contact. 
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7.4.1 Postural adjustments 

 

The magnitude of the anticipatory postural adjustments (APAs) was not affected by any 

conditions and in particular was not influenced by visual condition. This means that the 

area under the positive phase of the vertical torque before movement onset was not 

significantly different under lower visual occlusion (LO) compared to full vision (FV) 

condition. Considering that APAs are a feedforward mechanism, the absence of influence 

of lower visual cues on the planning of subsequent body/arm movement implies that lower 

visual cues are not necessary for the feedforward control of reaching and grasping, at least 

in terms of global control of the movement. The results from the kinematic measures of 

hands are also consistent with this interpretation as explained in the following paragraphs. 

Previous authors found that the APAs were influenced by the size of the object and that the 

amount of APAs was inversely proportional to the target size (Bonnetblanc et al 2004). 

Target size can be defined as a visual exteroceptive feature of the object since it is an 

absolute characteristic that does not change with the movement or position of the subject’s 

arm. This suggests that APAs are influenced by static features of the target and these 

features do not need an ongoing update during movement but they can be determined in 

feedforward manner. Consistent with this interpretation, the results of the present 

experiment showed that the glass condition (i.e. visual exteroceptive cue) affected 

variability in APAs across trials. Surprisingly the variability was higher with the semi-

empty glass. This result may reflect the difficulties experienced by the subjects in 

establishing the barycentre of the semi-empty glass compared to the full glass. These 

difficulties can be explained by the fact that the plastic glass used in this study was tall 

while the level of the water in the semi-empty glass was low (1 cm from the bottom of the 
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glass). The full glass did not present this problem because the height of the glass and the 

level of the water were similar. This interpretation is also in line with the results from the 

hand height at contact (see grasping results, section 7.4.3 of this Chapter) which was not 

different across glass conditions. In a situation where the subjects had a clear indication of 

where the barycentre of each glass was, the hand height at contact should have been 

systematically lower with the semi-empty glass condition compared to the full glass.  

The semi-empty glass represented a more challenging condition not only for the planning 

of movement but also for the execution of movement: the magnitude of the compensatory 

postural adjustments (CPAs) was higher under the semi-empty glass compared to full glass 

condition. Under the semi-empty glass condition the subjects could completely tip over the 

glass at contact if the glass was not grasped/approached carefully and there was minimal 

risk of spilling the water out from the glass. The semi-empty glass was lighter and with a 

barycentre located lower compared to the full glass, so that if the semi-empty glass was 

inadvertently hit at contact, it would have fallen and spilled all the water out and likely 

rolled on the desk. This event would have required further compensatory postural 

adjustments to the subjects which might have impaired their balance by trying to pick glass 

up and place it back again. The eventuality that the full glass would have been tipped over 

was more unlikely because the full glass was heavier and even if it had been carelessly 

grasped/approached, the glass would have likely only shook and some water would have 

been spilled out. Although not to spill the water out was one of the instructions the subjects 

needed to follow, this event would not have required further postural adjustments. 

Furthermore by grasping a heavier object compared to a lighter one, subjects could reassure 

their stability (Bleuse et al 2006).  
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On the other hand the variability of the CPAs was lower under the semi-empty glass 

condition compared to the full glass. This suggests that the compensatory postural 

adjustment were greater in magnitude and lower in variability in order to exert higher 

control on the movement when the more challenging glass condition (semi-empty) was 

presented.  

However the differences in the magnitude of CPAs between the semi-empty and full glass 

conditions decreased across repetitions (see Figure 7.8c) and this suggests that there was a 

familiarization/learning effect in managing the CPAs with the semi-empty glass condition 

as the experiment proceeded.  

CPAs also presented a significant two ways interaction of visual condition by glass 

condition which showed that the semi-empty glass only presented higher CPAs compared 

to full glass when lower visual cues were occluded (LO). This suggests that under the more 

challenging glass condition subjects needed to update online the lower visual cues provided 

by the relative position of moving body/ arm and target location. These peripheral/lower 

visual cues can be defined as visual exproprioceptive since they need to be updated online. 

Under the full glass condition the absence of lower visual cues led to less CPAs compared 

to FV (see Figure 7.8a). This may be interpreted as less employment of CPAs when the 

glass was full and the lower visual cues from the body/arm could not be updated during the 

ongoing movement. Subjects were aware of the greater likelihood of tipping over the semi-

empty glass thus they might have put the most of their efforts into avoiding this event 

occurring under LO.  

The significant interaction of glass condition by hand condition found in the CPAs showed 

that performing the task with the non-dominant hand and the semi-empty glass required 

higher CPAs compared to the condition with the dominant hand and the semi-empty glass 
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(see Figure 7.8b). Subjects did not show any significant differences in CPAs across glass 

conditions with the dominant hand. This means that not surprisingly subjects were able to 

better control the CPAs with their dominant hand rather than non-dominant hand because in 

everyday life they likely use their dominant hand more to execute reaching and grasping 

movements while standing. The variability of CPAs also showed a significant interaction of 

glass condition by hand condition and the CPAs with the non-dominant hand condition 

having lower variability with the semi-empty glass (see Figure 7.9). Reaching and grasping 

the semi-empty glass with the non-dominant hand represented a more challenging 

experimental condition, thus the subjects exerted higher control on their movement towards 

the semi-empty glass by increasing the magnitude of CPAs and decreasing the variability of 

the CPAs. 

The maximum backwards and lateral shift appeared after movement onset in the great 

majority of trials. This means that there was no association between the occurrence of the 

postural adjustment before movement onset (APAs) and a backwards or lateral early shift 

of the CoP. The lack of association between APAs and CoP is consistent with the 

interpretation of Bleuse at al (2005), who claimed that the occurrence of an early backward 

shift of the CoP represented a ‘non-specific postural preparation’ aimed at maintaining the 

CoM within the support surface. Bleuse at al (2005) concluded that APAs were not linked 

with the CoPs early backwards shift and they were not aimed at maintaining balance (i.e. 

stabilizing CoM) but rather to stabilize the joints in space. This interpretation is also in line 

with previous studies which highlighted that flexion-extension arm movements had greater 

effect on the hip and knee joints displacement rather than on the displacement of the CoM 

(Pozzo et al 2001). Furthermore Marsden et al (Marsden et al 1981) found that the upper 

limbs also contribute to stabilizing the body when subjects hold a tea cup in the hand. 
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Subjects tried to avoid transmitting an unexpected perturbation (this consisted of a pull of a 

wire tied to the arm not holding the tea cup) to the tea cup by relaxing the muscle of the 

arm holding the cup and contracting only the muscles of the arm tied to the wire. These 

findings suggest that postural adjustments from the upper limbs can also contribute to the 

stabilization of the body and then they are not strictly linked with the CoP movements. 

 

7.4.2 Reaching 

 

The lack of lower visual cues affected most of the dependent measures describing the 

reaching kinematics. The time of movement, hand path and the variability of the hand path 

across trials were longer under the LO condition. These findings showed that without visual 

exproprioceptive cues of the online hand position compared to the target location, subjects 

experienced difficulties in controlling the hand. However the task was always successfully 

completed since central visual cues providing the static features of the target (i.e. nature of 

the target, shape and its position in the allocentric map) were always present under both 

visual conditions (LO and FV). As previously found for the lower limbs and feet trajectory 

in adaptive gait (Chapter 5) and locomotion (Chapter 4) lower visual cues appear to be 

more involved in fine tuning the trajectory of the arm/hand towards the target. This is 

particularly shown by the higher variability of the hand path found under LO compared to 

FV condition. 

Unlike previous studies investigating the effect of visual field restriction on reaching 

movements (Loftus et al 2004; Sivak & MacKenzie 1990,1992; Watt et al 2000), peak hand 

velocity was higher under LO condition compared to FV and, as explained in the results 

section, this was due to the higher vertical displacement of the hand under LO condition. 
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These results likely represented a strategy used by the subjects to see their hand in their 

upper visual field so that they could control its position online. The variability of the hand 

vertical height was consistently found to be greater under LO, suggesting that the hand 

vertical displacement was not a planned strategy but rather it represented a tentative attempt 

to control the hand position online. Under the non-dominant hand condition the peak hand 

velocity and the hand vertical height were higher than under the dominant hand condition. 

However, when the velocity was calculated from the forward and lateral components 

(excluding the vertical), subjects still showed a higher peak hand velocity under the non-

dominant hand condition while the differences in the peak velocity disappeared across 

visual conditions. Hence the higher peak hand velocity and vertical height of the non-

dominant hand reflect a rather less specific strategy (compared to the one used to see the 

hand in the upper visual field under LO) to travel along a longer path and more carefully 

control the non-dominant hand during the reaching movement. Indeed, hand path and 

movement time were longer under the non-dominant hand compared to dominant hand. 

These findings of a higher hand vertical height and greater variability under LO condition 

showed how this novel visual field occlusion
28

 can bring new insights to the understanding 

of the online control of reaching provided by peripheral/lower visual cues, compared to the 

previously used visual field restriction condition. Under the LO and non-dominant hand 

conditions the trajectory of the hand was also more curved compared to the FV condition 

(Figure 7.11). This underlines again the higher uncertainty in guiding the hand experienced 

by the subjects when lower visual cues were absent. 

Both acceleration and deceleration time were higher under LO compared to the FV 

condition. The longer time spent by the hand in the deceleration phase under LO is 

                                                 
28

 ‘novel’ because never used before in reaching and grasping movements 
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consistent with previous studies which found that under visual field restriction the hand 

stopped earlier or decelerated for a longer time compared to full vision because of the 

absent of peripheral visual cues used to update the relative position of hand and target 

(Sivak & Mackenzie 1992). The longer time spent by the hand in the acceleration phase 

under LO was probably due to the fact that the hand was raised higher under LO. 

Acceleration and deceleration time were also longer under non-dominant hand compared to 

dominant hand: these longer acceleration and deceleration phases for the non-dominant 

hand were likely due to the fact that the hand was travelling along a longer path under the 

non-dominant hand condition. 

The results from the glass conditions followed an opposite trend in the reaching hand 

movements compared to the postural adjustments: for the latter, the most challenging glass 

condition was the semi-empty one, for the former the most risky glass condition was the 

full one. Time of movement, hand path and deceleration time were all longer under the full 

glass condition. This can be seen as evidence that there is a different strategy in guiding 

movements toward a full or a semi-empty glass. When the glass was full subjects became 

more careful in approaching the glass with their hand since the risk with the full glass was 

to spill out the water. On the other hand when the glass was semi-empty subjects employed 

a strategy that involved postural adjustments rather than simply the arm because the body 

needed to get ready for the possibility that the glass could be completely tipped over. 

 

7.4.3 Grasping 

  

The lack of lower visual cues also affected the majority of the grasping parameters. 

Maximum handgrip was higher under LO compared to FV. Previous authors considered the 
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maximum handgrip being dependent on the static features of the objects such as size, shape 

or weight (Jeannerod 1981; Marteniuk et al 1990). These features can be elaborated in 

feedforward manner since they do not change while the hand movement is achieved. 

Furthermore central vision rather than peripheral vision was believed to collect these static 

characteristics since it is the central retina which is specialized in fine detail analysis (Conti 

& Beaubaton 1980). However the results from this experiment highlighted that with the 

occlusion of the lower visual field subjects became more careful and increased maximum 

handgrip, likely in order to increase the likelihood of grasping the object. Maximum 

handgrip in reaching and grasping movements can be functionally compared with the lead 

foot placement before the obstacle from adaptive gait: both measures increased if lower 

visual cues from the limbs were missing but the movement (grasping and obstacle crossing 

respectively) was still successful. Similar to the lead limb foot placement before crossing, 

the maximum handgrip relied on visual static exteroceptive cues from the target to 

complete the task successfully but it needed visual exproprioceptive cues from the hand to 

fine tune online the grasping of the target. This is also confirmed by the analysis of the 

variability: maximum handgrip presented higher variability under LO compared to FV 

condition. This results showed how the application of the definition of visual exteroceptive 

cues to static features of the object and of visual exproprioceptive cues to the dynamic 

position of the hand compared to target location can better explain the online vs 

feedforward control of the reaching and grasping movements. Previous authors clearly 

separate the kinematic parameters of reaching and grasping into two separate categories: 

one category for the online control, which included deceleration time and time from 

maximum handgrip to contact, and another category for the feedforward control of reaching 

and grasping, which included acceleration time, time to maximum handgrip and maximum 
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handgrip (Gonzalez-Alvarez et al 2007). This division seems too artificial and assumes that 

one kinematic measure can only be exclusively controlled online or in a feedforward 

manner. This does not seem correct since maximum handgrip can be influenced by both 

feedforward information relative to the size and shape of the target, which allow the 

subjects to complete the task, and by information about the online position of the hand 

compared to the target, which decreased handgrip variability and the widening of the hand.  

