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ABSTRACT

Changing the direction of locomotion, often referred to as ‘“steering”, is an integral
component of human locomotion. Steering requires maintaining dynamic balance while
translating and rotating the body in the new travel direction. Given the level of sensation thought
to be involved in sub serving goal directed modifications in steering, it is highly likely that
steering control may require attention. Since attention resources decline with increasing age, we
may see the influence of age on steering performance when attention resources are limited.
Therefore, this study sought to investigate the role of attention in steering using a dual task
paradigm in healthy young and healthy older adults. Twenty-five healthy young adults and
nineteen healthy older adults completed the experimental protocol that involved baseline and
dual task conditions. In the baseline condition, the participants walked and turned 90° at a
comfortable pace. In the dual task condition, the participants walked and turned 90° while
reciting serial 7 subtractions. We measured the time taken to turn, and the turn onsets of the eyes,
head, trunk and pelvis in the baseline and dual task conditions. One-way ANOVA and
Multivariate analyses ascertained the effects of age on the time taken to turn, and the turn onsets
of the eyes, head, trunk and pelvis in the baseline and dual task conditions. The results of the
study indicated a significant impact of age on steering performance under dual task conditions.
In healthy young adults, the dual task condition increased the time taken to turn, but it did not
affect the turn onsets of the eyes, head, trunk and pelvis. In older adults however, the dual task
condition not only increased the time taken to turn, but it also altered the turn onsets of various
body segments. These results provided evidence that steering performance varied with age, under
dual task conditions. This is an important finding as turning in activities of daily living are rarely
done in isolation of a secondary motor or cognitive task. Disruption of steering performance
could place older adults at risk of disruptions to turning movements, resulting in a loss of balance

and/or falling. Future research should focus on studying the level of variance in steering due to
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dual tasking that might infer details about the nature of motor control during turning in older

adults.
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CHAPTER 1: INTRODUCTION, SPECIFIC AIMS, AND STUDY
RATIONALE

1.1 Introduction and back ground of the study

An important component of human locomotion is the ability to adapt to the environment.
Redirecting walking direction is a commonly performed activity that allows an individual to go
around obstacles, turn corners, and avoid collisions. In fact, turning to change direction makes up
35-45% of the steps taken during activities of daily living (Glaister, 2007). Whilst turning, also
referred to as “steering”, is involved in a substantial number of walking activities, most research
on gait involves only straight paths walking and not turning (Glaister, 2007). Therefore, there is a
disconnection between the movements made during daily life and those studied in research.

Steering requires planning in the previous step that necessitates slowing the acceleration
of the center of mass (COM) in the sagittal plane, controlling its motion in medial-lateral
direction, and accelerating it in the new travel direction (Patla, Prentice, Robinson, & Neufeld,
1991). It requires maintaining dynamic stability while translating and rotating the body towards
the new travel direction (Patla et al., 1991; Patla, Adkin, & Ballard, 1999). To maintain dynamic
balance during steering, the Central Nervous System (CNS) either uses the top-down strategy or
the bottom-up strategy. Both these strategies involve two functional principles that vary the level
of stability achieved. The functional principles are the frame of reference on which balance
control is based and the number of degrees of freedom to use for the various joints in the body.
The top-down strategy uses the gravitational vector as the frame of reference and increases the
degrees of freedom of various joints in the body. The top-down strategy involves descending
temporal organization of body segment reorientation that is mainly based on visual and
vestibular information obtained from early head reorientation. In this strategy a clear head

followed by the trunk and feet is observed. Conversely the bottom up strategy uses the



supporting surface on which the person is standing as the frame of reference and decreases the
degrees of freedom of various joints in the body. The bottom up strategy involves ascending
organization of body segment reorientation based on propioceptive and cutaneous information
obtained from the lower body. In this strategy the body’s segments tend to move together in an
‘en bloc’ fashion, where the trunk and head move together as a single unit. The bottom up
strategy is considered to be less stable because it reduces the degrees of freedom of various joints
of the body, making the body less flexible to adaptation (Assaiante & Amblard, 1995). Steering
is an organized behavior that involves inhibition of movement in one direction and generation of
movement in another without stopping and, planning. Therefore, execution of a complicated
locomotor task like steering may require attention. However, there is no clear evidence that
explains the role of attention in steering in humans.

Most of the previous literature on steering implies that it is an automatic process initiated
by anticipatory eye movement (Berthoz & Viaud-Delmon, 1999; Courtine & Schieppati, 2003;
Reed-Jones, Hollands, Reed-Jones, & Vallis, 2009; Reed-Jones, Reed-Jones, Hollands, & Vallis,
2009). Initial studies on steering that did not use eye tracking technology demonstrate the
presence of a steering synergy that was initiated by head reorientation (Patla et al., 1999; Grasso,
Prevost, Ivanenko, & Berthoz, 1998; Vallis, Patla, & Adkin, 2001). This concept of head
initiation prior to other body segment reorientation has provided support for several hypotheses,
that redirecting the visual system to the new travel direction provides information regarding the
environment and travel path which is critical for steering control. Later research studies
conducted based on this hypothesis and using eye tracking technology have further provided
evidence that steering is a robust pre-programmed motor synergy that is triggered by eye

movement (Reed-Jones et al., 2009a; Reed-Jones et al., 2009b; Ambati, Murray, Saucedo,



Powell & Reed-Jones, 2013). The results of these studies confirm that steering in locomotion is
triggered by anticipatory eye movement followed by an articulated top-down body segment
reorientation. That is eye reorientation followed by head and trunk reorientation in that sequence.
In the studies where the eye movement was constrained, healthy young participants
demonstrated an “en bloc” movement strategy, in which all the body segments reoriented
together (Reed-Jones et al., 2009b; Ambati et al., 2013). En bloc turning involves minimizing the
degrees of freedom of body joints making them rigid, thereby reducing the stability of the body
(Assaiante & Amblard, 1995; Bernstein, 1967). En bloc turning is observed in older adults who
are at risk of falling while steering (Paquette, Fuller, Adkin, & Vallis, 2008). The collective
results of these studies suggest that steering is an automatic activity initiated by anticipatory eye
reorientation. However it has also been demonstrated that steering is a goal oriented activity that
requires planning (Patla et al., 1991). Steering involves decelerating the center of mass of the
body in the sagittal plane and controlling it in the medial-lateral direction to maintain dynamic
postural stability and the acceleration of the body towards the new direction of travel, in advance
(Patla et al., 1991; Patla et al., 1999). Turns embedded in locomotion (steering) are of two types:
the ‘step turn’, involves turning away from the stance limb (i.e. going to the left with the left
limb while the right foot is on the ground); and the ‘spin turn’, involves moving toward the
stance limb (i.e. going to the left with the right limb while the left foot is on the ground) (Hase &
Stein, 1999). Step turns are more stable than spin turns and require lower biomechanical costs
(Taylor, Dabnichki, & Strike, 2005). Planning proper foot placement (step turn) before turning in
the previous step (Patla et al., 1991) increases dynamic stability and also reduces energy
expenditure (Patla et al., 1991; Taylor et al., 2005). Apart from planning the steps necessary to

execute steering, it is also important to ensure that these actions have taken a proper course and



manipulate those steps if necessary to successfully change the direction of locomotion. For
example, in a steering study when the participant’s head was fixated to the trunk using a spinal
board, the trunk moved earlier to facilitate head reorientation prior to execution of the turn
(Hollands, Sorensen, & Patla, 2001). Thus the central nervous system (CNS) is capable of
modifying the sequence of body segment reorientation based on the movement situation
involved.

