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ABSTRACT

Regaining functional ability and preventing cardiovascular complications are
two of the primary objectives in stroke rehabilitation. Turning and stepping down are
common daily activities, but they often cause falls in stroke survivors. These activities
demand a high level of physical skill and additional cognitive tasks may be challenging.
Few studies emphasize these dual-tasking activities, and consensus on rehabilitation
exercises has yet to be reached. Further, strokes have detrimental effects on arterial
compliance and cardiac autonomic regulation, leading to various cardiovascular

pathologies.

Tai Chi is a mind-body exercise and is dual-tasking in nature. It has been shown
to improve dual-tasking ability and cardiovascular function in older community-
dwelling adults. However, the effects on stroke survivors are still unknown. This study

is therefore designed to:

1) Investigate how stroke survivors respond to dual-tasking, and

2) Examine the effects of Tai Chi training on dual-tasking ability and

cardiovascular function among stroke survivors.

There were two phases in this study: a cross-sectional study and a randomized
controlled trial (RCT) to achieve the first and second objectives, respectively. In the
first phase, stroke survivors were tested under two dual-tasking situations: turning-
while-walking and stepping down combined with an auditory Stroop test respectively.

The performance when dual-tasking was compared with both the single-tasking



performance and the performance of controls. In the second phase, stroke survivors
were randomized into either Tai Chi, conventional exercise or control groups. The two
dual-tasking conditions employed in the first phase, together with arterial compliance,
blood pressure, and heart rate variability were assessed before, immediately after, and

one month after the intervention.

In the cross-sectional study, stroke survivors showed a decreased composite
score in the auditory Stroop test when performing turning-while-walking (n=59; dual-
tasking: 71.5+24.2, single-tasking: 83.5£22.8) or stepping down (n=26; dual-tasking:
76.4+31.2, single-tasking: 90.0+25.6). However, physical task performances when both
single-tasking and dual-tasking were similar. Moreover, stroke survivors performed less
well than the controls in all measures. These findings may be explained by the
hypothesis that stroke survivors had insufficient resources during dual-tasking and they

employed a posture-first strategy to preserve control of balance.

In the RCT phase, the composite score improved in both dual-tasking conditions
after Tai Chi training [turning-while-walking (n=47): pre-assessment: 73.1+27.6, post-
assessment: 89.9+23.4, follow-up: 91.7+26.9; stepping down (n=23): pre-assessment:
64.6122.7, post-assessment: 91.9+£19.2, follow-up: 94.4+20.6]. The score of the Tai Chi
group was higher than that of the conventional exercise group (55.7+11.1) in the
follow-up period when dual-tasking with a stepping down test. Subjects in the Tai Chi
group completed the dual-tasking turning-while-walking faster in the follow-up
(14.9+4.9 sec) than in the pre-assessment (17.7+6.9 sec). For the cardiovascular
function (n=56), significant improvement in small arterial compliance (pre-assessment:

3.7+£2.0 ml/mmHg*100, post-assessment: 4.2+2.2 ml/mmHg*100) and systolic blood



pressure (pre-assessment: 129.2+17.3 mmHg, post-assessment: 125.0+18.6 mmHg), but

not heart rate variability, was observed in subjects who practiced Tai Chi.

The results showed that Tai Chi enhanced dual-tasking ability, and is possibly
more effective than conventional exercise for the stepping down task. The observed
improvements might imply that the effect of Tai Chi training transfers to other dual-
tasking activities. Further, Tai Chi improved arterial compliance and blood pressure but
not cardiac autonomic regulation. Further studies with a larger sample and exploring the

underlying mechanisms of mind-body exercise are needed.
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PREFACE

Chapter 1 is the Introduction, providing background information to this study.
Chapter 2 lists the objectives and hypotheses. Chapter 3 comprises five papers which
are either in press (Chapter 3.4) or under 1% and 2" review (Chapter 3.1, 3.2, 3.3, and
3.5). The full authorship and titles are listed in the section Publications arising from the
thesis (Manuscripts) (p.vi). These paper and manuscripts have been reformatted to
provide consistency throughout the thesis. Chapter 4 summarizes the results and
provides general discussion of the studies. Chapter 5 is the Conclusion section. All

references are listed at the end of the thesis in the References section.
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CHAPTER 1

INTRODUCTION



1.1 Stroke

1.1.1 Definition and epidemiology

Stroke, or cerebrovascular accident, is defined as ‘an accident with rapidly
developing clinical signs of focal or global disturbance of cerebral function, with
symptoms lasting 24 hours or longer or leading to death, with no apparent cause other

than of vascular origin’ (WHO MONICA Project, 1998).