Also time to maximum handgrip does not reflect only feedforward control. Woodworth 

(1899) claimed that the first part of the hand movement (for example represented by the 

time to maximum handgrip) can be defined as a ballistic phase and this part of the 

movement is more reliant on feedforward control. Woodworth (1899) found that under eyes 

closed the hand movement was completely preprogrammed while under eyes open the 

programmed movement was integrated with the online control of the hand provided by 

visual feedback. Therefore according to this model, time to maximum handgrip should not 

be affected by the absence of online visual information since the first part of the movement 

is completely preprogrammed. However in the present experiment, time to maximum 

handgrip was longer under LO. This suggests that the lack of online visual information 

from the upper limb travelling towards the target affected the fine tuning of the first pre-

programmed phase of the reaching and grasping movement. This finding underlines further 

the online control provided by lower visual cues on upper limb kinematics. Furthermore if 

peripheral/lower visual cues were mainly used to plan the trajectory of the hand as 

suggested by Prablanc et al (1979b) a repetition effect (learning effect) should have been 

found for the time to maximum handgrip, suggesting that the subjects learnt the distance 

between initial position of the hand and target across repetitions and they could update the 
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program for the ballistic phase of the reaching movement. However no effect of repetition 

was found for the time to maximum handgrip in this experiment (see Results section). 

On the other hand, LO had higher impact on the time from maximum handgrip to contact 

and on the time from movement end to contact. The time from maximum handgrip to 

contact represents the time spent by the hand determining the final shape of the handgrip 

and this time was longer and had higher variability when lower visual cues from the hand 

were occluded. Since the data from this study suggests that in the great majority of the trials 

(69%) movement end occurred before the maximum handgrip, the time between movement 

end and contact was also considered in order to investigate the effect of LO on the entire 

grasping phase. Time from movement end to contact was longer and its variability was 

higher when lower visual cues were occluded. These results indicate the importance of the 

online update of the lower visual cues from the hand in the last phase of the reaching and 

grasping movements. Consistent with the findings of Gonzalez-Alvarez et al (2007), these 

results highlight the main role of the peripheral/lower visual cues in the online control of 

grasping as well as reaching. As further evidence of the relevance of lower visual cues in 

the online control of the grasping kinematics, the peak grip closure velocity of index finger 

and thumb was lower under LO. This suggests that subjects were more cautious in closing 

the hand without visual exproprioceptive online cues of the relative position of thumb, 

finger index and glass.  

The glass condition also influenced the grasping measures and subjects approached the full 

glass more carefully. Time from maximum handgrip to contact was longer under the full 

glass condition. In particular time from maximum handgrip to contact was longer under the 

full glass condition when lower visual cues from the hand were occluded (Figure 7.13a). 

However this difference between semi-empty and full glass condition under LO decreased 



                                                                                                                                                                     296 

 

across repetitions (Figure 7.13b), showing that the subjects became more familiar (and less 

cautious) with the full glass condition under LO while the experiment proceeded. Time 

from movement end and contact was also longer with the full glass condition, however 

subjects became less cautious with the full glass across repetitions and in the third 

repetition no differences in time from movement end and contact were found between 

semi-empty and full glass conditions (Figure 7.14b). Peak grip closure velocity was also 

lower for the full glass condition compared to the semi-empty glass condition. Nevertheless 

subjects were more cautious under the semi-empty glass condition when they performed the 

handgrip at contact: the handgrip at contact was wider with the semi-empty than with the 

full glass. This higher spatial displacement of the handgrip at the contact is consistent with 

the results in relation to the CPAs: a possible slip of the semi-empty glass at contact would 

not have led to spilled water as with full glass, but it would have completely tipped over the 

glass.  

In the time between movement end and maximum handgrip and time between movement 

end and contact, a main effect of the hand was also found. Surprisingly the dominant hand 

spent a longer time between movement end and contact. This result could be explained 

through the significant interaction of visual condition by hand condition found in the time 

between movement end and contact. This interaction showed that under LO the dominant 

hand spent more time in approaching the glass within the grasping phase (Figure 7.14a). 

This result is in line with previous findings which showed that in dexterous subjects the 

dominant upper limb is highly reliant on visual cues while the non-dominant upper limb  

relies on proprioceptive cues (Goble & Brown 2006). In Goble and Brown’s study (2006) 

the elbow joint of right handed blindfolded subjects was passively extended up to a certain 

angle and after flexed again to the starting position. The subjects were asked to actively 
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match the elbow joint angle displacement with the previous position passively performed. 

Results showed that the non-dominant arm presented higher accuracy in reproducing the 

elbow extension compared to the dominant arm. The same subjects performed another 

memory motor matching task where rather than matching the previous passively performed 

elbow extension, subjects were asked to respond to a visual target. Subjects looked at a 

fixation point on the screen and a point to the right or left of the fixation point appeared (the 

visual target). After this visual target was extinguished, subjects were asked to extend their 

elbow joint in a way that the hand was placed in front of the location where the visual target 

appeared previously. In this task the accuracy was higher when the elbow extension was 

performed with the dominant upper limb. As the visual target appeared in the peripheral 

visual field (to the right or left of the fixation point), this might imply that the dominant 

upper limb relies on peripheral visual cues for moving.  

The same visual condition by hand condition interaction found in the time between 

movement end and contact was also found in the spatial variability of the index finger 

between movement end and contact (Figure 7.15). The spatial variability of the thumb 

between movement end and contact did not show any significant differences across 

condition. These two last results actually confirm previous authors’ findings which 

highlighted that the index finger is the principal component of grasping movements since it 

is the index finger which carries out the closing of the grip around the target (Wing & 

Fraser 1983). The same authors found that the spatial variability of the thumb remains low 

during prehension movement (Wing & Fraser 1983). 

 

The main conclusion of this study is that peripheral/lower visual cues are mainly involved 

in the online control of reaching and grasping movements. APAs, which represent a 
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feedforward motor strategy, were not influenced by the absence of lower visual cues. On 

the other hand CPAs, which occur during the ongoing movement of the arm, were affected 

by the absence of lower visual cues under the more challenging condition for the postural 

adjustment (semi-empty glass condition). The spatial and temporal kinematic descriptors of 

both reaching and grasping movements were affected by the absence of lower visual cues 

during either the first or final phase of the reaching and grasping movements.  The fact that 

the absence of lower visual cues regarding the relative position of moving hand and target 

affected not only the magnitude of the dependent measures (such as maximum handgrip 

and hand path) but also their variability is further evidence of the online control provided 

by peripheral lower visual cues on the hand and index finger-thumb trajectory.  

This suggests that the definition of visual exproprioception (i.e. dynamic position of the 

body/limb compared to object location) can also be applied to the peripheral visual cues 

involved in reaching and grasping movements. Furthermore the fact that the APAs are only 

affected by the level of the water in the glass, which is a static object feature collected by 

the central visual field, suggests that central visual cues are visual exteroceptive (i.e. 

absolute properties of the objects) in reaching and grasping movements as well as in gait 

(Graci et al 2009, 2010).  

A secondary conclusion in relation to proprioceptive/somatosensory information can also 

be drawn from this study: the results suggest that there were two different motor strategies 

for reaching and grasping a semi-empty or a full glass. These strategies were linked to the 

expectations the subjects had about the consequence of an unsuccessful grasp of each glass. 

Under the semi-empty glass condition the consequences following a hit or a poor grip of 

the glass is not to just spill the water but to actually tip over the glass. This eventuality is  
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costly in term of further CPAs so that the subjects exerted greater control in body postural 

adjustments and in the final handgrip at contact with the semi-empty glass. Under full glass 

conditions a hit or a faster approach to the glass would have been unlikely to provoke the 

glass to tip, but it would likely have led to spilled water. Hence subjects exerted higher 

control in the temporal parameters of reaching and grasping and in the closure velocity of 

the grip before the contact. 
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8. Chapter 8. The role of lower visual cues in the 

coordination of locomotion and prehension 

 

8.1 Rationale 

 

In their speculative article, Georgopoulus and Griller (Georgopoulos & Grillner 1989) 

proposed that the coupling of upper and lower limbs during movement relies on visuomotor 

coordination. Few previous studies have investigated the coordination of reaching and 

grasping movements while walking. However none of these studies addressed the influence 

of visual information on walking and prehension (Carnahan et al 1996; Cockell et al 1995; 

Rosenbaum 2008; Van der Wel & Rosenbaum 2007). The main finding emerging from 

these studies was that generally reaching and grasping demands are superimposed upon gait 

movements: for example subjects walk slower if they hold an uncovered cup while walking 

(Bertram et al 1999). However up to date the influence of vision on the coordination 

between locomotion and prehension in unknown. Furthermore previous studies mainly 

focused on the planning of walking and prehension coordination rather than the online 

control (Rosenbaum 2008; Van der Wel & Rosenbaum 2007). 

In Chapter 7, lower visual cues were found to be used for the online control of reaching and 

grasping while standing. Compensatory postural adjustments (CPAs) occurring during 

upright stance were also found to be influenced by lower visual cues when subjects grasped 

an object that presented high risk of being tipped over. The aim of the study in this chapter 

was to determine if lower visual cues are also involved in the online control of reaching and 
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grasping performed within a walking task. Hence the analysis of the walking component of 

the task concentrates on the parameters describing gait termination before contacting the 

target with the hand. 

The same desk, glass, hand and visual conditions of the study described in Chapter 7 were 

used, although in the present study subjects walked up to the desk and reached out to grasp 

the glass rather than simply reaching and grasping the glass from a standing position. The 

coordination of upper and lower limbs was investigated by the analysis of the last foot 

placements before contacting the glass and some of the parameters describing reaching and 

grasping in Chapter 7. 

 

8.2 Methods 

 

8.2.1 Participants 

 

This study was performed in the same session as the previous study described in Chapter 7, 

so that both studies included the same participants. The order of the two tasks (i.e. study 4 

and 5)  was randomized across participants. However in the study described in this Chapter, 

one subject’s data were discarded from the analysis because of problems with index finger 

and thumb marker tracking. Hence only twelve of the thirteen right-handed participants of 

the previous study took part in the present study: 4 males and 8 females (mean ± 1 SD, age 

26.1 ± 6.2 years, height 169.71 ± 9.9 cm). WHQ-R handedness score was within the range 

34- 72. Although footedness was not an inclusion/exclusion criterion for the study, subjects 

also performed the ‘Waterloo Footedness Questionnaire-Revised’ (WFQ-R) of Elias et al. 

(1998), see appendix D. This was performed to ensure that footedness would not have 
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influenced the last foot placements before the contact of the hand with the glass. In the 

WFQ-R test subjects were asked to indicate for each activity their preferred foot by circling 

one of 5 choices: right always (Ra) or left always (La), right usually (Ru) or left usually (Lu) 

or both feet equally (Eq). Responses were scored on a scale from -2 (corresponding to left 

always) to +2 (corresponding to right always). A score between 2 and 20 denotes right 

laterality while a score between -20 and -2 denotes left laterality. In this study all the 

participants had a strong preference for the right foot and the WFQ-R footedness score was 

within the range 8-20. 

 

8.2.2 Visual conditions and visual measurements  

 

The same two binocular visual conditions employed in the Chapter 7 experiment were used: 

lower occlusion (LO), and full vision (FV) as the control condition (see Chapter 7 section 

7.2.2). In this study subjects were able to see the front edge of the desk up to approximately 

two steps away from it under the LO condition, while the target (glass) on the desk was 

always visually available. Mean and SD of the visual measurements have been recalculated 

for the twelve subjects taking part in this study. Visual acuity (VA), contrast sensitivity (CS) 

and depth perception were tested on FV as described in the General Methods (Chapter 3, 

section 3.4). Mean ± 1 SD VA score was: -0.18 ± 0.06 logMAR (Snellen equivalent 6/4). 