Goal setting, planning the actions needed to accomplish a task such as steering and
ensuring that the actions have taken a proper course, requires mental flexibility and utilization of
feedback. These elements are controlled by the psychological construct Executive Function (EF)
which is composed of inter-related higher cognitive skills (Lezak, 1995; Anderson, Jacobs, &
Anderson, 2008; Hunter & Sparrow, 2012). Several neuropsychological models were developed
to conceptualize Executive Function as an overall control system composed of these inter-related
cognitive skills (Stuss, Shallice, Alexander, & Picton, 1995; Anderson, 2002). For example, the
Executive Control System is a conceptual framework that describes executive function as an
overall control system composed of four domains: attention control, mental flexibility, goal
setting, and information processing (Anderson, 2002). Given the level of planning, monitoring
and manipulation of actions thought to be involved in sub-serving goal directed modifications to
the steering synergy, it is highly likely that steering control requires a significant amount of
attention control. Attention control processes may be considered as important subordinate skills
of Executive Function (EF) or may be considered as the executive system in itself (Anderson,
Jacobs, & Anderson, 2008), because attention control is involved in the regulation and
monitoring of the rest of the cognitive domains forming Executive Function like mental

flexibility, goal setting and information processing (Anderson, 2002).



Although we may explain the role of attention in steering using theoretical models of
executive function, there is no existing research examining the role of attention in steering
control, creating a major gap in the literature. Hence, there is a need for evidence covering the
importance of attention in steering. Attention deficits are commonly observed in older adults,
and this group has been reported to be at risk of falling while steering (Milham, Erickson,
Banich, Kramer, Webb, & Wszalek, 2002; Cumming, & Klineberg, 1994; Paquette, Fuller,
Adkin, & Vallis, 2008). Determining if steering requires attention in healthy young adults is a
critical first step as this evidence can be used to support the claim that attention deficits in older
adults may be one of the underlying reasons for increased risk of “Falls” during turning
maneuvers. Impaired executive function in older adults (Crawford, Bryan, Luszcz, Obonsawin,
& Stewart, 2010) may be responsible for poor planning and execution of steering. Age-related
impairment in executive function is explained by structural changes in the frontal lobes of the
brain that are linked to the control of executive function (Daigneault, Braun, & Whitaker, 1992;
Mittenberg, Seidenberg, O'leary, & DiGiulio, 1989; West, 1996). The effects of aging on various
domains (attention control, cognitive flexibility, working memory, information processing) of
executive function may be different (Anderson et al., 2008). There is evidence reported in a
functional magnetic resonance imaging study showing age-related decrease in attention control
measures (Milham et al., 2002). Therefore, it is likely that the age related differences in steering
performance (Paquette et al., 2008) are due to the impairment in attention skills that happen with
increasing age in humans. Hence one would expect that steering performance will be much
worse in older adults than younger adults; however steering performance would be even more

difficult when it is performed with a secondary task that requires attention.



Examining the role of attention in steering can be done using a dual task paradigm. A
dual task paradigm is a popular experimental method used by researchers to test the level of
attention needed for gait control (Ebersbach, Dimitrijevic, & Poewe, 1995; Lindenberger,
Marsiske, & Baltes, 2000; Li, Lindenberger, Freund, & Baltes, 2001; Verghese, Kuslansky, &
Holtzer, 2007). It is executed by challenging attention capacities by performing a secondary
cognitive task while simultaneously performing the primary motor task, in this case gait. When
two stimuli require the processing unit at the same time, a “bottleneck™ arises, resulting in a
delay of one of the responses (Pashler, 1994). The hypothesis regarding dual task in gait is if gait
IS an automatic activity that does not require deliberate attention, then dual tasking will not affect
gait parameters. Alternatively, when gait parameters are observed to be affected under dual task
conditions, then it can be concluded that some level of cognitive attention is required by the gait
task itself. Therefore, we may examine the role of attention in steering using this same dual task
paradigm. It would be expected that if steering requires some level of attention, then introducing
a secondary cognitive task should result in some disruption to the steering task.

The level of complexity of the secondary task has tremendous influence on dual task
performance. The cognitive tasks used in gait studies can be categorized into five types based on
the cognitive level involved (Al-Yahya, Dawes, Smith, Dennis, Howells, & Cockburn, 2010).
Mental tracking tasks show stronger effects on gait speed with increasing age and decreasing
cognitive scores in healthy participants (Al- Yahya et al., 2010). These tasks also increased stride
time variability in healthy participants more than other secondary cognitive tasks (Al- Yahya et
al., 2010). The serial 7 subtractions task is classified as a mental tracking task that requires
sustaining the information in the mind and manipulating this information (Lezak, 1995). It

involves counting backwards by 7. Mental tracking tasks like serial 7 subtractions share the



higher order neural networks with gait, resulting in greater interference disturbing gait when
compared to other tasks (Fuster, 2008; Gazzaley & D’Esposito, 2006). Although verbal fluency
tasks are similar to mental tracking tasks in their level of complexity (Fuster, 2008; Gazzaley &
D’Esposito, 2006), serial 7 subtraction tasks were used more often than other secondary tasks in
the articles reviewed. In the articles reviewed, serial 7 subtractions increased dual task costs in
several gait studies (Al-Yahya, Dawes, Collet, Howells, Izadi, Wade, & Cockburn, 2009; Chong,
Chastan, Welter, & Do, 2009; van lersel, Ribbers, Munneke, Borm, & Rikkert, 2007; Yogev,
Giladi, Peretz, Springer, Simon, & Hausdroff, 2005; Yogev, Plotnik, Peretz, Giladi, &
Hausdroff, 2007; Springer, Giladi, Peretz, Yogev, Simon, & Hausdroff, 2006; Hausdroff,
Schweiger, Herman, Yogev-Seligmann, & Giladi, 2008). Therefore, the serial 7 subtractions task
has been shown to be an effective secondary cognitive task when studying the role of attention in
gait. As such, the serial 7 subtractions task was an appropriate secondary task to examine the use
of attention resources while walking and turning in this study.
1.2 Statement of purpose

The purpose of this dissertation was to determine whether steering requires attention or
whether it is an automatic motor synergy requiring minimal cognitive influence. This project also
sought to determine the effect of age on the attentional demands required by steering. The role of
attention in steering was tested by having the participants perform serial 7 subtractions while
walking and making a 90° turn. The participants were tested in the baseline condition and dual
task conditions to show the differences in steering performance due to the introduction of the
secondary cognitive task (serial 7 subtractions) to steering.
1.3 Specific aims and hypotheses

The specific aims of the study were:



Aim 1: Determine if aging influences steering.

Hypothesis 1: We hypothesized that turning time and turn onsets of the eyes, head, trunk
and pelvis would differ significantly due to age in both the baseline and dual task conditions.

Aim 2: To investigate whether the introduction of a secondary cognitive task changes
steering control in healthy young adults and healthy older adults.

Hypothesis 2A: We hypothesized that if steering requires significant attentional
resources, that healthy young adults would show a significant delay in the turn onsets of the eyes,
head, trunk and pelvis but without any change in the sequence of body segment reorientation in
the dual task condition. In addition, it was expected that an increase in turning time would occur
in the dual task condition.

Hypothesis 2B: We expected healthy older adults to not only show a delay in the turn
onsets of the eyes, head, trunk and pelvis, but that they might also display interruption to the
sequence of body segment reorientation. Interruption to the sequence of body segment
reorientation through the use of en bloc turning might occur in older adults because of potential
switches to turning strategies due to a need to simplify motor control under a dual task condition.
In addition, it was expected that older adults would have an increase in turning time due to the

dual task condition.



CHAPTER 2: LITERATURE REVIEW

The following is a review and discussion of the control of steering and movements of
body segments. In addition, the potential role of attention in steering is explored using different
theoretical models, and the current literature in gait studies that used dual task paradigm is
explored.