Stroke is a common problem globally. There were 16 million first-time strokes
and 62 million stroke survivors worldwide (Strong et al., 2007). Due to advances in the
acute medical management of stroke in recent decades, the death rate after the accident
is decreasing (Macdonald, 2014). However, the prevalence of stroke is still high. In
mainland China, the prevalence of stroke in urban areas ranged from 295.3 to 388.6
cases per 100,000 population, while that in rural regions was 193.6 cases per 100,000

populations (Sun et al., 2013).

Most stroke survivors suffer from long term-disability. Even with proper
rehabilitation, 50% of the survivors encounter some degree of hemiparesis, 30% are
unable to walk without assistance, and 26% are dependent on assistance for daily
activities. In addition, 46% of them experience some cognitive deficits (Go et al., 2013;
Kelly-Hayes et al., 2003). The high prevalence of stroke and the residual impairment
increases the cost of stroke care. The average cost of stroke rehabilitation in the first
year after discharge is USD $7,318 and the estimated mean lifetime cost of ischemic

stroke is USD $140,048 in the United States (Go et al., 2013).



1.1.2 Types of stroke

There are two main kinds of stroke: ischemic stroke and hemorrhagic stroke.
The hemorrhagic case can be further divided into intracerebral hemorrhage and
subarachnoid hemorrhage. Ischemia is the most common type of stroke, accounting for
87% of all strokes, while 10% and 3% of the stroke are intracerebral hemorrhage and

subarachnoid hemorrhage, respectively (Go et al., 2013).

Ischemic stroke

Brain ischemia is defined as a reduction in blood flow and oxygen supply to the
brain that results in dysfunction (Verheyden & Ashburn, 2012; Wieloch & Nikolich,

2006). It can be classified further into four subtypes (Dorrance & Fink, 2015):

(1) Large-artery atherothrombotic disease, which results in large areas of
ischemic injury and accounts for around 50% of all ischemic strokes.

(2) Lacunar stroke, which is caused by the occlusion of small intracranial
arteries and affects smaller regions of the brain. Approximately 25% of
ischemic strokes are of this type.

(3) Cerebral artery occlusion by cardiac emboli causes 20% of ischemic
strokes.

(4) Hemodynamic stroke, which is caused by cerebral hypoperfusion without

any clot or emboli, makes up the remainder of ischemic strokes.

When there is an infarct at the arteries that supply a specific brain region, the

brain tissues in that area may die. The penumbra, which is the tissues surrounding the



infarct, may also be injured but able to recover (Verheyden & Ashburn, 2012). The
death or damage of the brain tissues results in a loss of corresponding functions
(Verheyden & Ashburn, 2012; Zeiler & Krakauer, 2013). The dysfunction may also
occur in the non-ischemic peri-infarct region and remote brain areas that are connected
to the infarcted zone, such as the contralesional hemisphere. The condition of a focal
lesion in the brain that leads to dysfunction of the brain tissues away from the insult is
called diaschisis (Albert & Kesselring, 2012; Pekna et al., 2012; Wieloch & Nikolich,

2006).

Intracerebral hemorrhage

Intracerebral hemorrhage occurs when there is a rupture of any blood vessel
within the brain result in bleeding. Leading causes of intracerebral hemorrhage include
amyloid angiopathy, brain tumors, aneurysms, and arteriovenous malformations

(Manno, 2012; Xi et al., 2006).

Only around 20% of patients with an intracerebral hemorrhage regain
independence at six months after the insult (Manno, 2012). The resulting neurological
deficits can be attributed to hematoma expansion and brain edema. The edema is caused
by both the hematoma and the disrupted blood brain barrier, followed by an increase in
intracranial pressure and resulting necrosis of brain tissues (Manno, 2012; Xi et al.,
2006). The degree of brain edema after intracerebral hemorrhage has been related to the
patients’ outcome (Xi et al., 2006). Another potential factor leading to brain damage
after hemorrhage is the decreased blood flow to the brain, resulting in ischemia (Xi et

al., 2006).



Subarachnoid hemorrhage

Subarachnoid hemorrhage occurs when there is a rupture of an aneurysm and
blood flows into the subarachnoid space, the brain parenchyma and the ventricles (Stern

et al., 2006).