Mean ± 1 SD CS score was: 1.90 ± 0.09 log CS. Range of retinal disparity was between 

30’’ -120’’.  
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8.2.3 Protocol 

 

The sides of the lab were defined by positioning parallel grey boarding (1.8m high) 4m 

apart over the length of the walkway. This ensured that environmental visual cues were 

consistent across trials (as for study 1, 2 and 4, see Chapter 4, 5 and 7). The same desk used 

in the previous reaching and grasping study was placed with the longer side facing the 

subject at approximately 3m from the starting position for walking. The same two glass 

conditions from the previous study were used and each glass was placed on the desk with 

an indication to move it in the same way described in Chapter 7.  

Subjects were instructed to walk up to the desk with their customary speed while looking at 

the glass placed on the desk. Three starting positions were used in the study for each 

subject. One starting position was determined by doubling each subject’s height. In this 

way starting distance was scaled on the basis of subject’s height (as in Van der Wel & 

Rosembaum’s study 2007) and on the basis that stride/step length and body height are 

correlated (Van der Wel & Rosembaum 2007). In this way the starting distances were 

standardized across subjects. Tape was placed on the floor to mark this position. Two other 

starting positions were marked by tape on the floor at a distance 15% of each subject’s 

height in front and behind the first staring position taped down on the floor. These other 

two positions were included in order to prevent subjects simply using a ‘stereotyped’ 

strategy to approach the desk to pick up the glass, rather than using visual information to 

complete the task. The three starting points were randomized across trials. At the 

experimenter’s instruction ‘go’, subjects achieved between four to five steps before 

stopping at the desk, picking the glass up from the side with thumb and index finger and 

placing it further forwards on the desk where indicated without spilling any water. Subjects 
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picked up the glass both semi-empty and full with either dominant or non-dominant hand 

before data collection in order to familiarise themselves with the target weight. The task 

was performed under two visual conditions (LO and FV), two glass conditions (semi-empty 

and full) and two hand conditions (dominant and non-dominant). Trials were repeated three 

times for a total of 24 trials (2 x 2 x 2 x 3= 24).  

3D body segment kinematics was captured (100 Hz) using motion capture techniques (see 

General Methods, Chapter 3, section 3.1.1). Reflective markers were placed as explained in 

the General Methods (Chapter 3, section 3.1.1.4). Beyond the markers on the body, and 

thumb and fingers, a marker was also placed on the glass on a small piece of a transparent 

cello tape applied side to side across the top of the glass.  

 

8.2.4 Dependent measures 

 

During walking the arms undergo oscillatory movements, which consist of alternate 

forward and backward shifts (relative to the body). Because of this oscillatory movement it 

is difficult to distinguish the movement onset of reaching from the general oscillation of the 

arm (Figure 8.1). This meant that movement onset could not be selected consistently across 

trials and subjects. Hence movement onset was not used as a parameter for the calculation 

of the dependent measures, so that parameters such as time of reaching (from movement 

onset to movement end) and time to maximum handgrip were not considered in this study. 
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Figure 8.1 Resultant velocity of the wrist in three trials performed under the same conditions (i.e. LO, full glass, non 

dominant hand and first repetition) by three different subjects. The peak velocity reached by the wrist during the reaching 

movement can be easily distinguished while it is difficult to indicate when the reaching movement started. 

 

 

Movement end was defined as the instant in which the horizontal (y) velocity of the hips 

(i.e. first derivative of the average horizontal spatial position of both hips) subtracted from 

the horizontal (y) velocity of the wrist was equal to zero (Carnahan et al 1996), after the last 

foot placement.  In a reaching and grasping task performed within a walking task, the 

horizontal component of the velocity has greater influence compared to the vertical and 

lateral components on the absolute velocity of the arm. This is the reason why the average 

velocity of both hips was subtracted from the velocity of the wrist. Glass contact and the 

‘lift’ of the glass were calculated as in Chapter 7 (see Chapter 7, section 7.2.5).  

In table 8.1, the dependent measures describing the coordination between walking and 

prehension are listed and described. The ‘second last foot placement’ was the second last 

foot stopping at the desk before contact. Both these events occurred in each subject before 

the hand contacted the glass. Which foot was placed last was examined in order to 

understand if there was a preference for the ipsilateral or contralateral foot for last foot 

placement and second last foot placement. 

The variable ‘foot targeting’ was also analyzed, and referred to the final positioning of the 

feet relative to the glass. In this study foot targeting was defined and calculated as in 
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Sparrow et al’s (2003) study. A four-sided figure was defined on the basis of four vertexes 

corresponding to the x and y coordinates of the left and right heels and 2
nd

 toe markers 

(Figure 8.2). The x and y coordinates of the centroid of this four-sided figure were 

calculated as follows: 

 

X centroid=
x1+x 2+x 3+x 4

4
       Y centroid=

y1+y 2+y3+y4

4
 

 

The medial-lateral and the anterior-posterior foot targeting in relation to the glass position 

were calculated by subtracting the x and y coordinates of the glass from the x and y 

coordinates of the centroid respectively (Sparrow et al 2003), see Figure 8.2.  

 

 

 

 

Figure 8.2 The four-sided figure is built on the position of the left and right heels (LH and RH) and 2nd toe markers (LT 

and RT). The medial lateral and anterior posterior distances between centroid and glass correspond respectively to the ML 

and AP foot targeting. Trial-to-trial variability was also calculated for both ML and AP foot targeting (1 SDx and 1SDy). 

Adapted from Sparrow et al (2003). 
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Table 8.1 Coupling walking and prehension descriptors 

WALKING AND PREHENSION 

Horizontal (y) last foot distance (mm) 

 

Anterio-posterior distance between the heel 

of the last foot placed on the ground before 

the contact and the glass. 

 

Lateral (x) last foot distance (mm) 

 

Lateral distance between the heel of the last 

foot placed on the ground before the contact 

and the glass. The distance has a negative 

sign when the last foot placement is 

positioned to the left of the glass.   

Horizontal (y) second last foot distance 

(mm) 

 

Anterior-posterior distance between the heel 

of the second last foot placed on the ground 

before the contact and the glass. 

 

Lateral (x) second last foot distance 

(mm) 

 

Lateral distance between the heel of the 

second last foot placed on the ground before 

the contact and the glass. The distance has a 

negative sign when the second last foot 

placement is placed to the left of the glass.   

 

Time between last foot placement  and 

contact (s) 

 

Time between last foot placement (last 

heel contact) and contact with the glass. 

 



                                                                                                                                                                     308 

 

Time between second last foot placement  

and contact (s) 

 

Time between second last foot placement  

and contact with the glass 

 

Lateralization last foot placement 

(dominant versus non-dominant foot) 

The last foot (dominant versus non-dominant 

foot) placed on the floor before contact with 

the glass.  

 

ML foot targeting  Medial-lateral position of the centroid 

compared to the medial-lateral position of 

the glass. Negative values indicate that the 

medial lateral position of the centroid is to 

the left side of the glass (Figure 8.2). 

 

AP foot targeting Anterior-posterior position of the centroid 

compared to the anterior-posterior position 

of the glass. 
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In the two tables below the hand kinematic parameters used in this study are reported and 

described. 

 

Table 8.2 Reaching kinematics descriptors 

REACHING 

Maximum vertical hand height (mm) The highest spatial position in the vertical 

(z) direction reached by the wrist during the 

reaching movement between peak wrist 

velocity and movement end. 

Figure 8.3 Schematic of the 

experimental set up.  

Subjects walk up to the desk and 

stopped before reaching and grasping 

the glass placed on the desk. The black 

feet represent the last and second last 

foot placement (the name is based on 

the temporal order they are placed on 

the ground). In this figure second last 

foot placement is located further away 

from the desk compared to the last foot 

placement. This did not occur 

necessarily in each trial. 

Lateralization of the last foot placement 

refers to the last foot in time placed on 

ground. In this figure the last foot 

placed on the ground is the non-

dominant (left) foot. 
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Peak hand velocity (mm/s) Maximum resultant wrist velocity (x,y and 

z) between movement onset and movement 

end. 

 

Deceleration time (s) Time between peak wrist velocity and 

movement end. 

 

 

 

Table 8.3 Grasping kinematics descriptors 

GRASPING 

Handgrip at contact (mm) Spatial resultant distance (x,y and z) 

between thumb and index finger markers at 

contact with the glass 

Hand height at contact (mm) Height of the wrist at contact with the glass 

 

Maximum handgrip (mm) Maximum distance between thumb and 

index finger markers between peak wrist 

velocity and movement end 

 

Peak grip opening velocity (mm/s) 

 

Peak velocity of the handgrip in the opening 

phase, which occurred between peak wrist 

velocity and maximum handgrip 

 



                                                                                                                                                                     311 

 

Peak grip closing velocity (mm/s) 

 

Peak velocity of the handgrip in the closure 

phase, which occurred between maximum 

handgrip and contact with glass. 

 

Time between maximum handgrip and 

contact (s) 

Time between maximum handgrip and 

contact with the glass 

 

 

Time between movement end and 

contact (s) 

Time between movement end and contact 

with the glass  

 

Time between movement end and 

maximum handgrip (s) 

Time to maximum handgrip was subtracted 

from time of movement end so that a 

negative time indicated that the hand stopped 

before reaching its maximum aperture. 

 

Time to lift (s) Time between contact with the glass and lift 

of glass 

 

 

As for the previous study (Chapter 7) in most of the trials (198 on 288, around 69 % of the 

trials) the wrist stopped the reaching movement (movement end) before the index finger 

and thumb reached their maximum aperture (i.e. time between movement end and 

maximum handgrip). Hence the time from maximum handgrip and contact represents the 
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time spent for final shaping of the hand for grasping, while the time between movement end 

and contact represents the whole time spent in the entire grasping phase (or in the entire 

final part of the reaching and grasping movement) by the hand. 

Trial-to-trial variability was defined as the standard deviation calculated across repetitions. 

In order to gain deeper insights into the online control of lower visual cues, trial-to-trial 

variability was calculated for the following dependent measures: maximum vertical hand 

height, deceleration time, maximum handgrip, time between maximum handgrip and 

contact, time between movement end and contact, horizontal last foot placement, lateral last 

foot placement, horizontal second last foot placement, lateral second last foot placement, 

ML foot targeting and AP foot targeting. 

 

8.2.5 Data analysis 

 

Each dependent measure was tested for normality with the Kolmogorov-Smirnov test. More 

than a half of the distributions of time to lift, horizontal last foot placement and variability 

of horizontal last foot placement were not normally distributed and skewed to the right. On 

these dependent measures the logarithmic transformation was applied to the data using the 

formula of Bartlett (1947) described in Chapter 7 (see section 7.2.6) and the median across 

conditions was calculated for each subject. The medians were averaged across subjects for 

each condition and standard deviation (SD) of the mean of the medians was calculated and 

reported in the results section.  

More than half of the distributions of all the other dependent measures matched the 

criterion for normality. 
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The factors considered in the analysis were:  

 Visual condition on two levels: lower occlusion (LO) and full vision (FV) 

 Glass condition on two levels: semi-empty and full glass 

 Hand condition on two levels: dominant and non-dominant hand 

 Repetition (n=3). 

Four-way-ANOVAs were used to analyze all dependent measures except for the trial-to 

trial variability where only the effect of visual, glass and hand condition could be estimated. 

Hence three-way-ANOVAs were used on trial-to-trial variability. Post-hoc comparisons 

were analyzed with Tukey’s HSD post-hoc test.  

The lateralization of the last foot placement was analyzed in the following way: in each 

trial the label ‘right’ was assigned to the variable when the last foot placed on the ground 

was the dominant foot and the label ‘left’ was assigned to the variable when the last foot 

placed on the ground was the non-dominant foot. The number of labels ‘right’ and the 

number of labels ‘left’ were counted across repetitions for each subject. Hence the 

distributions of the lateralization of the last foot placement were tested for normality with 

the Kolmogorov-Smirnov test and all of them were found not to be normally distributed 

(p< 0.05). A Friedman’s ANOVA was used on the lateralization of the last foot placement.  