A growing body of literature has sought to investigate the control of and impairments in
turning which may underlie falls incidences in various populations. Human research over the last
20 years has presented evidence that the control of steering by the central nervous system (CNS)
operates via a robust pre-programmed motor synergy triggered by eye and head re-orientation
(Patla et al. 1999; Hollands, Patla, & Vickers, 2002; Hollands, Ziavra, & Bronstein, 2004; Reed-
Jones & Vallis 2007; Reed-Jones, Hollands, Reed-Jones, & Vallis, 2009a; Reed-Jones, Reed-
Jones, Hollands & Vallis, 2009b). Steering involves reorientation of the whole body to a new
direction of travel. This is typically seen when turning a corner or circumventing an obstacle and
as such is an important movement for adaptive locomotion (Patla et al., 1991). Findings of a
governing role of eye movements suggest that oculomotor responses during steering not only
provide visual input but also play an important role in coordinating body segment movement
during steering (Reed-Jones, Hollands, Reed-Jones, & Vallis, 2009a; Reed-Jones, Reed-Jones,
Hollands & Vallis, 2009b).

2.1 How are turns achieved?

How the CNS coordinates steering has been mapped both spatially and temporally in
young healthy adults. When steering, the center of mass (COM) of the body must be controlled
in the medial-lateral direction to maintain dynamic postural stability and to accelerate the body

towards the new direction of travel (Patla, Adkin & Ballard, 1999). One strategy to achieve a



redirection would be to stop, reorient the body in the desired direction in place and then proceed
walking in that new direction. However, healthy adults rarely adopt this strategy and opt for
redirecting the walking trajectory in an online manner that does not involve halting. This latter
strategy requires a greater level of body segment coordination and timing in addition to step
width regulation and movement of the COM in the direction of travel (Patla et al., 1999). Yet,
the benefits of online control, a quicker and more fluid execution with less abrupt stops and
starts, possibly outweigh these control issues. Patla et al. (1999) studied the biomechanics of
how the subtasks of steering are coordinated: step width regulation, COM redirection and body
segment reorientation. These authors used early cueing (when steering was planned early) and
late cueing (when steering was planned two steps before) to examine differences in control
strategies under different timing constraints. The results of this study indicated that foot
placement controls deceleration of the COM in preparation for accelerating the COM in the new
direction of travel. However, the hip controls COM movement in late cue conditions. Once the
COM is under control, in preparation for the redirection, the head initiates the turn to the new
direction of travel followed by the trunk and lower body (Patla et al., 1999). It is this initiation of
head movement prior to body movement that has provided the support for hypotheses that
redirecting the visual system to the new direction, to gather both information regarding the
environment and travel path as well as to shift reference frames for movement to the new
direction is critical for steering control (Hollands, Patla & Vickers, 2002; Grasso, Prevost,
Ivanenko & Berthoz, 1998).
2.2 Head leads steering synergy

Grasso et al. (1998a) were among the first to propose steering as a feed-forward

navigation control system, involving eye and head coordination in anticipation of future motor
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events. These researchers observed that a coherent eye and head (or gaze) reorientation was
performed in anticipation to the direction one was about to turn, even without visual stimuli (e.g.
blindfolded). These striking results were the first to suggest that visual redirection was not solely
for the purpose of obtaining visual information regarding the environment but that perhaps the
eyes serve a further role, a role irrelevant of whether there is retinal visual information or not.
One further purpose of the study by Grasso et al. (1998a) was to examine whether
anticipatory eye and head movement was based on an embedded motor pattern for turning or
whether anticipatory control was based on the intended direction of travel. Grasso et al. (1998a)
proposed that gaze redirection during backward locomotion should be a time-reversed copy of
those observed during forward locomotion, if steering is a “hard-wired” turning motor program.
Results of the study showed that in backward locomotion gaze directed opposite to the direction
that was observed during forward steering. Forward and backward steering were not time-
reversed copies. The authors used this evidence to support the hypothesis that eye and head
movements are anticipatory behaviors relative to the intended direction of motion. Patla et al.
(1999) who observed differences in control of steering dependent on the amount of time
available to pre-plan the movement also demonstrated the anticipatory nature of steering. Grasso
et al. (1998a) concluded that these observations ruled out an underlying hard-wired motor control
synergy, that once initiated, controlled the body’s reorientation movement in a pattern of head,
trunk, and lower body. However, when one considers walking backwards, the reorientation of
the segments in order to turn the same corner from end to start are actually in the opposite
direction from start to end in forward steering. For example, when turning around a right corner
forward, one would direct the head then the trunk and feet to the right. However, when walking

the right corner backwards one would need to direct the head, trunk and feet left in order to
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direct the COM around the corner. Therefore, the reorientation of the segments is consistent in
both the forward and backward direction such as to suggest that the head does initiate a
movement pattern for the trunk and lower body to turn.

In a follow up study to understand the development and execution of steering control in
children, Grasso, Assaiante, Prevost and Berthoz (1998b) observed steering behavior in children
over and under the age of 5.5 years. The hypothesis addressed in this research concerned the
anticipatory nature of head and eye movement prior to steering. In adults, anticipatory
movements of the eyes and head build more than one second before the corner point. Feed-
forward control of movement emerges early in children (6-16 months), therefore a similar
anticipatory head first strategy should appear in young children while turning. In fact, these
authors observed that a time lead of the head was present in all the children over the age of 5.5
years of age and two children under the age of 5.5 years. Though there was a significant
difference in time lead observed between the children and those observed in adults, the results
indicated that feed-forward control of steering was present at a very early stage of gait
development (Grasso et al., 1998b). Grasso et al. (1998b) also noted, a developmental sequence
for locomotor control from an en bloc operation of the body in the youngest children, which
involves moving all the body segments together to an articulated coordination of the body with
maturation These results demonstrate a potential innate mechanism for steering control, one that
perhaps becomes apparent during neuromaturation of locomotor control.

Following this work, Hollands, Sorensen and Patla (2001) investigated the effects of
immobilizing the head (by fixing it to the trunk via a spinal board) on the Central Nervous
System’s (CNS) control of steering. These authors used both a head immobilized (HI) and head

free (HF) condition to compare the kinematics of steering when the head cannot lead. These
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authors observed that in the head free (HF) condition participants displayed a systematic head
leading the body reorientation pattern consistent of previous findings (Patla et al., 1999, Grasso
et al., 1998a). However, in the HI condition, onset of trunk yaw was early. These results
indicated that when the head was unable to redirect independently from the trunk, that the head-
trunk unit was used to redirect prior to the lower body. This study presented critical information
regarding the need for the head to precede the body’s commitment to a turn, and that under
different circumstances the CNS adapts in order to achieve that goal. These authors concluded
that the CNS uses anticipatory head reorientation to provide a new frame of reference used to
control body reorientation coordination (Hollands, Sorensen, & Patla 2001).

Vallis, Patla and Adkin (2001) also conducted an interesting study supporting the
conclusions of Hollands et al. (2001). These authors observed the effects of a sudden head
perturbation on the control of online steering. Perturbations were applied to participants’ heads
either to assist or to oppose the direction of the turn before the transition stride. The results
showed that a head perturbation in the opposite direction delayed head reorientation in the new
travel direction. Head and trunk yaw occurred almost simultaneously in this condition. While a
head perturbation, assisting the new direction of travel resulted in earlier head reorientation in
the direction of travel. The authors proposed that the head perturbation in the opposite direction
limited the ability of the CNS to acquire information about the new travel direction. This directly
resulted in unsatisfactory vestibular/visual input of the intended direction change and as a result,
the CNS delayed body segment reorientation to the new path until adequate sensory information
regarding the new direction could be obtained.