Most patients with this kind of stroke suffer from permanent neurological
deficits. The deficits are the result of the acute brain injury caused by the hemorrhage
and delayed cerebral ischemia, which develops in around one-third of the patients.
Immediately after the rupture, the hemorrhage may damage the brain physically and
cause transient ischemia as a result of increased intracranial pressure, microcirculatory
constriction, and micro-thrombosis. The hemorrhage may also trigger activation of the
sympathetic nervous system, leading to systemic complications such as pulmonary
edema, lung injury, and cardiac dysfunction. Delayed cerebral ischemia may also
develop after the acute phase of the stroke. The ischemia can be attributed to various
causes, including angiographic vasospasm. Most of the vasospasm resolves
spontaneously. However, some of its complications, such as arterial fibrosis and
endothelial thickening, may persist, resulting in increased arterial stiffness (Macdonald,

2014).

1.1.3 Recovery after stroke

Recovery from a stroke can be spontaneous or enhanced by rehabilitative
training. It has been suggested that functional recovery after a stroke involves three

phases (Pekna et al., 2012; Wieloch & Nikolich, 2006):



1) Diaschisis reversal, cell genesis activation, and repair of injured tissues.
2)  Remodeling of the properties of neuronal pathways.
3) Establishment and consolidation of new neuronal pathways by

neuroplasticity.

All these phases occur during the spontaneous recovery period, while the second

and the third phases can be enhanced by motor training (Pekna et al., 2012).

Spontaneous recovery

There is a sensitive period after a stroke when spontaneous recovery occurs even
without training or treatment. The sensitive period lasts for around six months after a
stroke in human, with recovery being most prominent in the first three months (Caleo,

2015; Wieloch & Nikolich, 2006; Zeiler & Krakauer, 2013).

During the sensitive period, the injured brain cells and the region around them
recover spontaneously. It is further hypothesized that different areas of the brain can
take over the functions of the damaged areas, which is called vicariation (Albert &
Kesselring, 2012). As some motor functions recover within a few days after a stroke,
this recovery may be a result of the unmasking or activation of some silent pathways or
synapses (Wieloch & Nikolich, 2006). Previous animal studies have shown that after
stroke is induced in the primary motor cortex, the premotor areas take over some of the
functions of the disrupted neuronal tissues (Caleo, 2015). Axonal growing and dendritic
sprouting in the cortical regions in both the ipsilesional and contralesional hemispheres
are also demonstrated in animal models (Albert & Kesselring, 2012; Wieloch &

Nikolich, 2006).



Training induced recovery

Although spontaneous recovery occurs after a stroke, such recovery only gives
limited restoration of function (Caleo, 2015). External interventions, especially those
involving motor learning and development of new motor skills, can stabilize and
strengthen, or even further recruit newly developed neuronal networks and pathways
established during spontaneous recovery (Albert & Kesselring, 2012; Caleo, 2015;
Krakauer, 2006; Pekna et al., 2012; Wieloch & Nikolich, 2006). This reorganization of
the brain structure and neuronal function is referred as neuroplasticity, or neural
plasticity (Albert & Kesselring, 2012; Caleo, 2015; Pekna et al., 2012). In addition to
the damaged areas, neuroplasticity can occur in different brain regions, even extending
to areas remote from the damage (Wieloch & Nikolich, 2006; Zeiler & Krakauer, 2013).
The more severe the damage, the longer the distance over which change can take place

(Wieloch & Nikolich, 2006).

Recovery after the sensitive period

It was believed that recovery after the sensitive period post-stroke is limited. On
the contrary, the “plateau” effect may only be due to neuromuscular adaptation to the
exercises employed (Page et al., 2004). Substantial motor improvement can occur even
in the chronic stage of stroke (Wieloch & Nikolich, 2006), especially with variable
training dosage or novel task-specific rehabilitation exercise (Krakauer, 2006; Page et
al., 2004). These kinds of training are regarded as problem-solving instead of the replay
of a memorized movement, allowing motor function to be enhanced even at the chronic

stage of a stroke (Krakauer, 2006; Page et al., 2004).



1.1.4 Rehabilitation after stroke

Rehabilitation after a stroke is aimed mainly at restoring daily function and
preventing cardiovascular complications (Hankey, 2014; Verheyden & Ashburn, 2012).
One of the commonly employed rehabilitation techniques is physical exercise. It is
well-established that physical exercise helps to restore functional ability. Further,
although controlling cardiovascular risk factors is mainly achieved by pharmacological
means, physical exercise still plays an important role (Hankey, 2014). Therefore,
previous studies focused on the effects of different types of exercise training on

functional ability and cardiovascular function in stroke survivors.

The following sections will introduce functional ability and cardiovascular
function after a stroke. The corresponding effects of exercise training will also be

discussed.

1.1.5 Functional ability

One of the major objectives in stroke rehabilitation is to regain function. There
are different types of functional activities, but walking, turning, and stepping down are
among the most common ones that lead to falls (Hyndman et al., 2002; National Safety
Council, 2016; Startzell et al., 2000). Gait training is one of the main focuses of
rehabilitation in both clinical practice and research. In contrast, turning-while-walking
and stepping down attract relatively little attention. This section will therefore discuss

these two activities.