A series of four-ways-within-ANOVAs was used in order to compare some of the 

dependent measures in common to study 4 (Chapter 7) and study 5 (the present Chapter). 

This was done when the results led to a discussion about the similarity or difference of 

reaching and grasping across the two studies, in particular in relation to the visual 

conditions. A within-design was used since the same subjects were employed in both 

studies with the exception of only one subject (see section 8.2.1 Participants), who was not 

included in this analysis. The factors considered were the same used for the main analysis, 
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such as vision, glass and hand condition (with the levels described above) with the 

addiction of the factor ‘task’ on two levels (walking and standing). Only for these within-

ANOVAs comparing the two different tasks, repetitions were collapsed in order to avoid 

spurious significant interactions due to the high number of factors. These within-ANOVAs 

for the comparisons were performed on: peak hand velocity, deceleration time, maximum 

hand height, maximum handgrip, variability of maximum handgrip, variability of time 

between maximum handgrip and contact and variability of time of deceleration. 

Level of significance was set at 0.05 for all the above statistical tests. 

 

8.2.6 Results 

 

8.2.6.1 Coupling walking and prehension 

 

Time between last foot placement and contact and time between second last foot placement 

and contact were longer under LO compared to FV condition (last foot placement F(1,11)= 

29.33 p< 0.001 and second last foot placement, F(1,11)= 19.63 p< 0.001), full glass 

compared to semi-empty glass condition (last foot placement F(1,11)=32.99 p< 0.001 and 

second last foot placement, F(1,11)= 33.93 p< 0.001)  and non-dominant hand compared to 

dominant hand condition (last foot placement F(1,11)= 5.83 p< 0.04 and second last foot 

placement, F(1,11)= 7.13 p< 0.03). No other significant effects were found on these two 

dependent measures (p> 0.06). 
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Table 8.4 Group of mean ± 1 SD of the significant effect of time between last foot placement and contact and time 

between second last foot placement and contact.  

 

 Vision Glass Hand 

 FV LO semi- 

empty 

full dominant non- 

dom 

Time last 

foot placement (s)  

0.39 (0.24) 0.55 (0.29) 0.38 (0.22) 0.56 ( 0.32) 0.42 (0.27) 0.51 (0.29) 

Time second last  

foot placement (s) 

0.94 (0.28) 1.11 (0.33) 0.92 (0.25) 1.11 (0.35) 0.97 (0.29) 1.07 (0.32) 

 

Last foot horizontal distance was higher (i.e. the foot was placed further away from 

desk/glass in horizontal direction) under LO compared to FV condition (mean ± 1SD, FV 

476.19 ± 125.32 mm LO 523.91 ± 132.51 mm, F(1,11)= 31.86 p< 0.001). Horizontal last foot 

distance did not show any other significant difference across conditions (p> 0.08). The 

trial-to-trial variability of last foot horizontal distance showed only a significant interaction 

between visual by hand condition (F(1,11)= 9.78 p< 0.01). Although Tukey’s HSD test did 

not highlight any significant differences between conditions for this interaction effect (p> 

0.11), Figure 8.4 shows that variability of last foot horizontal distance was higher under 

dominant than non-dominant hand in LO condition while the opposite trend was present 

under FV condition (Figure 8.4). 
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Figure 8.4 Group of mean ± 1 SD from the significant interaction visual condition by hand condition found on the 

variability of last foot horizontal distance. Although Tukey’s test did not highlight any significant differences between 

conditions for this interaction effect (p> 0.11), variability of last foot horizontal distance was higher under dominant hand 

than non-dominant hand under LO condition. 

 

No other significant effect on the trial-to-trial variability of last foot horizontal distance was 

found across condition (p> 0.27).  

Lateral last foot distance was higher (i.e. foot placed further away from the desk/glass in 

lateral direction) under non-dominant compared to dominant hand (mean ± 1SD, dominant 

-10.86 ± 34.24 mm non-dominant 36.34 ± 40.34 mm, F(1,11)= 33.98 p< 0.001). A significant 

three-ways interaction of visual by hand condition by repetition was also found on last foot 

lateral distance (F(2,22)= 3.59 p< 0.05). This interaction highlighted that in the first repetition 

under LO condition lateral last foot distance was higher under non-dominant compared to 

dominant hand (Tukey’s test, p< 0.02) while in the second repetition the same trend was 

instead found under FV condition (Tukey’s test, p< 0.03). In the third repetition no 

differences between hand condition across visual condition were present (Tukey’s test, p> 

0.21).  
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Figure 8.5 Group of mean ± 1 SD from the significant interaction visual by hand condition by repetition found on the 

lateral last foot distance. Asterisks indicate significant differences (p< 0.03). 

 

No other significant effect on the lateral last foot distance was found across condition (p> 

0.06). Variability of lateral last foot distance placement did not show any significant effect 

across conditions (p> 0.08).  

Horizontal second last foot distance was higher under LO compared to FV condition (mean 

± 1 SD, FV 541.34 ± 65.91 mm LO 580.54 ± 57.88 mm,  F(1,11)= 14.59 p< 0.003) and under 

non dominant compared to dominant hand (mean ± 1 SD, dominant 541.64 ± 62.29 mm 

non-dominant 580.23 ± 63.65 mm, F(1,11)= 10.25 p<0.008). No other significant differences 

on horizontal second last foot distance were found across conditions (p> 0.09). 

Variability of the second last foot horizontal distance was higher under semi-empty glass 

compared to full glass (mean ± 1 SD, semi-empty 115.17 ± 40.53 mm full 85.14 ± 30.39 

mm, F(1,11)= 8.76 p< 0.13) and a significant two-ways interaction of visual by hand 

condition (F(1,11)= 15.71 p< 0.002). The interaction showed that under the dominant hand 
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condition no difference across visual conditions were found (Tukey’s test, p= 0.57) while 

under non-dominant hand the variability of the second last foot horizontal distance was 

lower under LO compared to FV condition (Tukey’s test, p< 0.006). Furthermore under FV 

condition the variability was higher with the non-dominant hand compared to the dominant 

hand (Tukey’s test, p< 0.03) while no differences across visual conditions were found 

under the LO condition (Tukey’s test, p= 0.21).  

 

 

 

Figure 8.6 Group of mean ± 1 SD from the significant interaction of visual condition by hand condition found on the 

variability of second last foot horizontal distance. Asterisks indicate significant differences (p< 0.03). 

  

Variability of the second last foot horizontal distance did not show any other significant 

differences across conditions (p> 0.12). 

Lateral second last foot distance was higher under non-dominant compared to dominant 

hand (mean ± 1 SD, dominant -7.48 ± 30.29 mm, non-dominant  17.75 ± 27.33 mm, F(1,11)= 

7.41 p< 0.02). A significant two-ways interaction of visual condition by hand condition was 

found on second last foot lateral distance (F(1,11)= 9.08 p< 0.02) and showed that under FV 

visual condition lateral second last distance is higher with non-dominant hand compared to 
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dominant hand (Tukey’s test, p<0.003) while no differences across hand conditions were 

found under LO (Tukey’s test, p= 0.09).  

 

 

Figure 8.7 Group of mean ± 1 SD from the significant interaction of visual by hand condition found on the second last 

foot lateral distance. Asterisks indicate significant differences (p< 0.003). 

 

No other significant differences on the lateral second last foot distance were found across 

conditions (p> 0.09) and no differences in the variability of the lateral second last foot 

distance (p> 0.07). 

Which foot was placed last did not show any significant difference in the use of the 

dominant or non-dominant foot across conditions (X
2

(12)= 22.77 p= 0.08). This means that 

there was no preference for the ipsilateral or contralateral foot across conditions. 

ML foot targeting showed a significant effect of hand condition and under dominant hand 

condition the mediolateral position of the centroid was placed further away and more on the 

left side of the glass compared to the non-dominant hand condition (mean ± 1 SD, 
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dominant -60.61 ± 22.25 mm non-dominant -9.88 ± 24.81 mm, F(1,11)= 58.05 p<0.001). A 

significant effect of repetition was also found on ML foot targeting (F(2,22)= 3.67 p< 0.05) 

and showed that in the third repetition ML foot targeting was closer to the glass midline 

compared to the ML foot targeting in the second repetition (Tukey’s test, p< 0.04). 

Generally ML foot targeting occurred closer to the glass across repetitions (Figure 8.8). 

 

 

 

No other significant effect across conditions was found on ML foot targeting (p> 0.06). 

AP foot targeting was affected by visual condition: the AP distance between centroid and 

glass was higher under LO compared to FV condition (mean ± 1 SD, FV 415.68 ± 69.92 

mm LO 456.13 ± 65.03 mm, F(1,11)= 10.76 p< 0.007). A significant two-ways interaction of 

visual condition by hand condition was also found (F(1,11)= 7.09 p<0.03) and showed that 

under the dominant hand condition AP foot targeting was higher in LO compared to FV 

condition (Tukey’s test, p<0.001) while under the non-dominant hand no differences across 

Figure 8.8 Group of mean ± 1SD of the 

repetitions of the ML foot targeting. 

Asterisks indicate significant differences p< 

0.04. 
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visual conditions were found (Tukey’s test, p= 0.38). No other significant effect across 

conditions was found on AP foot targeting (p> 0.32). 

Variability of both ML and AP foot targeting did not show any significant difference across 

conditions (p> 0.08). 

 

 

 

Figure 8.9 Group of mean ± 1SD of the significant two-ways interaction of visual by hand condition found on the AP foot 

targeting. Asterisks indicate significant differences p< 0.001. 

 

8.2.6.2 Reaching  

 

Peak hand velocity was higher under FV compared to LO condition (mean ± 1 SD, FV 

1007.02 ± 177.28 mm/s LO 905.61 ± 186.13 mm/s, F(1,11)= 19.31 p<0.001). This result 

differs from the ones of the previous study (Chapter 7). The results from the within-

ANOVA comparing the results from the present experiment and the standing study showed 

a significant difference between tasks. In the walking task, peak hand velocity was higher 

than in the standing task (mean ± 1 SD, walking 956.38 ± 177.29 mm/s standing 526.05 ± 

211.06 mm/s, F(1,11)= 51.46 p< 0.001). Although the results from the within-ANOVA 
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showed a main effect of vision with peak hand velocity higher under FV (mean ± 1 SD FV 

738.61 ± 169.43 mm/s LO 700.63 ± 141.81 mm/s, F(1,11)= 10.63 p< 0.008), a significant 

interaction between task and vision (F(1,11)= 17.35 p< 0.002) confirmed the difference 

between visual conditions across the two task conditions. In the walking task, peak hand 

velocity was higher under FV condition while the in the standing task peak hand velocity 

was higher under LO condition (see Chapter 7).  

Peak hand velocity was higher under semi-empty glass compared to full glass condition 

(mean ± 1 SD, semi-empty 975.19 ± 190.06 mm/s full 937.44 ± 168.19 mm/s, F(1,11)= 5.57 

p< 0.038) and non-dominant hand compared to dominant hand condition (mean ± 1 SD,  

dominant 864.86 ± 172.13 mm/s  non-dominant  1047.77 ± 211.14 mm/s, F(1,11)= 17.71 p< 

0.001). Peak hand velocity was also affected by a significant interaction of visual condition 

by glass condition (F(1,11)= 6.48 p< 0.03) and showed that under LO condition peak hand 

velocity was lower with the full glass than the semi-empty glass (Tukey’s test, p< 0.03) 

while no differences across glass condition were found under FV condition (Tukey’s test, 

p= 0.97). Furthermore no differences across visual conditions under semi-empty glass 

condition were found (Tukey’s test, p= 0.29) while under full glass condition, peak hand 

velocity was lower under LO compared to FV condition (Tukey’s test, p< 0.001).  
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Figure 8.10 Group of mean ± 1 SD from the significant interaction of visual by glass condition found on the peak velocity 

of the hand . Asterisks indicate significant differences (p< 0.001). 

 

Peak hand velocity did not show any other significant differences across conditions (p> 

0.07).  