In order to evaluate the importance of head segment orientation to generate a stable frame

of reference, Vallis and Patla (2004) investigated body responses to self-generated (voluntary)
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and unexpected head turns. The hypothesis was that if a voluntary head turn generated a ‘hard-
wired’ steering synergy response, then an externally triggered head movement would generate a
release of that same ‘hard-wired’ synergy. If the responses were limited to head movement, it
would mean that the steering synergy is unique to voluntary steering tasks or that the CNS is
capable of suppressing it. The results showed that during voluntary head turns, maintaining a
straight walking trajectory but turning the head to the side, a subset of the steering synergy was
observed where direction specific lateral changes in angular trunk yaw and COM trajectories
were observed but the travel path was not altered. The authors proposed an efferent copy of the
head yaw movement preserved the original direction of the travel path, suppressing the follow
through on a complete steering movement. The lateral changes in trunk roll and COM
trajectories reflected a “subset” of the steering synergy that could not be suppressed completely.
The authors further proposed that suppression of the steering synergy could pose as a safety
mechanism. When there is a conflict between the set orientation for the travel path and the
updated frame of reference, the CNS can suppress release of the steering synergy to ensure
whole body safety during locomotor tasks.

In the second experiment Vallis and Patla (2004) manipulated visual information during
unexpected head turn trials to observe whole body effects. The results indicated that in response
to unexpected head perturbations with occluded vision, significant modifications in trunk yaw
modulation and lateral foot placement occurred, resulting in global modification in COM
trajectories. The authors interpreted these results as the CNS perceiving the unexpected head turn
as an initiation of the steering synergy. This in turn resulted in automatic trunk and body
reorientation to the new travel direction. These modifications observed in COM trajectories and

body segment movements in response to voluntary head turns and unexpected head perturbations
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indicate a possible ‘hard-wired’ component of steering control, that the movement pattern can be
triggered by a particular input or stimulus (turning of the head).

In many of the first investigations of steering control, discrete redirections of the walking
path were used as the locomotor context. However, a number of researchers also began to
implement planned circular paths for the study of steering motor control, as circular paths are a
demanding process involving continuous cognitive-to motor transformation. Courtine and
Schieppati (2003) conducted a study to compare human locomotion along a straight path and a
continuously curved path. The results showed that changes in amplitudes of head, trunk and feet
movement were observed between straight path walking and walking along a circular path. Later
when the vision of the subjects was compromised while they walked along the curved path, only
minimal changes in segment orientation was observed when compared to segment orientation
when walking along the curved path with eyes open. Only a clear dichotomy in head pitch
movement was observed when the turn was implemented with eyes open and blindfolded. The
result of this study demonstrated again, similar to Grasso et al. (1998a), that unavailability of
vision does not affect the overall coordination of body segment reorientation when changing the
walking trajectory.

Together the above studies present a network of evidence for the presence of a steering
synergy that is a ‘hard-wired’ motor pattern initiated by head reorientation. Head reorientation is
a critical component to steering control as it is the basis for internally and/or cognitively
generated reference frames for which whole body movement coordination is based. However,
this ‘hard-wired’ mechanism is hierarchically modifiable and can be manipulated dependent on
the movement situation. For example, when the head is unable to initiate movement, the trunk

can move earlier to facilitate head reorientation prior to execution of the turn. Moreover, steering
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control is observed in young children suggesting an innate component of this neurological
mechanism that matures with development.
2.3 Do the eyes lead the head in steering?

Based on the research evidence presented thus far, it was accepted that the head leads the
body for steering control, and that a possible underlying reason for anticipatory head
reorientation was to direct the visual, and perhaps vestibular, system to the new direction of
travel to obtain an allocentric reference for which to base a coordinated body response. The
articulated top down control of the body to maintain dynamic stability follows the en bloc
operation in the developmental sequence of locomotor control (Grasso et al., 1998b). The body
segments move together as a block in en bloc turning which is also observed in clinical
populations at increased risk of falling while steering (Lamontagne, Paquette, Fung, 2007,
Crenna, Carpinella, Rabuffetti, Calabrese, Mazzoleni, Nemni, Ferrarin, 2007). Two functional
principles and different combinations of sensory inputs (visual, vestibular and propioceptive) are
involved with the en bloc (ascending) and the articulated top down (descending) temporal
organization of body segment reorientation in steering. The two functional principles are the
frame of reference on which the balance control is based and the other principle concerns the
choice of the degrees of freedom of various joints of the body which have to be controlled
simultaneously to maintain dynamic equilibrium (Assaiante & Amblard, 1995). The balance
control is organized from the feet to the head (ascending organization) when the frame of
reference is the supporting surface on which the person is standing. In the case of en bloc
turning, the body mainly relies on proprioceptive and cutaneous information and temporally
organizes balance working upwards from the feet to the head. When the frame of reference is the

gravitational vector, balance control is organized from the head to the feet (descending
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organization). In this case the body relies on the gravitational vector (vestibular input) in order to
stabilize the head and organize the balance working from the head to the feet (descending
organization). Stabilizing gaze provides the body with stable reference frames around which
body segment reorientation can be built up. The en bloc turning or the ascending temporal
organization of body segment reorientation is associated with minimizing the degrees of freedom
of various body joints. This is an easier way to maintain dynamic balance since there is a
minimum number of degrees of freedom of the body segments involved. However it increases
the rigidity of the body reducing stability and putting the body at greater risk of destabilization
(Bernstein, 1967). On the other hand the top down approach involves controlling more degrees
of freedom of various body joints especially the neck. Controlling more degrees of freedom by
the neck joints to reorient the head first is used to obtain the visual and vestibular information for
balance control (Assaiante & Amblard, 1995). Though the role of the head in steering control
was well investigated in early research, the role of the eyes in the steering sequence was not
clear. If the head was a trigger for the release of the pattern of body movement known as the
steering synergy, then perhaps the eyes themselves also had a critical role in this purpose.

Imai, Moore and Raphan (2001) studied the interaction of body, head and eyes during
walking and turning using a gravito intertial vector. Gravito intertial vector is the sum of linear
accelerations acting on the head (Imai et al., 2001). They observed a close coordination between
head and eye motions to orient gaze with respect to the gravito intertial acceleration vector (GIA)
and compensatory control for oscillatory perturbations created by the movements of the lower
body during bipedal locomotion. Compensatory pitch movements of the eyes countered the
vertical translation of the head during straight walking. During turns, counter rotation of the head

in yaw within 1° from the straight-ahead position achieved gaze stabilization. From these results,
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the authors concluded that spatial maps directed the motion of legs in a top-down organization
based on head and eye movements. The CNS generates appropriate head and eye movements to
maintain stable gaze, which in turn generates a stable internal reference to produce body
reorientation.

Hollands, Patla and Vickers (2002) were really the first to begin to measure movement of
the eyes using eye-tracking technology to investigate the role of the eyes in straight path and
steering navigation. This was the first study that provided information about where humans look
while steering towards a new direction. They found that when redirecting the walking trajectory,
participants’ gaze aligned to the current plane of progression prior to, and following the
transition stride. This behavior occurred in both early and late cue conditions and all participants
displayed similar gaze behavior. The above research evidence supported previous hypotheses
based on head only data, that the eyes and head align with the desired travel direction to provide
the CNS with an allocentric frame of reference to navigate the rest of the body. The results also
supported Gibson’s (1966) theory of optic flow, that the centre of expansion of the optic flow
field on the retina specifies the observer’s heading direction.

Following the work by Hollands et al., (2002), Reed-Jones, Hollands, Reed-Jones, and
Vallis (2009a) tested the hypothesis that rotation of the external visual world could induce eye
redirection and as a result initiate a body steering response. This was the first study to use a
virtual environment to induce coordinated steering responses while stepping in place. The
participants in this study demonstrated a significant horizontal eye movement then head and
body reorientation in response to the turn presented to them via a virtual environment. The onset
of the eye movement triggered synergistic turning responses and revealed timing of segment

rotation that was characteristic of steering behavior in real world turning. The results of this
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study supported the body of work that proposed that visual redirection leads steering movements.
The authors concluded that during steering the eyes serve a more complex purpose than just
providing retinal visual information. The eyes may in fact provide important proprioception
through which the CNS can base the degree of angular body movement required to reach the new
target.