1.1.5.1 Turning-while-walking



Turning is common in daily life, when navigating around furniture, changing
directions while walking, or avoiding others in a crowded area (Cumming & Klineberg,
1994). We turn even more frequently in an environment with tighter constraints
(Sedgman et al., 1994). Turning was found to be the second most common activity
leading to a fall among stroke survivors (Hyndman et al., 2002) and could result in
serious injury. For instance, a fractured hip is 7.9 times more likely when falling during
turning than when walking in a straight line (Cumming & Klineberg, 1994). In addition,
turning performance, reflected by the time and number of steps to turn 180 degrees, has
been related to functional ability among chronic stroke survivors (Lam & Luttmann,

2009).

Types of turning strategy

There are different strategies for turning, specifically, pivoting turn, multiple

steps turn, and mixed steps and pivoting turn (Thigpen et al., 2000).

Pivoting turn

Pivoting turns are characterized by spinning the body over the stance leg toward
the new direction (Hase & Stein, 1999), resulting in a fast and highly efficient
movement (Hollands et al., 2010a). A prior study investigating turning behavior in
people of different age groups showed that the pivoting turn was employed by all young
subjects and around half of the older adults without turning difficulties. This turning
strategy was observed in few older subjects with turning difficulties (Thigpen et al.,

2000). However, it can be dangerous, as a fall may occur if the physical function is not



high enough to support the fast movement, or they turned without anticipating the

action (Yamada et al., 2012).

Multiple steps turn

Multiple steps turn is a turn accomplished by a series of steps or weight shifts
with only minimal hip and trunk rotation and without any pivoting. The multiple steps
turn is a strategy which simplifies the complex, large and fast pivoting turn into simpler,
smaller and slower movements to compensate for degraded physical ability (Thigpen et
al., 2000). A study showed that 42% of older subjects with turning difficulties, but only
7% of those without such problem, employed this strategy to make a 180-degree turn
(Thigpen et al., 2000). Another study also showed that older people with a history of

falling tended to turn with multiple steps (Dite & Temple, 2002).

Mixed steps and pivots turn

The mixed type of turn consists of pivoting movements but is completed with
multiple steps. In turning, the body rotates to a certain degree, but not completely, over
the weight bearing leg. The other leg may either remain off the floor or pivot with the
weight bearing leg. There may be some steps without any pivoting during the
movement. This turning strategy may enhance safety while maximizing the efficiency
of the action. A previous study showed that 36% of the older subjects without turning
difficulties and 53% of those with them performed a 180-degree turn using this strategy

(Thigpen et al., 2000).

Involvement of cognitive function

10



It has been suggested that turning is not an automatic movement but involves
cognitive function (Hollands et al., 2014; Manaf et al., 2015). Both feedforward and
feedback mechanisms are required. The feedforward mechanism allows an individual to
anticipate and plan for the movement before the turn occurs (Hase & Stein, 1999;
Yamada et al., 2012). This mechanism is critical in the pivoting turn (Shumway-Cook
& Woollacott, 2007). On the other hand, the feedback system is necessary to integrate
information from various sensory systems and make appropriate adjustments during the
turn. It plays a crucial role in all types of turning, especially the multiple step turn and
the mixed steps and pivots turn (Shumway-Cook & Woollacott, 2007; Thigpen et al.,
2000). Inability to plan or to adjust movements during the turn may result in loss of

balance or even a fall (Hollands et al., 2013).

Turning-while-walking in stroke survivors

Turning performance is declined with aging (Thigpen et al., 2000). Having a

stroke may further exaggerate such deterioration.

Turning duration and number of steps to turn

Previous studies have shown that stroke survivors take longer to turn and use
more steps than non-stroke controls (Dite & Temple, 2002; Lam & Luttmann, 2009).
Stroke survivors with a history of falling also need more time to complete a turn than
healthy subjects during timed Up-and-Go tests (Hollands et al., 2010a). A longer
turning duration and a higher number of steps to turn have been related to a history of

falling in chronic stroke survivors (Dite & Temple, 2002).

Center of mass displacement
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A recent study showed that the displacement of the center of mass during
turning in the mediolateral direction was significantly less and slower in stroke
survivors than in healthy controls. This behavior may reflect a decreased ability to
translate the body in the turning direction and consequently less efficient movement

(Bonnyaud et al., 2015b).