Maximum vertical height of the hand was higher under LO compared to FV conditions 

(mean ± 1 SD, FV 939.33 ± 45.56 mm LO 953.43 ± 52.27 mm, F(1,11)= 17.04 p< 0.002). 

This difference between visual conditions was found also in the results from study 4. The 

within– ANOVA comparing the two studies showed a main effect of vision condition 

highlighting again that maximum hand height was higher under LO condition (F(1,11)= 

51.46 p< 0.001). Maximum hand height was also found to be different across tasks: in the 

waking it was higher than in the standing task (mean ± 1SD, walking 946.38 ± 48.67 mm 

standing 915.49 ± 27.09 mm, F(1,11)=  21.57 p< 0.006). Furthermore the lack of significant 

interaction between task and vision (p > 0.97) highlights the similarity in results for the 

maximum hand height in relation to the vision conditions across tasks. 

Maximum vertical height of the hand was higher under non-dominant compared to 

dominant condition (mean ± 1 SD, dominant 937.11 ± 43.07 mm, non-dominant 955.67 ± 

56.26 mm, F(1,11)= 7.38 p< 0.02). A significant interaction of visual condition by glass 
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condition was also found (F(1,11)= 5.42 p< 0.04) and showed that under the full glass 

condition maximum hand vertical height was higher in LO compared to FV condition 

(Tukey’s test p< 0.001), while under the semi-empty glass condition there were no 

differences across visual conditions (Tukey’s test p= 0.08). A significant three-ways 

interaction of visual condition by glass condition by repetition was also found on maximum 

hand vertical height (F(2,22)= 4.67 p< 0.02) and showed that under the semi-empty glass 

condition the maximum hand vertical height was similar for the first two repetitions across 

visual condition (Tukey’s test, p> 0.83), while in the third repetition maximum vertical 

hand height was higher under LO compared to FV (Tukey’s test, p< 0.03). Under the full 

glass condition however, maximum vertical hand height was higher under LO condition 

compared to FV visual condition in each of the three repetitions (Tukey’s test, p< 0.03).  

 

a b  

 

Figure 8.11 Group of mean ± 1 SD of the maximum vertical hand height from a) the significant two-ways interaction 

visual by glass condition b) the significant three-ways interaction visual by glass condition by repetition. Asterisks 

indicate significant differences (p< 0.03). 

 

No other effect across conditions was found for maximum vertical hand height (p> 0.11).  

The variability of maximum vertical hand height showed only a main effect of hand with 

higher maximum vertical hand height for the non-dominant compared to dominant hand 
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(mean ± 1 SD, dominant 14.11 ± 3.98 mm, non-dominant 21.48 ± 8.99 mm, F(1,11)= 11.42 

p< 0.006). No other effect across conditions was found for the variability of maximum 

vertical hand height (p> 0.14). 

Deceleration time was longer under LO compared to FV condition (mean ± 1 SD, FV 0.81 

± 0.19 s, LO 0.96 ± 0.24 s, F(1,11)= 42.34 p< 0.001). This result seems similar to what was 

found for the deceleration time during standing. However the results from the within- 

ANOVA for comparing study 4 with the present study showed a main effect of task. In the 

walking task, the time of deceleration was longer compared to the time of deceleration in 

the standing task (mean ± 1 SD, walking 0.88 ± 0.21 s standing 0.42 ± 0.19 s, F(1,11)= 

174.28 p< 0.001). A significant main effect of vision was found showing longer 

deceleration time under LO condition (mean ± 1 SD, FV 0.59 ± 0.14 s, LO 0.69 ± 0.17 s, 

F(1,11)= 53.06 p< 0.001). A significant interaction was also found between task and vision 

condition, showing that the difference in deceleration time between LO and FV conditions 

was higher in the walking compared to the standing task (F(1,11)= 17.41 p< 0.001). However 

both studies showed that under LO condition deceleration time was longer compared to FV 

condition. 

Deceleration time was also longer under non-dominant compared to dominant hand (mean 

± 1 SD, dominant 0.82 ± 0.19 s, non-dominant 0.95 ± 0.24 s,  F(1,11)= 12.06 p< 0.005). A 

significant interaction of visual condition by glass condition was found (F(1,11)= 4.98 p<0.05) 

and showed that under FV condition there were no differences in the deceleration time 

across glass conditions (Tukey’s test, p= 0.99), while under LO condition deceleration time 

was longer with the full glass than the semi-empty glass (Tukey’s test, p< 0.04). 

Furthermore this two-way interaction also showed that under the semi-empty glass 

condition there were no differences across visual condition (Tukey’s test, p= 0.23), while 
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under the full glass condition deceleration time was longer under LO compared to FV 

condition (Tukey’s test, p< 0.001). A significant two-ways interaction of glass condition by 

repetition was also found on the deceleration time (F(2,22)= 4.25 p< 0.03), showing that in 

the second repetition deceleration time was longer under the full glass condition compared 

to semi-empty glass condition (Tukey’s test, p< 0.003). This interaction effect showed that 

under the semi-empty glass condition deceleration time decreased in the second repetition 

while it decreased in the third repetition with the full glass (Figure 8.12b). 

 

a b  

Figure 8.12 Group of mean ± 1 SD of the deceleration time from a) the significant two-ways interaction of visual 

condition by glass condition b) the significant two-ways interaction of glass condition by repetition. Asterisks indicate 

significant differences (p< 0.03). 

 

No other significant differences across conditions were found on the deceleration time 

(Tukey’s test, p< 0.06). No effect on the variability of the deceleration time was found 

across conditions (p> 0.07). In study 4 (Chapter 7) variability of deceleration time showed 

significant difference in particular between visual conditions. This difference in results 

between the two studies is confirmed by the outcome of the within-ANOVA. A significant 

main effect of task showed that the variability in the deceleration time was higher in the 

walking task than the standing task (mean ± 1 SD, walking 0.22 ± 0.11 s standing 0.06 ± 
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0.04 F(1,23)= 39.85 p< 0.001). A main effect of vision also emerged. This main effect 

showed that the variability in deceleration time was higher under LO compared to FV 

condition (mean ± 1 SD, FV 0.12 ± 0.06 s LO 0.16 ± 0.07 s, F(1,11)= 10.46 p< 0.008).  

 

8.2.6.3 Grasping  

 

Handgrip at contact was greater under FV compared to LO condition (mean ± 1 SD, FV 

110.03 ± 5.21 mm, LO 108.51 ± 3.96 mm, F(1,11)= 7.91 p< 0.02), under semi-empty glass 

compared to full glass condition (mean ± 1 SD, semi-empty 113.45 ± 6.11 mm, full 105.08 

± 3.59 mm, F(1,11)= 45.53 p< 0.001). A significant two-ways interaction of visual condition 

by glass condition was also found (F(1,11)= 6.79 p< 0.03) and showed that under the semi-

empty glass, handgrip at contact was greater under FV compared to LO condition (Tukey’s 

test, p< 0.02) while under the full glass condition no differences were found across visual 

condition (Tukey’s test, p= 0.99).  

A significant two-ways interaction of hand condition by repetition was also found on 

handgrip at contact (F(2,22)= 3.84 p< 0.04) and showed that only in the first repetition 

handgrip at contact was greater with dominant hand than non-dominant hand (Tukey’s test, 

p< 0.05) while no other differences across hand conditions were present in the second and 

third repetitions (Tukey’s test, p> 0.07). No other effect on handgrip at contact was 

observed (p> 0.12).  
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a b  

 

Figure 8.13 Group of mean ± 1 SD of the handgrip at contact a) the significant two-ways interaction visual by glass 

condition b) the significant two-ways interaction hand condition by repetition. Asterisks indicate significant differences 

(p< 0.05). 

 

Hand height at contact did not show any significance differences across the other 

conditions (p> 0.06). Similarly maximum handgrip and variability of maximum handgrip 

did not show any significant effects across conditions and, also when compared to the 

standing task, these measures did not show any significant differences across tasks (p> 

0.08). 

Time between movement end and maximum handgrip was higher under LO compared to 

FV condition (mean ± 1 SD, FV -0.12 ± 0.08 s, LO 0.04 ± 0.21 s, F(1,11)= 13.42 p< 0.004) 

and time between movement end and maximum handgrip was positive under LO and 

negative under FV. This means that under LO the hand stopped roughly at the same time it 

reached its maximum handgrip (actually 12 ms after having reached maximum handgrip) 

while under FV the hand stopped before having reached its maximum handgrip. A 

significant interaction of visual by hand condition was also found (F(1,11)= 8.89 p< 0.02) on 

time between movement end and maximum handgrip. This interaction showed that under 

LO condition the non-dominant hand reached its maximum aperture before that the wrist 

stopped and this condition was significantly different from the both hand conditions under 
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FV (Tukey’s test, p< 0.003), where both dominant and non-dominant hands stopped before 

reaching their maximum aperture. 

 

 

Figure 8.14 Group of mean ± 1 SD from the significant two-ways interaction of visual by hand found on the time from 

movement end and maximum handgrip. Asterisks indicate significant differences (p< 0.003). 

 

No other effect on time between movement end and maximum handgrip was observed (p> 

0.05).  

Time between maximum handgrip and contact was longer under LO compared to FV 

condition (mean ± 1 SD, FV 0.27 ± 0.16 s, LO 0.39 ± 0.18 s, F(1,11)= 14.87 p< 0.003) and 

under full glass compared to semi-empty glass condition (mean ± 1 SD, semi-empty 0.25 ± 

0.15 s, full 0.41 ± 0.18 s, F(1,11)= 47.89 p<0.001). No other significant effect on time 

between maximum handgrip and contact was found (p> 0.12). Variability of time between 

maximum handgrip and contact did not show any significant differences across conditions 

and also when compared to the results from the standing task (p> 0.15). 

Time between movement end and contact was longer under full glass condition compared 

to semi-empty glass (mean ± 1 SD, semi-empty 0.31 ± 0.14 s, full 0.43 ± 0.14 s, F(1,11)= 

57.15 p<0.001). A significant interaction of visual condition by glass condition was also 

found (F(1,11)= 5.86 p< 0.04) and showed that under FV condition time between movement 
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end and contact was longer with the full glass than semi-empty glass (Tukey’s test, p< 

0.002) while no differences between glass conditions were found under LO (Tukey’s test, 

p= 0.53). A significant two-ways interaction between glass and hand condition was also 

found on time between movement end and contact (F(1,11)= 5.44 p< 0.04). This interaction 

showed that under the non-dominant hand condition, time between movement end and 

contact was longer with the full glass than semi-empty glass (Tukey’s test, p< 0.007) while 

under the dominant hand condition no differences across glass conditions were found 

(Tukey’s test, p< 0.11).  

 

 

 

Figure 8.15 Group of mean ± 1 SD of the on the time from movement end and contact maximum a) the significant two-

ways interaction of visual condition by glass condition b) the significant two-ways interaction of glass by hand condition. 

Asterisks indicate significant differences (p< 0.04). 

 

Time between movement end and contact did not show any other significant effects across 

conditions (p> 0.11). Variability of time between movement end and contact did not show 

any significant differences across conditions (p> 0.31). 

Time to lift and peak grip opening velocity also did not show any significant differences 

across conditions (p> 0.05; p> 0.31 respectively). Peak grip closure velocity was influenced 

only by the main effect of the glass and a lower closure velocity was found under full glass 
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condition compared to semi-empty glass condition (mean ± 1 SD, semi-empty -231.33 ± 

122.29 mm/s, full -143.93 ± 72.08 mm/s, F(1,11)= 11.58 p<0.006). No other significant 

effect on minimum handgrip velocity was found (p> 0.12).  

 

8.3 Discussion 

 

8.3.1 Coupling walking and prehension 

 

The temporal and spatial analysis on the last and second last foot horizontal distance from 

the glass and AP foot targeting showed consistent results across the dependent measures. 

Under lower visual field occlusion, subjects spent a longer time between last and second 

last foot placement and contact with the glass and they placed both feet further away from 

the glass compared to the full vision condition. These findings suggest the existence of a 

safety strategy to increase the margin of safety between body and desk/glass when visual 

exproprioceptive cues from the relative position of upper/lower limb compared to 

desk/glass could not be updated online. However all the subjects completed the task 

successfully (the water was never spilled) and this suggests once again that 

peripheral/lower visual exproprioceptive cues were used to fine tune limb trajectory while 

the central visual cues, available across both visual conditions, provided static information 

about the target for the successful completion of the task.  