In a follow up study, Reed-Jones, Reed-Jones, Vallis & Hollands (2009b) examined if
gaze fixation in a virtual environment would result in absence or decrease in the magnitude of
the steering response observed previously. In the study the authors observed that when the eyes
could move naturally (free gaze), the steering synergy initiated in anticipation of the corner.
However, during gaze fixation, the body segments turned together in an en bloc postural
response. These findings supported an intrinsic link between the eyes and the steering synergy
that remains unclear. These authors further postulated that inefficiency in steering in certain
clinical populations (such as frail older adults) could be attributable to deficits in visual
redirection. An area of research that as of yet has been largely untouched. Ambati, Murray,
Powell, Saucedo and Reed-Jones (2013) sought to expand on this concept by quantifying the
natural gaze and body turning coordination in healthy young adults while changing the walking
trajectory in the absence of a visual cue. The results of the experiment were consistent with
previous findings where light cues were used that may have driven the anticipatory eye
movement. The authors demonstrated the active control of CNS to move the eyes first in the new
travel direction. It was also demonstrated that when participants fixated on a point straight ahead,
restricting anticipatory eye movement, participants demonstrated an en bloc movement strategy,

in which all the body segments moved together.
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The hypotheses proposed through the human bipedal steering literature also have support
from other research areas involving humans. For example, Land and Lee (1994) analyzed
driver’s gaze direction while steering a car along a tortuous road. They discovered that drivers’
were looking at the tangent point on the inside of each curve, at least one to two seconds before
each turn and returning to it throughout the turn. The authors proposed that the CNS considers
the tangent point direction as a good predictor of the curvature of the road. This strategy is useful
because the tangent point is a very reliable cue to the curvature of the road guiding the amount of
angular rotation of the vehicle needed to complete the curve. These driving data support
hypotheses by Reed-Jones et al. (2009a) that repositioning of the eyes to the new direction of
travel serves as a spatial map for the degree of segment angular rotation required to reach the
new goal.

The above studies begin to highlight the integral role of the oculomotor system in the
CNS control of steering and turning movements and provide the foundation for hypotheses that
the oculomotor system has a governing role in coordinating human body segment movement
during bipedal steering. In particular, these studies suggest that anticipatory eye movement is
critical for top-down visuomotor control of steering. The absence of top-down visuomotor
control has been observed in older adults and clinical populations who experience falls while
turning (Paquette et al., 2008; Crenna, Carpinella, Rabuffetti, Calabrese, Mazzoleni, Nemni, &
Ferrarin, 2007; Lamontage, Paquette, & Fung, 2007). In addition, those at risk of falling use an
en bloc turning strategy which increases the rigidity in the body (Assaiante, 1998), reducing the
ability to stabilize oneself in case of a perturbation. Therefore, strong evidence supports the
critical role of visuomotor control in steering for effective turning control.

2.4 Types of turns
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Apart from body segment coordination, dynamic stability during steering also depends on
the type of turn executed. A proper stepping strategy plays an important role in executing a turn
while walking with stability and with lower biomechanical costs (Patla et al., 1991; Taylor et al.,
2005). The types of turns embedded in locomotion are categorized into step turns and spin turns
(Hase & Stein, 1999). A step turn involves moving away from the contralateral limb (Figure 1A).
The sequence of actions taking place during step turn is as follows. (1) The contralateral limb is
placed in front of the ipsilateral limb slightly medially with a toe in position. (2) The ipsilateral
limb is then swung inside the contralateral limb in the direction of turn. (3) The contralateral
limb remains in the toe in position and during push off swings in the new travel direction to
reorient itself during swing rather than during stance. In contrast, a spin turn involves turning
towards the ipsilateral limb (Figures 1B, 1C). There are two types of spin turns and the first three
steps are the same in both types. (1) Initially the contralateral foot approaches the turning spot.
(2) The ipsilateral foot is placed in front of the contralateral limb slightly laterally in a toe out
position. (3) The contralateral limb is then swung outside the ipsilateral limb in the direction of
the turn, while the ipsilateral limb is in a toe out position. In the case of the spin turns
categorized as ‘ipsilateral pivot’ (Figure 1B) after the contralateral limb is swung, (4) the
ipsilateral limb rotates on the ground before the (5) contralateral limb strikes the ground in the
new travel direction. (6) The ipsilateral limb then goes into swing and steps in the new travel
direction. In the case of spin turns categorized as ‘ipsilateral crossover’ (Figure 1C) the
ipsilateral limb remains in the toe out position until the (4) contralateral limb strikes the ground
in the new travel direction. (5) The ipsilateral limb then goes into swing and steps in the new
travel direction (Hase & Stein, 1999). In the case of the step turn the center of mass (COM)

remains between the two feet, whereas in the case of the spin turn the COM goes outside the
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stance foot to facilitate the movement in the new travel direction. Therefore there is a reduction
in stability of the body during spin turns placing greater demand on balance and increasing the
risk of tripping and falling during the maneuver. The increased demand on the balance control
system in spin turns is due to the movement of the COM outside the base of support requiring
greater muscle forces to maintain dynamic stability. Step turns offer more stability with less
muscular demand because the COM remains within the base of support throughout the
movement (Taylor et al., 2005). Patla et al., (1991) showed that younger adults preferred step
turns over spin turns due to the inherent benefits of the step turn strategy (Taylor et al., 2005). A
recent study on turning behavior in healthy older adults showed that they preferred spin turns
when asked to walk slower or faster than their natural walking speed (Akram, Frank & Chenouiri,
2010). However the older adults were asked to cross their arms on the chest which could have
influenced their choice of turn type. There is no clear evidence showing the preference of a turn

type in older adults.
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Figure 1. Types of turns

Notes: (A) Demonstrates step turn: going to the right with the right foot (ipsilateral) while the
left foot (contralateral) remains in stance. (B) Demonstrates spin turn (ipsilateral pivot): going to
the left with the right foot (contralateral) while the left foot remains in stance and pivots in the
direction of travel before the right foot strikes the ground. (C) Demonstrates spin turn (ipsilateral
crossover): going to the left with the right foot (contralateral) while the left foot remains in
stance. (Taylor et al., 2005)

Turns embedded in locomotion in healthy young adults not only involve an articulated
eye and body segment reorientation, but also a stable and energy efficient stepping pattern (step
turn) (Patla et al., 1999; Reed-Jones et al., 2009a; Ambati et al., 2013; Patla et al., 1991; Taylor
et al., 2005). Changing the direction of locomotion must be planned in the previous step to
reduce the acceleration of the center of mass of the body to zero in the sagittal plane (Patla et al.,
1991) control it in the medial-lateral direction to maintain dynamic postural stability and

accelerate in the new direction of travel (Patla et al., 1999). Executing proper foot placement to

use a step turn instead of a spin turn improves the dynamic stability and reduces muscular
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demands for steering (Taylor et al., 2005). In addition to planning the steps needed to execute
steering, it is also necessary to monitor these actions as they are performed and alter the steps if
required. Online monitoring and modifications to ongoing movements are made based on
sensory feedback. For example, when the ability to rotate the head independently from the trunk
is removed (by fixating the head to the trunk with a collar), the CNS initiates trunk movement
earlier to facilitate head reorientation prior to execution of the turn (Hollands, Sorensen & Patla,
2001). This shows the mental flexibility and feedback utilization are involved in steering control.
Therefore steering involves several different functions like goal setting, planning, monitoring the
actions planned, mental flexibility and feedback utilization. These key functions thought to be
involved in steering control are components of Executive Function.
2.5 Executive function

Executive function (EF) may be defined as a construct that is composed of several inter-
related cognitive skills like thought, self-control, intellect and social interaction (Anderson,
Jacobs & Anderson, 2008). Some of the functions of EF include processing of external stimuli,
planning the steps and actions needed to complete a task, execution of a task and verification that
the task has taken the proper course (Lezak, 1995). The key elements of EF are: anticipation and
deployment of attention, impulse control and self-regulation, initiation of activity, working
memory, mental flexibility and utilization of feedback, planning ability and organization, and
selection of efficient problem solving strategies (Lezak, 1995; Anderson, Jacobs & Anderson,
2008; Hunter & Sparrow, 2012).