These results also support those from study 2 (Chapter 5): in that study, when the position 

of the lower limbs compared to the position of the doorframe/obstacle was visually 

occluded, subjects employed a higher margin of safety by placing the lead and trail foot 

further away from the doorframe/obstacle. In the present study no main effect of visual 
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conditions was found on the variability of second last and last foot placement horizontal 

distance before the contact. This result is consistent with previous studies which found that 

during obstacle crossing the variability of the foot placement before the obstacle was not 

affected by lower visual field occlusion (Patla 1998; Rhea & Rietdyk 2007; Rietdyk & 

Rhea 2006). On the other hand, in study 2 of this thesis (Chapter 5) only the variability of 

trail foot placement was affected by the lack of lower visual cues. The different results of 

the variability between this study and study 2 might be due to the differences in the task. 

During obstacle crossing the trail foot placement is a critical event since the next step 

performed by the subjects after the trail foot placement is the one over the obstacle. In the 

present study subjects needed to couple walking, and in particular gait termination, with the 

reaching and grasping task. Hence in this study the two feet needed to behave more 

similarly since they both represented the base of support for the upper limb movements 

rather than one foot being the base of support for obstacle crossing with the other foot. 

Furthermore in a walking and prehension task, if the foot is placed too far away or too near 

the desk, subjects do not need to increase the variability of the foot placement by changing 

it across the repetitions because they could compensate the sub-optimally targeted foot 

placement with arm movements to reach the glass. This last interpretation is also in 

agreement with the presence of a significant two-ways interaction of visual condition by 

hand condition on the variability of both last and second last foot horizontal distances 

(Figure 8.4 and 8.6) and on AP foot targeting (Figure 8.9). 

Beyond the specific significant pairwise comparisons, all these interaction effects generally 

showed the same result: under LO condition variability was higher with the dominant hand 

compared to the non-dominant hand while the opposite trend across hand conditions was 

found under FV. These findings are consistent with the ones found in study 4 (Chapter 7) 
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where under LO condition, the dominant hand spent more time between movement end and 

contact. In the previous study the findings were interpreted as a confirmation that the 

dominant hand was highly reliant on visual input so that the occlusion of lower visual cues 

impacted more on the dominant than non-dominant hand (Goble & Brown 2006). The same 

interpretation of anterior-posterior foot placement variability and AP foot targeting can be 

applied to the results of this study: with the absence of lower visual cues there was no fine 

tuning of the coupling between dominant upper limb and foot placements before contact 

since the dominant hand could not rely on the visual cues compared to the non-dominant 

hand. Furthermore under the non-dominant hand condition variability of the second last 

horizontal foot distance was lower under LO compared to FV condition. This particular 

result suggests that with the absence of lower visual cues from the moving hand, the non-

dominant hand can rely on up-weighted proprioceptive input and it is in line with previous 

findings highlighting the high reliance of the non-dominant upper limb in dexterous 

subjects on proprioception (Goble et al 2006). 

A main effect of glass condition was only found on the variability of the horizontal second 

last foot distance and showed that variability was higher under semi-empty glass compared 

to full glass condition. This result is in line with the findings from study 4 regarding the 

variability of APAs: the variability in the horizontal second last foot placement might 

reflect the difficulties of the subjects in determining the barycentre of the semi-empty glass. 

 

Lateral second last and last foot distance and ML foot targeting showed a main effect of 

hand condition. Under the non-dominant hand condition both foot placements were shifted 

to the left side of the glass while under the dominant hand condition both foot placements 

were shifted to the right side of the glass. These results highlight the presence of a strategy 
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to bring the hand closer to the target to grasp (Sparrow et al 2003) and also highlights that 

reaching and grasping movements are superimposed on the lower limb kinematics (Bertram 

et al 1999; Carnahan et al 1996; Cockell et al 1995; Sparrow et al 2003). However a higher 

margin of safety was employed under the non-dominant hand condition since the last and 

second last foot lateral distance under the non-dominant hand condition was greater in 

magnitude compared the last and second last foot lateral distance under the dominant hand 

condition. Although under the dominant hand ML foot targeting was also more towards the 

left than under the non-dominant hand, ML centroid always occurred to the left of the glass. 

ML centroid was calculated on the basis of the position of toe and heel of both last and 

second last feet placed on the ground while last and second last foot placement were 

calculated on the basis of the heel position on the ground. This means that under the non-

dominant hand condition although both heels were placed to the right side of the glass, the 

toe of at least one foot was to the left side of the glass so that the ML centroid was placed a 

few millimetres to the left side of the glass. Therefore the results from the ML foot 

targeting suggest that under the non-dominant hand condition the feet are 'not-optimally 

targeted' (Sparrow et al 2003) for reaching and grasping with the non-dominant hand and 

this might have been due to the combination of the right handedness and footedness of the 

subjects (Sparrow et al 2003). This would have biased the ML centroid location to the side 

more comfortable for prehension with the right hand across both hand conditions. This 

interpretation is consistent with that from Rosembaum’s study (2008), in which subjects 

were found to always walk along the left side of a table to pick up a bucket under both right 

and left hand conditions. This result was interpreted as an indication of the right-hand bias 

typical in right-handed subjects (Rosenbaum 2008). However the significant main effect of 

repetition showed that the subjects shifted the ML centroid location closer to the midline 
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across repetitions regardless of the hand used. This means that a strategy to smooth the 

asymmetries between left and right foot placement was employed as the experiment 

proceeded. 

Although no main effect of vision was found on the lateral foot distance dependent 

measures, some significant interaction effects involving visual and hand conditions were 

found. The three way interaction effect of visual by hand condition by repetition found on 

the last foot lateral distance showed that significant differences between dominant and non-

dominant hand under LO and FV conditions were present only in the first and second 

repetition respectively while in the third repetition no differences between hand condition 

across visual conditions were found. As mentioned above in relation to the ML foot 

targeting, subjects tended to smooth the asymmetries between left and right foot placements 

across repetitions. The two way interaction effect of visual condition by hand condition 

found on the lateral second last foot distance showed that differences across hand 

conditions were present under FV but not LO and greater lateral foot distance was 

performed with the non-dominant hand. On the other hand, under LO lateral foot placement 

occurred closer to the midline under both hand conditions. The results from the lateral foot 

distance suggest that the absence of lower visual cues did not impact upon the lateral foot 

placements as much as the horizontal ones. This may imply that the anterior-posterior foot 

placement was more reliant on online lower visual information from the limb position 

compared to the target location than medial-lateral foot placement. This is likely because 

there is a higher risk of hitting the desk/glass with forward movements compared to medial-

lateral ones. 
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No specific preference for ipsilateral or contralateral foot placement before the contact was 

found. Previous studies found a preference for the contralateral leg as the supportive limb 

in a reaching and grasping task performed while walking (Carnahan et al 1996). However 

other authors found that preference for the ipsilateral or contralateral leg were task 

dependent and in particular when the walking and reaching and grasping task did not 

require a further step after contacting the target, no differences in leg preference were found 

(Van der Wel & Rosenbaum 2007). This last finding is consistent with the results of this 

study where the reaching and grasping task was performed at gait termination. 

 

8.3.2 Reaching 

 

Peak hand velocity decreased when lower visual cues were occluded. This result suggests 

that subject were more cautious when they could not update online the position of their 

hand in relation to the glass. This finding was different from study 4 (Chapter 7) as also 

shown by the results from the within-ANOVA comparing peak hand velocity between the 

standing and the walking task. In Chapter 7 the hand reached the highest peak velocity 

under LO. These differences in results can be explained by the different task: in study 4 

subjects were standing during reaching and grasping while in this present study subjects 

were walking and under LO they may have needed to exert higher control on the hand 

velocity since this was increased by the velocity of the arm during its normal oscillation 

while walking. This is further highlighted by the peak hand velocity in the present study, 

which was around 900 mm/s, while in study 4, peak hand velocity was between 400 mm/s. 

Subjects were also more cautious under the full glass condition, since a glass hit with a high 

hand velocity would have likely led to spilled water. Furthermore peak hand velocity was 
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greater under the full glass condition compared to the semi-empty glass under LO but not 

under FV and this suggests that under the more ‘risky’ target condition, lower visual cues 

from the relative position of hand and target needed to be updated online.  

Similar to study 4 (as showed by the within-ANOVA results), the maximum vertical height 

of the hand was higher under LO compared to FV condition. This result indicates that the 

need to visually guide the position of the hand online does not depend on the experimental 

conditions (i.e. reaching and grasping while standing rather than walking). Higher 

maximum vertical height of the hand was also found under LO condition with the full glass 

compared to the empty glass and this implies that subjects were more careful in controlling 

the hand trajectory when the glass was full. The three ways interaction of visual condition 

by glass condition by repetition showed that under the semi-empty glass condition, the 

maximum vertical height of the hand was higher under LO compared to FV condition in the 

last repetition only (Figure 8.11). A possible interpretation is that subjects employed extra 

caution as the experiment proceeded with the semi-empty glass when lower visual cues 

were unavailable. The reason why they become more careful only in the third repetition 

with the semi-empty glass is not completely clear but it could underline the fact that in the 

first two repetitions they underestimated the risk of hitting the semi-empty glass and they 

only focused on the control of reaching the full glass. 

Deceleration time was higher under LO compared to FV and this is consistent with 

previous studies (Gonzalez-Alvarez et al 2007; Loftus et al 2004; Sivak & Mackenzie 1992; 

Watt et al 2000) and with study 4 of this thesis. However the results from the within 

ANOVA comparing the two studies showed that overall in the walking task subjects 

decelerate for a longer time and the differences between visual conditions is higher in 
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magnitude. This was likely due the employment of margins of safety for the lower limbs in 

the walking task (i.e. subjects stopping at further distance from the desk under LO). 

Subjects were particularly cautious and they increased the duration of the deceleration 

phase with the full glass when lower visual cues were occluded. Furthermore deceleration 

time decreased later (in the third repetition) as the experiment proceeded under the full 

glass compared to semi-empty glass condition (Figure 7.12b).  

Peak hand velocity was lower, maximum vertical hand height and its variability were 

higher and deceleration time was longer under non-dominant compared to dominant hand 

condition. This means that under the non-dominant hand condition subjects were also more 

cautious. The subjects were all right handed and hence they used the dominant rather than 

non-dominant hand to grasp a glass in everyday life (WHQ-R test results). 

 

8.3.3 Grasping 

 

Handgrip at contact was greater under FV than under LO. This result suggests that under 

LO subjects may have already employed cautionary measures by decreasing the peak hand 

velocity so that they did not need extra caution at contact. On the other hand, since under 

FV the hand travelled at higher velocity grip aperture at contact was greater in FV in order 

to increase the chances of catching the glass (Wing et al 1986). Handgrip at contact was 

also greater under the semi-empty glass compared to full glass and this was because under 

full glass subjects had already employed a lower wrist velocity in order to approach the 

glass with caution and this also explains why with the semi-empty glass handgrip at contact 

was higher under FV compared to LO (Figure 7.13a). Handgrip at contact was greater with 

the dominant hand (which had greater peak wrist velocity than the non-dominant hand) 
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only in the first repetition. The caution used by the dominant hand in the handgrip due to 

the greater hand velocity with the dominant hand was not employed in the second and third 

repetitions. Subjects might have become more comfortable with the experimental set up as 

the experiment proceeded. 

Subjects stopped roughly at the same time as they reached the maximum handgrip under 

LO, while under FV the wrist was stopped before the hand reached its maximum handgrip, 

particularly under the non-dominant hand condition (Figure 7.14). This result is consistent 

with the previously mentioned interpretation that subjects did not need to employ extra 

caution since the hand already travelled at a lower velocity under LO with a longer 

deceleration phase.   

Under FV the time between movement end and contact was longer under LO with the full 

glass and with the non dominant hand. However the time between maximum handgrip and 

contact (that better described the final stage of the prehension movement since in 69% of 

trials the hand stopped before reaching its maximum handgrip) was longer under LO 

highlighting the need of online control of the hand trajectory in the grasping stage. Time 

between maximum handgrip and contact and peak grip closing velocity were respectively 

longer and lower with the full glass, highlighting the large amount of control of the hand 

required with this glass condition with its higher risk of spilling water. 

 

Taken together these results show the relevance of lower visual cues in providing online 

control of the coupling of upper and lower limbs movement in prehension and walking 

tasks. Subjects employed higher margins of safety when lower visual cues from the limbs 

were unavailable at gait termination and in reaching and grasping the object. Both grasping 

and reaching components were affected by the absence of lower visual cues. As in study 4 
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(Chapter 7) these findings are consistent with the definition of lower visual cues as visual 

exproprioceptive, since they are involved in updating online the position of the limbs 

(upper and lower) in relation to target location.  

On the other hand, reaching and grasping in walking presents some differences to reaching 

and grasping while standing. Beyond the specific differences in the parameters previously 

discussed (i.e. peak hand velocity, deceleration time, maximum hand height and variability 

of deceleration time), in general, prehension while walking was affected by the absence of 

lower visual cues as much as prehension during standing, but not in some of the variability 

measures. Variability of maximum handgrip and variability of the time between maximum 

handgrip and contact showed no significant differences across visual conditions in the 

walking study. However the within-ANOVAs comparing standing and walking task on 

these measures did not show any significant difference across tasks and also across visual 

conditions. Hence it is not clear why these measures were significantly different across 

visual conditions in the standing task while they were not in the walking task. A possible 

reason could be that in the walking study subjects performed 4/5 steps before approaching 

the desk so that they were free to start reaching at a distance from the desk that they felt 

comfortable with. In the standing task subjects could not choose the distance from the desk 

at which they started the reaching task and position and posture were imposed by the 

experimental set up. This means that they could not adjust the position of their lower limbs 

in order to match the demands of the upper limb movements and this might have led to 

increased variability in their data when lower visual cues were absent in the standing study. 
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9. Chapter 9 General conclusions 

 

9.1 New contributions to the understanding of the role 

of peripheral visual cues in the guidance of 

movement 

 

The studies presented in this thesis bring new evidence for the role played by peripheral 

visual cues in the guidance of upper and lower limbs movement. 

The first main contribution of this thesis is represented by the finding that minimum-foot-

clearance (MFC) during walking overground on a level surface was found to be influenced 

by vision and in particular by the absence of peripheral visual cues provided by the whole 

circumferential peripheral field. Previous authors highlighted that during overground 

walking a motor control strategy was employed under situation of uncertainty (Begg et al 

2007; Mills et al 2008; Sparrow et al 2008). This strategy consisted of increasing the MFC 

while decreasing its variability to safely clear the ground and decrease the risk of trips. It 

was previously found that older adults did not employ this strategy. However in the 

previously mentioned studies it was not clear which specific factors could lead to a lower 

and more variable MFC. The hypothesis that poor vision could be one of these factors 

influencing MFC was the starting point of study 1 (Chapter 4). The increased MFC found 

when peripheral visual cues were absent suggests that circumferential-peripheral visual loss 

can be a risk factor not only when an individual negotiates an obstacle but also when he/she 

walks on a clear path.  
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This first study of this thesis also highlighted that peripheral visual cues were used to 

update online the foot position relative to the ground. Although central visual cues, which 

were always available, could provide enough knowledge of the environment to be able 

walk, peripheral visual occlusion increased MFC because of the impossibility to fine tune 

online the foot trajectory. This finding was further confirmed by study 2, where an obstacle 

crossing task was employed. Subjects successfully crossed the obstacle under every visual 

condition which implied that the static environmental features of the obstacle (e.g. shape of 

the obstacle/doorframe, position of the obstacle/doorframe in the room, etc.) acquired up to 

two steps before the obstacle by central vision were maintained in memory. However, a 

higher margin of safety, consisting of increasing the space between the foot and the 

obstacle prior and during obstacle crossing, were employed when lower and circumferential 

visual cues were occluded. This suggests that peripheral visual cues from the relative 

position of the lower limbs/upper body and door frame/obstacle and from lamellar flow are 

used to fine tune online the lower limb trajectory and the negotiation of obstacles.  

Previous studies have found similar results for occlusion of only the lower visual field 

(Marigold & Patla 2008a; Patla 1998; Rhea & Rietdyk 2007; Rietdyk & Rhea 2006). Study 

2 of this thesis highlights that the occlusion of the whole peripheral visual field has even 

greater impact on the employment of a margin of safety from the obstacle when the 

obstacle is represented by a visual structure richer in information, such as a doorframe. 

Hence rather than helping, because the information of a rich visual structure was 

completely occluded under circumferential peripheral occlusion, the doorframe appeared to 

represent a more difficult obstacle to negotiate.  

In this thesis, the interpretations regarding the utility of peripheral visual cues in the online 

control of the lower limb movements was also applied to the findings of studies 4 and 5 
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(Chapter 7 and 8) in relation to reaching and grasping movements. By the investigation of 

reaching and grasping while standing and within a walking task it could be highlighted that 

the occlusion of lower peripheral visual cues disrupted the online update of peripheral 

visual information such as the relative position of the body and the lower and upper limbs 

compared to the target (here represented by a glass to be grasped). This resulted in higher 

compensatory whole-body postural adjustments and the employment of higher margins of 

safety consisting of final foot placements that were further away from the glass, when 

walking up to it. 

The previous literature on reaching and grasping lacks studies using a lower visual 

occlusion condition in normal sighted individuals. Reaching and grasping studies aiming to 

determine the importance of peripheral vision have always used visual field restriction 

resulting in circumferential peripheral visual occlusion (Gonzalez-Alvarez et al 2007; Sivak 

& MacKenzie 1990; Watt et al 2000). In these studies where the role of the lamellar flow is 

minimal (subjects is still during the reaching and grasping) and the subjects need to interact 

with objects generally placed at the level of the trunk, lower visual cues are the ones mainly 

involved in the guidance of movement. In this situation it would be appropriate to use a 

lower visual field occlusion condition rather than a whole peripheral visual field occlusion. 

A lower visual occlusion condition presents several advantages: it avoids entering into the 

diatribe about the target looking bigger and closer under visual field restriction and it 

avoids the necessity of using monocular vision because of the possible misalignment of the 

pinholes across the two eyes occurring under visual field restriction (Gonzalez-Alvarez et al 

2007). In this thesis (Chapter 7 and 8) the use of lower visual occlusion rather than visual 

field restriction highlighted the main role of lower visual cues in controlling online both 

reaching and grasping hand movements. 
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From all the findings mentioned above, the major role of peripheral visual cues in guiding 

online movements emerged. The novelty of this thesis is also represented by the fact that 

the role played by peripheral visual cues was found for different types of movement 

executed by different effectors such as upper or lower limbs or whole body postural 

adjustments.  

  

9.2 The guidance of movement is not under the control 

of the lower visual field only 

  

9.2.1 The investigation of the upper visual field  

 

The peripheral visual field can be divided in two different main sub-regions, the lower 

visual field and upper visual field. Previc (1990) considered the lower visual field 

particularly involved in the visual guidance of movements occurring in the peripersonal 

space (at the distance of reaching of any individual’s limb) while he believed that the upper 

visual field encompasses visual information about activities located in the extrapersonal 

space (far distance). Previc's interpretation was also confirmed by anatomical differences 

between the more numerous connections of the dorsal stream and the superior retina (i.e. 

lower visual field) compared to the inferior retina (see Chapter 1, section 1.1.1.3) which 

would suggest the primacy role of lower visual field in the guidance of movement 

(Danckert & Goodale 2003). Previous studies performed on normal sighted individuals 

with simulated lower visual field loss have confirmed the important role of lower visual 

cues in the guidance of lower limb movement. These studies highlighted that visual cues 
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were used to monitor online the trajectory of the foot as it stepped over an obstacle 

(Marigold & Patla 2008a; Patla 1998; Rhea & Rietdyk 2007; Rietdyk & Rhea 2006).  

It seems reasonable to think that the lower visual field is the main provider of visual cues 

for the guidance of movement since both upper and lower limbs are placed under the level 

of the eyes. However the eyes also collect information from the upper visual field in order 

for example to pass through an aperture without hitting the head. The visual information of 

the relative position of the head and the impediments is provided by the upper visual field 

and it cannot be classified as far visual information belonging to the extrapersonal space. 

Furthermore the utility of the upper visual field cannot be dismissed without employing, in 

studies investigating the lower visual field importance, a counterbalanced test for the 

investigation of the upper visual cues. Previous studies did not employ a counterbalanced 

upper visual occlusion condition (Marigold & Patla 2008a; Patla 1998; Rhea & Rietdyk 

2007; Rietdyk & Rhea 2006). 

 

9.2.2 The utility of the upper visual field in the visual guidance 

of movements 

 

A relatively recent study highlighted that there are no asymmetries between lower and 

upper visual field in the visual control of guided hand movement (Binsted & Heath 2005). 

In this study subjects were asked to look at a fixation point in the middle of a computer 

screen while pointing to a target circle appearing in the upper or lower visual field.  The 

target was always available in one visual condition while in a second visual condition it 

disappeared after movement onset. The authors found no statistically significant differences 

in the speed-accuracy trade off (i.e. decreased end-point accuracy for the increased speed of 
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the hand, (Fitts 1954)) between upper and lower visual field or in the time of movement 

after peak hand velocity, which indicated that both upper and lower visual field were 

involved in the online control of the hand trajectory (Binsted & Heath 2005). This 

interpretation was also confirmed by the higher number of trajectory corrections present 

when the task was performed with the target always visually available. On the other hand, 

when the target was presented in the lower visual field the end-point variability was lower 

compared to when the target appeared in the upper visual field. This suggests that online 

information gained from the lower visual field has a higher ability to put more precisely 

into action previously planned movements (Binsted & Heath 2005). 

Binsted and Heath’s (2005) study indicates that the upper visual field also plays a role in 

the online control of visually guided action and the results from this thesis agree with these 

findings. Study 1 (Chapter 4) and study 2 (Chapter 5) show that the occlusion of the upper 

visual field on its own did not impact upon the kinematics of the lower limbs as much as 

the occlusion of the lower visual field alone. However when the occlusion of the upper 

visual field was added to the occlusion of the lower visual field (i.e. circumferential 

peripheral occlusion, CPO) further increases in margins of safety during obstacle crossing 

and level walking were employed (Graci et al 2009; 2010). This suggests that the upper 

visual field is also involved in the elaboration of visual information of the peripersonal 

space rather than extrapersonal far space as Previc (1990) claimed. 

 

9.2.3 Upper visual cues involved in controlling movements 

 

It could be argued that the upper visual field only had a role in guiding movement when the 

lower visual field was occluded not because it was ‘upper visual field’ but only because it 
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was representing a portion of remaining visual field. This interpretation however presents 

some difficulties: firstly, subjects did not show head movements under lower visual field 

occlusion aimed to scan the environment with the upper visual field available (Chapter 4 

and 5); secondly, studies on glaucoma and retinitis pigmentosa patients (i.e. peripheral 

visual field loss patients) were found not to show compensatory head movements while 

they walk or cross a street (Vargas-Martin & Peli 2006). Vargas-Martin and Peli (2006) 

also underlined that patients affected by tunnel vision need to be trained in order to get the 

most information from their remaining visual field to be able to safely move in the 

environment. 

In study 1 (Chapter 4) it was also underlined that the availability of the upper visual field 

can compensate for the lack of visual cues from the lower limbs when walking is performed 

on a clear path. In this case upper visual cues consisted of lamellar flow providing visual 

information of body-speed and ego-motion. This particular finding argues against the 

higher relevance of terrestrial flow (i.e. lamellar flow from the lower visual field ) over 

lamellar flow which is provided by other parts of the peripheral visual field in guiding level 

walking (Baumberger et al 2004; Fluckiger & Baumberger 1988; Lejeune et al 2006). On 

the other hand the previous studies that have suggested the supremacy of terrestrial flow in 

locomotion did not include in their study design an upper visual condition. 