The control of executive function has been associated with the pre-frontal cortex in
previous studies. Damage to the pre-frontal cortex followed by executive dysfunction (Grattan &

Eslinger, 1991) and significant activity in the pre-frontal cortex observed in neuro-imaging
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studies while performing executive function measures helped researcher to establish this link
(Lezak, 1995; Baker, Rogers, Owen, Frith, Dolan, Frackowiak, & Robbins, 1996). The pre-
frontal cortex has efferent and afferent connections with other regions of the brain like the brain
stem, occipital, temporal, parietal lobes, as well as limbic system and subcortical regions. This
associates the EF with several other regions in the brain. Therefore executive dysfunction could
be presented by, not only damage or loss to the pre frontal cortex but also impairment in other
brain structures and network disconnections like white matter damage. Having an intact pre
frontal cortex is important but not sufficient for the integrity of EF (Anderson, Jacobs, &
Anderson, 2008; Hunter & Sparrow, 2012). Therefore in summary, EF is a psychological
construct that is controlled by several neural systems (pre frontal cortex and other brain
structures and their connections) that provide critical information about specific processes and
the integrations of these functions.
2.6 Models of executive function

A number of neuropsychological models have been developed to provide a theoretical
framework for the assessment of executive functioning. Executive control system and
Supervisory attentional system are two contemporary executive function models that are
composed of distinct but interrelated components. Unlike previous models that were modular,
the components in these models are independent but work bi-directionally to accomplish a task.
2.6.1 Executive control system

The executive control system (ECS) is a conceptual frame work that conceptualizes EF as
an overall control system with four domains: attentional control, cognitive flexibility, goal
setting, and information processing (Anderson, 2002). These various factors were identified as

domains of EF using different test batteries (Kelly, 2000; Levin, Culhane, Hartmann,
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Evankovich, Mattson, Harward, Ringholz, & Ewing-Cobbs, 1991). According to ECS (figure 2)
each of these domains performs specific tasks and can function independently but all these
domains interact with each other to function as an overall system. The level of involvement of
each of these domains is task dependent, which means that the level of input may vary by the
nature of the task being accomplished. Each of these domains involves highly integrated
cognitive processes and receives and synthesizes external stimuli from various brain structures

like subcortical, motor and posterior brain regions (Anderson, Jacobs, & Anderson, 2008).

Cognitive flexibility Goal setting
Divided attention Initiative
Working memory — Conceptual reasoning

Conceptual transfer Planning

Feedback utilization Strategic organization

Attentional control Information processing
Selective attention Efficiency

Self-regulation —_—> Fluency
Self-monitoring Speed of processing
Inhibition

Figure 2. Executive control system (Anderson, 2002)

The attentional control domain includes the ability to attend to specific task and sustain
attention for a prolonged period of time. This domain also includes the ability to regulate and
monitor actions, so that they are executed as per the plan to achieve goals and avoid errors.
People who have impaired attentional control; lack self-control, are highly impulsive, have

difficulty sustaining attention, fail to complete tasks and respond inappropriately. Cognitive
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flexibility is the principle domain of EF and it comprises of the ability to learn from mistakes,
divide attention between tasks and process multiple external stimuli concurrently. Divided
attention is important when an individual is performing more than one attentionally demanding
task at the same time. This requires the attentional resources to be shared for processing these
stimuli concurrently. Working memory is the ability to store the information temporarily and
modify it later. Impairment in cognitive flexibility may result in individuals losing their ability to
multitask, failing to adapt to new demands and failing to manipulate information or recollect
previously stored information. Goal setting is another important domain of EF which includes
the ability to initiate an activity and the ability to plan the steps necessary to complete an action.
Any goal or task can be accomplished in numerous ways. Conceptual reasoning and planning is
required to devise a plan that is strategic and efficient. Strategic organization refers to the ability
to sequence the complex steps needed to logically complete a task. Impairment in this domain
results in a deteriorated problem solving ability due to inadequate planning, lack of organization
and poor conceptual reasoning. The last domain of EF in ECS is information processing. This
domain refers mainly to the speed of processing because the performance on executive tasks can
be compromised significantly by the information processing speed (Anderson, 2002).

Each of these domains discussed here can be shown to play an important role in steering
control. Steering is a goal oriented activity that requires planning the steps required, for example
decelerating the center of mass (COM) in an anterior-posterior direction whilst controlling COM
movement in the medial-lateral direction and accelerating it in the new travel direction. The
strategic organization allows an articulated body segment reorientation making the whole body
less rigid and hence increasing the stability in case of a perturbation. Feedback utilization helps

manipulate any of these steps to accommodate an obstacle or a novel situation that might prevent
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fluid motion of the body segments. Attention control is required to ensure that all of these steps
are monitored, manipulated and sometimes inhibited to safely execute a turn while walking.
Though the functions of each of these domains are task specific, in case of steering they work bi-
directionally to function as an overall system. All of these domains require attention control to
monitor their activities so that the plans are executed in the correct order, errors are identified
and corrected, and goals are achieved in an efficient way (figure 1).

2.6.2 Supervisory attentional system

Supervisory attentional system (SAS) is another conceptualized model developed to
explain the EF. This model explains the control of two levels of action: automatic and deliberate.
The automatic actions are those that do not require deliberate attention and their performance
does not interfere with other actions. The other level of actions that require deliberate attention
are those that require an intention to carry out or formulate a goal, devise a plan to achieve this
goal, sequence the complex steps needed to accomplish this task and troubleshooting (Anderson,
Jacobs, & Anderson, 2008).

The initial model developed by Norman and Shallice (1986) included two complimentary
processes: contention scheduling and SAS. Contention scheduling is responsible for automatic
actions. This process ensures that an appropriate well-formed schema is scheduled for
completing an automatic task while inhibiting conflicting schemata. A schema is a behavioral
program to complete routine tasks or actions. However in case of a novel task situation which
may involve executive functions the existing schemata cannot be scheduled to perform the task.
Additional attentional resources or SAS is required in these scenarios (Norman and Shallice,
1986). Shallice and Burghese (1996) extended on the SAS aspect of this model that comprised of

three stages. Stage 1 is called strategy generation which includes building a new temporary
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schema to accomplish the novel task. Stage 2 is the implementation of the new schema for the
novel situation. Stage 3 involves monitoring the implementation of the new schema followed by
rejecting the schema if found to be ineffective or manipulating it to match the necessary

requirements.

Supervisory system

Adjustment

Energizing | Inhibition of Monitoring If-th‘en
. logic
scheduling
— —_—
Perceptual Effector
. E—— Schemata —_—
Information system
—_— —

Figure 3. Supervisory systems in human attention (Stuss, Shallice, Alexander & Picton, 1995)
Stuss, Shallice, Alexander and Picton (1995) adopted the supervisory system to develop a
new model (figure 3) with five independent supervisory processes for characterizing the
processes involved in the control of attention across a range of tasks. These five independent
supervisory processes are: energization of schemata, inhibition of schemata, adjustment of
contention scheduling, monitoring of schemata and “if-then” logic. Energizing schemata refers to
activating appropriate well-formed schemata to achieve a goal and also reactivating the same
schemata if sustained attention is required. Inhibition of schemata refers to inhibiting

inappropriate schemata from being activated. Some situations require the activation of similar
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target schemata, and adjusting of contention scheduling is necessary to ensure that both the
schemata are equally energized. Monitoring of schemata refers to ensuring that the energized
schemata is still active, the behavior is appropriate and is not influenced by other competing
schemata and that there are only a few errors made. The feedback obtained from monitoring the
schemata is used by “if-then” logic to alter the process by inhibiting schemata, reenergizing
schemata or by adjusting contention scheduling (Stuss et al., 1995).

The supervisory attentional system was characterized by taking into account the
executive functioning, in particular attention control. This model mainly accounts for attention
control and the various sub processes involved in attention control. These sub processes of
attention are associated with different processes of the supervisory system (Stuss et al., 1995).
The different steps involved in steering, like controlling the center of mass with a fluid motion of
different body segments, may be stored as a motor program or schema that is energized while
steering. The monitoring system ensures that there are no errors in the behavior and that the
schema remains energized till the task, in this case steering, is executed successfully. The
capacity to keep the schema energized involves maintenance of attention or the ability to sustain
attention (Stuss et al., 1995). In case of errors identified by the monitoring system, where the
fluid motion of the body segments cannot be implemented, “if-then” logic is utilized to select a
different motor program or inhibit the erroneous movement. For example in the study where the
participants’ head was attached to the trunk using a spinal board, they moved their trunk earlier
to reorient the head in the new travel direction (Hollands et al., 2001). In this case where a novel
situation occurs, a new temporary schema is built which involves goal setting and subsequent
steps for problem solving. Implementation of a new schema will involve holding it online

initially which requires working memory (Shallice & Burgess, 1996). The implementation of this

30



new schema (steering strategy) to accommodate the novel situation is monitored by the
monitoring system. The feedback obtained is used by the ‘if-then’ logic system to either reject
the new schema if it is ineffective or modify it to match the situation. Stuss et al. (1995)
emphasized the control of attention across the different systems described in the supervisory
system. Each of these supervisory processes described require a variety of independent sub-
processes of attention.
2.7 Attention

The two theoretical models of EF (executive control system and supervisory attentional
system) characterized executive function as an overall control system integrating different
aspects of the construct. Both the models discuss the prominent role of attention in regulating
and monitoring the other domains. Attention is a multi-dimensional construct which may be
considered as a subordinate skill of EF or can in themselves be considered as executive processes
(Park & Schwartz, 2000; Anderson et al., 2008). There are many varieties of attention and it is
easier to discuss their specific functions while referring to those particular aspects of this
construct. Attention can be classified into different functions which include sustained, selective,
focused, divided, and alternate attention (James, 1950). Sustained attention refers to an
individual’s ability to attend to an incoming stimulus over a period of time (James, 1950). A real
world example for sustained attention includes a soldier in a combat field looking for enemies. In
steering, planning the different steps required, and monitoring those steps to obtain feedback
requires maintenance of attention which is sustained attention. A person performing a selective
attention task must select information for processing while blocking unnecessary stimulus
information (James, 1950). For example a person looking for his seat in a crowded movie theater

doesn’t know where his target is located and must look through a complex visual field to find the
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target. Focused attention refers to one’s ability to attend to a specific stimulus coming from a
known target while blocking out other distracting stimuli (James, 1950). Unlike selective
attention, focused attention does not require looking for the source of information. A real world
example for focused attention includes a person trying to pay attention to a conversation in a
crowded cocktail party. Divided attention refers to the ability to divide attention between two
tasks that are performed simultaneously (James, 1950). An example for divided attention would
be the ability to perform an arithmetic operation while walking. It is difficult to differentiate
between divided and alternate attention because alternate attention refers to rapid switching of
attention between two tasks. Hence divided attention refers to the possibility of using both the
terms (Park & Schwartz, 2000). Monitoring the behavior of two motor programs energized to
perform two tasks simultaneously requires divided attention (Stuss et al., 1995). Attention
control and the various sub processes of attention described above regulate and monitor the
different components of executive function explained using executive control model and
supervisory system of human attention (Anderson, 2002; Stuss et al., 1995).

We may characterize the involvement of attention control across a range of tasks
associated with steering like goal setting, planning, mental flexibility and feedback utilization
using theoretical models (ECS and supervisory system of human attention). But there is no
known research providing clinical evidence to support the role of attention in steering. Hence
through this dissertation we are attempting to investigate the role of attention in steering in
healthy young adults. Understanding the role of attention control in steering is of foremost
importance. Age-related decline in executive function and attentional control has been reported
to occur in older adults in several studies (Crawford et al., 2010; Milham et al., 2002). Older

adults also experience falls frequently (Tinetti, Speechley, & Ginter, 1988) and falling while
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turning is 7.9 times more likely to cause a hip fracture than falling while walking in a straight
path (Cumming & Klineberg, 1994). Therefore determining the role of attention in steering in
healthy young adults would be a critical first step that can be used as evidence to say that one of
the underlying factors responsible for the increased risk of falling in older adults while steering is
attention deficits.

2.8 Aging and executive functioning

Cognitive control or executive functions are considered to be important explanatory
variables in cognitive aging research. These conclusions were made based on recent
neuroimaging studies which indicated age-related deterioration in the frontal lobes of the brain
(Coffey, Wilkinson, Parahos, Soady, Sullivan, & Patterson, 1992; Pfefferbaum, Sullivan,
Rosenbloom, Mathalon, & Lim, 1998). In cognitive terms, the changes in attentional control and
a variety of memory and reasoning tasks can be explained by deterioration of executive
functioning. In neuropsychological terms, age related impairment in cognition is explained by
the structural changes in the frontal lobes of the brain (Anderson et al., 2008). Since executive
functioning is associated with frontal lobes, a theory called “frontal-executive theory of aging”
was proposed to explain the link between the structural changes in the frontal lobes of the brain
and the corresponding impairment of executive functioning (Daigneault, Braun, & Whitaker,
1992; Mittenberg, Seidenberg, O'leary, & DiGiulio, 1989; West, 1996).

The frontal-executive theory proposes that executive dysfunction with aging can be
attributed to the early, localized changes in the structure of the frontal lobes of the brain. Several
neuro imaging studies have been conducted to observe the functional activation of the frontal
lobes of the brain during cognitive performance in healthy old and healthy young adults (Coffey

et al., 1992; Pfefferbaum et al., 1998). A mixed pattern of results were reported in these studies.
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Older adults showed lower frontal activation while performing tasks related to memory encoding
and attentional control (Petit-Taboue, Landeau, Desson, Desgranges, & Baron, 1998; Grady,
2002). This may be interpreted as older adults exercising poorer efforts while performing
complex cognitive tasks (Maden, Turkington, Provenzale, Denny, Langley, & Hawk, 2002).

However, a different pattern has been observed in other studies. Higher frontal lobe
activation was observed in older adults while performing complex cognitive tasks when
compared to younger adults. Increased prefrontal activation with aging while performing
complex cognitive tasks can be explained using compensatory mechanisms (Reuter-Lorenz,
2002; Grady, 2002). A variety of hypotheses using compensatory mechanisms have been
proposed to explain this behavior. According to the prefrontal effort hypothesis older adults
recruit more neural networks than younger adults because the complex cognitive tasks are more
difficult for older adults than younger adults who find them relatively easy (Tisserand & Jolles,
2003). The strategic recruitment hypothesis suggests that due to the structural changes in the
brain that develop with aging, older adults recruit additional neural structures as a cognitive
strategy to carry out a task. The reorganization hypothesis suggests that the intact neural
networks reorganize themselves to compensate for the lost neural networks with aging (Park &
Schwartz, 2000; Anderson et al., 2008). Therefore, there is a great deal of evidence that the
neural networks of EF lie in the prefrontal lobes of the brain and damage to these regions will
impact executive control processes.