It should be noted that there is a common occurrence in the design of studies about the 

relevance of peripheral visual information in guiding movement, represented by the lack of 

a circumferential peripheral occlusion condition in normal sighted individuals for the 

investigation of gait. This is very surprising considering the presence of clinical conditions 

involving the loss of circumferential peripheral visual field such as glaucoma and retinitis 

pigmentosa. In this sense study 1 and 2 of this thesis present advances knowledge by using 
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a methodology that investigate the utility of peripheral visual cues from the whole 

peripheral visual field rather than just lower visual cues. Findings from study 1 and 2 of this 

thesis suggests that upper visual cues are indeed used in the guidance of lower limb 

kinematics, which is a finding that studies investigating the role of vision in gait should not 

ignore.  

  

9.3 A 'new' theoretical framework: visual 

exproprioception and visual exteroception  

 

As already mentioned this thesis has provided evidence for peripheral visual cues being 

mainly used online to control movements and defined the spatial dynamic relationship 

between the body and the environment. For these reasons a clearer link between peripheral 

visual cues and visual exproprioception can be made from the findings of this thesis. 

Furthermore studies 1, 2, 4 and 5 show that regardless of the type of peripheral visual 

occlusion used (i.e. lower, upper or circumferential) subjects were able to complete the task 

required by each study: so that they could walk, cross the doorframe/obstacle or pick up 

and place the glass without spilling the water. This was likely due to the fact that central 

vision was available under each visual condition and it could provide feedforward visual 

information about the absolute and static features of the environment; features which did 

not need to be visually updated continuously. In this sense central visual cues can be 

classified as visual exteroceptive.  

Previous studies investigating postural stability, overground locomotion and adaptive gait 

used the concepts of visual exproprioception or exteroception but as explained in Chapter 2 
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an unequivocal link between these concepts and peripheral rather than central visual cues 

was never stated (Anderson et al 1998; Lee & Aronson 1974; Marigold & Patla 2008a; 

Patla 1998; Rhea & Rietdyk 2007; Rietdyk & Rhea 2006). The results from study 1 and 

study 2 determining the influence of peripheral visual cues on level walking and adaptive 

gait respectively provide this link. Furthermore in this thesis a broader application of visual 

exteroception and exproprioception was made by the employment of this definition in the 

two reaching and grasping studies (Chapter 7 and 8).  

As explained in the rationale for study 4 (Chapter 7), dividing central and peripheral visual 

cues into visual exteroceptive and exproprioceptive respectively avoids the clear cut 

division between reaching and grasping proposed by previous authors (Jeannerod 

1981,1984) and strongly criticized by others (Smeets & Brenner 1999; Wing & Fraser 

1983). In the reaching and grasping studies undertaken within this thesis the question was 

not which visual cues control reaching and which ones control grasping but it was rather 

about the influence of the different visual cues on the whole reaching and grasping 

movements. To this aim the online updating of the arm/wrist position compared to the 

target position was considered analogous to the online updating of the thumb/index finger 

positions compared to the target position. Both wrist and thumb/fingers were considered 

body parts having a dynamic spatial relationship with the glass while moving and then 

being controlled online by peripheral visual cues.  

The extension of the concept of visual expropriocetion and exteroception in the control of 

upper limb movements and postural adjustments is new and study 4 and 5 represents a first 

successful attempt to do this. The interpretation of the reaching and grasping results in 

terms of visual exproprioception and exteroception presented in this thesis argues in favour 

of the creation of a relatively new theoretical framework which can better clarify the link 
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between vision and movement. The word 'new' might not be completly appropriate since 

the concepts of visual exproprioception and exteroception have previously been used to 

explain the influence of vision on gait (Patla 1998) and postural stability (Lee & Aronson 

1974). However their application to the upper limb and postural adjustments while standing 

can make these two concepts a more complete and systematic new frame of reference for 

any kind of visually guided movement. 

  

9.4 What can still be done?  

 

9.4.1 Central visual occlusion 

 

The aim of this thesis was to investigate the role of peripheral visual cues in the guidance of 

movement and in this regard the effects of the occlusion of peripheral visual cues were 

always discussed in contrast to the availability of central visual cues. Central visual cues 

were always available because the occlusion of the central visual field presents several 

methodological difficulties. Using goggles with central visual occlusion is not a possible 

option since the eyes would be free to move outside the occlusion. In order to provide a 

central visual occlusion a solution could be represented by contact lenses with central 

scotoma.  

This type of contact lenses would be very expensive and for hygienic reasons they would 

need to be bought for each subject. Furthermore the contact lenses may not stay perfectly 

in place to occlude the expected portion of visual field, particularly after a blink or eye 

movement. However studies investigating the influence of the absence of central visual 

cues on the execution and planning of movement are needed to provide further support to 
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the interpretation proposed in this thesis, in particular to the interpretations in relation to 

the main role of central visual cues in the planning of movement such as for instance in the 

anticipatory postural adjustments. 

 

9.4.2 Attention to the visual cues rather than to the visual field 

 

Compared to previous studies, in this thesis a clear reference to the type of visual cues 

involved in each task was made. This is an important point since some previous studies 

have concentrated most of their efforts in determining the influence on mobility of visual 

occlusion, leaving available a certain amount of degrees of visual angle (Hassam et al 2007; 

Pelli 1986). The real issue instead is what visual cues are still available, what are not and 

whether their availability changes during the course of the task and in what way. When we 

walk or move the same visual cues might assume different values and require a different 

control of movement on the basis of the spatio-temporal dynamic relationship between 

observer and environment. Study 2 (Chapter 5) showed this: the presence of the doorframe 

added to the obstacle on the floor, which was visually available up to two steps away from 

the crossing did not impact the kinematics of the lower limbs across conditions and under 

circumferential peripheral visual occlusion no differences in the lead foot placement were 

found between the condition with the doorframe/obstacle and the obstacle only. However, 

when the body was nearer to the doorframe as at instance of trail foot placement or during 

lead limb crossing, the doorframe represented a more difficult impediment to negotiate 

compared to the obstacle alone. 

Future studies should focus on specific visual cues and investigating how they are 

perceived on the basis of the changes of the spatio-temporal relationship with the observer. 
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The particular importance of the type of visual cues is also highlighted by the postural 

stability study presented in this thesis (study 3, Chapter 6). Although no definitive 

conclusions can be drawn from the results of this study, the design highlights the efforts in 

making highly controlled visual cues and suggestions for future studies can be made. 

Studies on the reliability of postural stability measures have indicated that the traditional 

measures are not very repeatable while the fractal dimensions (Doyle et al 2005; Lin et al 

2008), which consider the movement of the centre of pressure (CoP) as a stochastic event 

(Collins & De Luca 1993), are more reliable (Chapter 6 for details). Future studies need to 

employ the analysis of the fractal dimensions of the movement of the CoP in the 

investigation of peripheral versus central visual cues in the control of quiet stance. The use 

of this relatively new analysis might finally solve the controversy present in the literature 

about the primacy role of peripheral rather than central vision in the control of upright 

stance. The visual cues need also to be controlled, however as discussed in Chapter 6 a dark 

environment may not be the ideal setting for the investigation of postural stability. 

Future work also needs to be performed in order to understand if a lower visual occlusion 

condition rather than a visual field restriction can further clarify the online control provided 

by peripheral visual cues in reaching and grasping performed while sitting rather than 

standing or walking.  

 

9.4.3 The ecological values of the visual targets 

 

A characteristic common to four of the studies undertaken in this thesis (studies 1, 2, 4 and 

5) is the use of ecological objects for the task to perform. It is true that within an 

experimental lab where variables need to be highly controlled, one can speak about the 
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ecological values of the targets used up to a certain extent. However, previous authors have 

used targets that subjects never really happen to interact with during everyday life. For 

instance, Rietdyk and Rhea (2006) used as positional cues at the sides of the obstacle 

placed on the floor two staff 2 m tall. In real life we never step over this type of obstacle 

but we do step through doorframes with a lower obstacle at their bottom section. 

Furthermore during everyday life we experience grasping functional tools or cups, etc., and 

we are unlikely to grasp dowels without function. It is possible that the some of the 

controversies in the literature about the visual control of movements are also due to 

ecological issues and the use of more familiar targets could bring more consistency to the 

findings from different authors. 

 

9.5 Final remarks 

 

Each of the five studies described in this thesis presents novel findings in relation to the use 

of peripheral visual cues for guiding upper and lower limb motion. Study 1 (Chapter 4) 

showed that minimum- foot- clearance during overground locomotion was affected by the 

lack of visual cues provided by the circumferential- peripheral visual field. Previous 

authors (Begg et al 2007; Mills et al 2008; Sparrow et al 2008) did not establish which 

sensory constraints could influence minimum-foot- clearance during level walking. The 

results from study 1 of this thesis suggest that the visual field loss is one of the sensory 

constraints affecting this parameter.  

Study 2 showed that circumferential-peripheral visual occlusion increased the variability of 

the foot trajectory and the margin of safety between foot and obstacle during adaptive gait. 
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This a new finding since previous authors (Anderson et al 1998; Marigold & Patla 2008a; 

Patla 1998; Rhea & Rietdyk 2007; Rietdyk & Rhea 2006) simulating visual field loss on 

normal sighted individuals did not investigate the effect of the circumferential-peripheral 

visual occlusion on adaptive gait.  

To a certain extent also study 3 gives a contribution to postural stability research. Although 

no functional role of peripheral and central visual cues for postural control was found, the 

results from study 3 underlined the importance of carefully selecting the dependent 

measures for the analysis of postural stability and using ecological valid visual targets and 

experimental settings for the data collection.  

Study 4 and 5 investigated reaching and grasping movement during standing and walking 

respectively. Hand movements have traditionally been investigated with the subjects 

performing the task from a sitting position (Jeannerod 1981; Paillard 1982; Sivak & 

MacKenzie 1990, 1992). In study 4, the employment of the standing position could 

highlight the role of lower visual cues in the online control of movements through the 

analysis of the anticipatory and compensatory postural adjustments. The results showed that 

the lack of lower visual cues affected only the compensatory postural adjustment occurring 

after hand movement initiation (online control) but did not affect the anticipatory postural 

adjustment performed before hand movement initiation (feedforward control). Furthermore 

lower visual occlusion affected both reaching and grasping movements by making the 

subjects more cautious in approaching and picking up a glass. Study 5 showed that lower 

visual cues controlled the compound movement of upper and lower limbs during 

prehension movements performed at gait termination. Subjects increased the distance 

(margin of safety) between last foot placements and target to grasp, decreased hand velocity 

and increased the time of the grasping phase when lower visual cues were occluded.  
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In conclusion the main contribution of this work is represented by new evidence for the use 

of peripheral visual cues in the online control of movement. Peripheral visual cues were 

found to be mainly visual exproprioceptive cues since they referred to dynamic properties 

of the objects such as the distance between target and observer when the latter is moving in 

the environment. Central visual cues were always visually available during the tasks and 

the fact that performances were always successfully completed provides insights about the 

feedforward use of central visual cues to program movements and about their classification 

as visual exteroceptive cues.  

The employment of the concepts of visual exproprioception and exteroception for the 

classification of the visual cues involved in the upper and lower limb movements can offer 

a new theoretic framework, which can overcome the controversies linked to previous 

classification (Jeannerod 1981, 1984) of the visual cues for the guidance of movements. 
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10. Appendix A 

Esterman monocular tests from the visual conditions of study 1 and 2 (Chapter 4 and 5): 

Full vision (FV) condition 
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Upper visual field occlusion (UO) condition  
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Lower visual field occlusion (LO) condition 
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Circumferential peripheral visual field occlusion (CPO) 

condition 
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11. Appendix B 

Esterman binocular tests from the visual conditions in study 4 and 5 (Chapter 7 and 8): 

Full vision (FV) condition 
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Lower visual field occlusion (LO) condition 
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12. Appendix C 

 

From: 

Elias LJ, Bryden MP, Bulman-Fleming MB. 1998. Footedness is a better predictor than is 

handedness of emotional lateralization. Neuropsychologia 36: 37-43 
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13. Appendix D 

 

 

From: 

Elias LJ, Bryden MP, Bulman-Fleming MB. 1998. Footedness is a better predictor than is 

handedness of emotional lateralization. Neuropsychologia 36: 37-43 

 

 