Executive functions include multiple skills and it is highly unlikely that aging affects all
these skills in the exact same way. Increasing age compromises the brain’s ability to implement
attentional control which influences other domains of executive function like working memory

(Milham et al., 2002). Since attention control regulates and monitors the other domains of
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executive function, the impact of decreased attention control will be seen on the overall system
(Anderson, 2002). Based on the theoretical models discussed earlier, impairments in attention
control might influence steering as well. Hence impairment in attention with age is likely to
affect steering performance. A mixed pattern of results were observed in studies related to body
segment coordination while walking and turning in older adults. Though Paquette et al. (2008)
reported age related changes in the timing and sequence of body segment reorientation while
turning, a few other studies reported otherwise. Fuller, Adkin and Vallis (2007) reported that
older adults used the same top-down segmental sequence while walking and turning like healthy
young adults. Akram, Frank and Fraser (2010) observed that healthy older adults did not show
any differences in the top-down temporal sequence of body segment reorientation while walking
and turning at different velocities or turn magnitudes (45° and 90°). These relatively new articles
that investigated the temporal organization in steering in older adults are not very useful to make
definite conclusions about steering behavior in older adults. This is because in contrast to the
previous articles on steering discussed earlier, not only did these studies exclude eye data but
also there were many other methodological variations. For example the magnitude of the turn
investigated was only 40° (Fuller et al., 2007; Paquette et al., 2008) when most of the turning in
activities of daily living happen between 76°and 120° (Sedgman, Goldie, & lansek, 1994). In the
study conducted by Fuller et al. (2007), a 2 dimensional video camera was used for data
collection and the data analysis to determine turn onsets of body segments were determined by
examining the videos by two research assistants. Using a two dimensional camera for data
collection and biomechanical analysis that was done visually would not validate the comparisons
made in this study to the previous literature which mainly comprised of studies that used 3

dimensional motion capture systems. Akram et al. (2010) investigated the turn onsets of shoulder
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and pelvis to show the temporal organization of body segments while steering in older adults.
Though these studies challenge drawing definite conclusions about temporal organization of
body segment reorientation in older adults while steering, these findings may be used to
hypothesize the steering behavior in older adults in this dissertation. We may not observe any
differences in the top-down temporal sequence of body segment reorientation in older adults
while steering (Akram et al., 2010). Hence using a secondary cognitive task with steering might
reveal the deficits not seen while performing the steering task alone. This dissertation is the first
study to investigate the influence of age on steering by determining the temporal organization of
eyes, head, trunk and pelvis in steering while performing a secondary cognitive task in healthy
older adults.
2.9 Dual task methodology in gait

Examining the role of attention in steering can be implemented using dual task
methodology. Dual task methodology is an experimental method used to assess cognitive motor
interference in gait. A growing body of research shows that gait and postural control are linked
to cognitive function and these processes are not automatic, but consume some amount of
attentional resources (Woollacott & Shumway-Cook, 2002). Dual tasking has become a common
method used to test whether gait requires attention (Ebersbach, Dimitrijevic, & Poewe, 1995;
Lindenberger, Marsiske, & Baltes, 2000; Li, Lindenberger, Freund, & Baltes, 2001; Verghese,
Kuslansky, & Holtzer, 2007). Dual tasking in gait is achieved by challenging attentional
capacities with a secondary cognitive task while participants perform a gait task. The working
hypothesis of dual task paradigms in gait is that if gait is an automated activity that does not
require attention, then performing a secondary cognitive task should not affect gait, however if

gait control does require attention then interference from the secondary cognitive task should be
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observed. The interference caused by dual task paradigm in gait can be explained using Pashler’s
(1994) neuropsychological theory. When a person receives two stimuli successively, the
response to either the second stimulus or both the stimuli is delayed when the time interval
between the two stimuli is reduced. This phenomenon is called psychological refractory period
effect. Pashler (1994) describes PRP effect using two factors that work together; they are a
“central bottleneck” and a preparatory limitation. According to bottle neck theory certain
responses require a single mechanism dedicated to them for a while. During this time if there is a
second stimulus that requires the same subset of units, the neural network cannot select two
different responses at the same time. This results in the delay of one or both the tasks. In simple
words, when two stimuli require the processing unit at the same time, a bottle neck results, and
the response to the stimuli of only one of the two tasks is processed first. Therefore the inability
to select two responses at the same time is one of the causes for dual task interference. Another
reason for PRP effect is the preparatory limitation. Bottleneck is also caused by the fact that
preparation for the tasks is less effective when other tasks must be prepared at the same time.
2.10 Effects of dual task methodology

Over the past two decades the effects of dual tasking have been studied in different
populations like healthy young adults, healthy older adults, and clinical populations. However,
methodological variations make it difficult to draw definite conclusions. Discrepancies in the
results of various experiments on dual task paradigm in gait have raised many issues. These
issues involve differences in methods, subject groups, and lack of agreement concerning the dual
task paradigm. One of the issues with current research is the lack of standardization in the dual
task paradigm and a consensus needs to be reached on the research protocol. These are some of

the gaps in the current articles reviewed.
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Most of the studies on healthy young adults have reported that the performance of a
secondary task influences gait (tablel) (Ebersbach, Dimitrijevic, & Poewe, 1995; Lindenberger,
Marsiske, & Baltes, 2000; Li, Lindenberger, Freund, & Baltes, 2001; Bloem, Valkenburg,
Slabbekoorn, & Willemsen, 2001; Weerdesteyn, Schillings, Van Galen, & Duysens, 2003;
Bootsma-van der Weil, Gussekloo, de Craen, van Exel , Bloem, & Westendorp, 2003;
Shkuratova, Morris, & Huxham, 2004; Beauchet, Dubost, Herrmann, & Kressig, 2005; Grabiner
& Troy, 2005). They showed that healthy young adults reduced their gait speed and there was
also a decline in the performance of the secondary task due to dual tasking. However, a few
studies reported increase in stride time, step width, stride time and stride time variability (Al-
Yahya, Dawes, Collet, Howells, Izadi, Wade, & Cockburn, 2009; Beauchet, Dubost, Hermann,
Kressig, 2005; Parker, Osternig, Lee, Donkelaar, & Chou, 2005). Therefore, the evidence
provided by these studies supports the hypothesis that even in healthy young adults gait
consumes some amount of attentional resources. This claim is supported by recent brain imaging
studies which reported the involvement of pre frontal cortex in preparation of gait and
controlling gait speed (Harada, Miyai, Suzuki, & Kubota, 2009; Suzuki, Miyai, Ono, Konishi,
Kochiyama, & Kubota, 2004). Gait speed is also associated with the measures of executive
function which has connections in the pre frontal cortex of the brain (Suzuki, Miyai, Ono, &
Kubota, 2008). Therefore gait control shares the same set of neural networks as the executive
function, and hence healthy young adults reduce their gait speed when asked to perform a
cognitive task simultaneously with gait. Some studies that reported no dual tasking costs in
healthy young adults may have used secondary tasks that were less challenging, or the
participants in these studies prioritized gait over the secondary task as per the instructions given

(Lajoie, Teasdale, Bard, & Fleury, 1993; Lajoie, Teasdale, Bard, & Fleury, 1996; Abernethy,
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Hanna, & Plooy, 2002; Sparrow, Bradshaw, Lamoureux, & Tirosh, 2002; Gage, Sleik, Polych,
McKenzie, & Brown, 2003). Most of these studies included other groups apart from healthy
young adults and the difference in gait velocity caused by dual tasking was used to distinguish
healthy individuals from clinical groups.

Gait speed was the most commonly reported gait parameter showing the effects of dual
task methodology in healthy older adults. This is because gait speed is used as a measure of
functional performance that is used to predict falls (Hardy, Perera, Roumani, Chandler, &
Studenski, 2007; Palombaro, Craik, Mangione, & Tomlinson, 2006). Older adults reduced their
gait velocity and also showed a decline in secondary task performance in response to dual task
condition (table 1) (Coppin, Shumway-Cook, & Saczynski, 2006; Bloem et al., 2001; Bootsma-
van der Weil et al., 2003; Shkuratova et al., 2004; Faulkner, Redfern & Rosano, 2006; Verghese,
Kuslansky, & Holtzer, 2007; Hausdroff, Schweiger, Talia, Yogev-Seligmann, & Giladi, 2008).
Most of these studies also observed an increas