Reorientation sequence of body segments

Previous studies have shown that reorientation of body segments during a turn is
affected by different factors, including the amplitude of the turning angle, the cueing
time of the turning direction, the side of turning, and the physical ability of the stroke
survivor ((Hollands et al., 2010a, 2010b; Lamontagne & Fung, 2009; Orendurff et al.,

2006).

With a small turning amplitude (45-degree), Hollands and colleagues (2010b)
demonstrated that the reorientation sequence of body segments was similar between
stroke survivors and healthy controls. Both groups initiated the reorientation before the
turning point with a rostrocaudal sequence: the gaze shifted toward the turning direction,
consecutively followed by the head, the trunk and pelvis, and finally the legs. The early
reorientation of gaze and head enables an individual to gather visual information and
applies feedforward mechanism before the turn (Lam & Luttmann, 2009; Yamada et al.,

2012).

On the other hand, the reorientation characteristics varied with larger turning
amplitudes (90-degree and 180-degree). When the subjects were informed of the turning

direction before the start of the test, the reorientation sequence of the body segments
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was preserved. However, if the direction was only known just before the turn, the
sequence was disrupted in the stroke survivors (Hollands et al., 2010a; Lamontagne &
Fung, 2009). The reorientation sequence may also vary with the physical functioning
level of the stroke survivors and the side of the turn. When turning towards the less
affected side, stroke survivors with a higher level of physical function showed a top-
down but more synchronized sequence. However, the sequence was disrupted when
subjects turned to the affected side. By contrast, those with lower physical function
turned to the less affected side in a caudorostral manner: the turn was initiated by the
pelvis, followed by the thorax, and finally the head and gaze. This disrupted sequence
was not observed when they turned to the affected side, but synchronized movement
was still detected (Lamontagne & Fung, 2009). These results imply that both the
physical ability of the stroke survivor and the side of turning play a role in the

reorientation behavior among stroke survivors.

The effect of turning side among stroke survivors

Unlike straight-line walking, turning is facilitated by asymmetrical movements
of the two legs (Hollands et al., 2010b; Orendurff et al., 2006). The inner leg should
bear more weight to provide extra time for the outer leg to swing through the arc of the
turn. This increased weight bearing also promotes a shift of the center of mass toward
the turning side to facilitate an efficient movement (Orendurff et al., 2006). Therefore,
stroke survivors with hemiparesis may turn differently to the affected side than the less

affected side.
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When turning to the affected side, the decreased weight bearing of the affected
leg may reduce the time of its single support phase. The less affected leg (the outer leg),
therefore, is not able to swing through the arc of the turn. As a result, more steps and
time are needed to complete the movement, especially when the turning amplitude is
large (Lamontagne & Fung, 2009). A prior study showed that the single support phase
of the affected leg and the swing phase of the less affected leg explained 56% of the
variance in turning time (Bonnyaud et al., 2015b). Additionally, gait asymmetry has
also been found to be positively associated with the time required to turn 180-degree

toward the affected side (r?> = 0.62) (Lam & Luttmann, 2009).

The disadvantages of hemiparesis on turning to the affected side may not be
observed among stroke survivors with rotational bias, where the body is rotated to the
affected side when standing due to physical impairment. Stroke survivors with a lower
level of physical function and a rotational bias toward the affected side turned with a
preserved reorientation sequence toward the affected side. This sequence was, however,
completely disrupted when turning to the less affected side (Lamontagne & Fung, 2009).
The rotational bias facilitates turning to the affected side by initiating body segments
early. Further, a lesser degree of body rotation is needed to achieve the required turning
amplitude when such a bias is present. Thus, those subjects were able to turn to the
affected side in a shorter time and with a preserved reorientation sequence of body

segments (Hollands et al., 2010b).

To summarize the discussion above, stroke survivors need longer and take more
steps to turn than their non-stroke counterparts. They also demonstrate a lower

mediolateral displacement of the center of mass when turning. In addition, stroke
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survivors reorient their body segments differently from the controls. The level of
variation depends on the turning amplitude, the cueing time of the turning direction, the

side of turning, and the physical ability of the stroke survivors.

1.1.5.2 Stepping down

The ability to negotiate stairs is important for the independence of community-
dwelling stroke survivors (Alzahrani et al., 2009). Falling on stairs, especially when
descending, may result in severe harm such as head injury (Jacobs, 2016; Startzell et al.,
2000). It is also one of the leading causes of fall-related accidental deaths (National
Safety Council, 2016). Falls occur more frequently when descending stairs than when
ascending (Startzell et al., 2000). Nearly 60% of falls occur on the first or last two steps

of the stairs (Telonio et al., 2014).

Stairs negotiation is perceived as one of the most challenging daily activities for
stroke survivors (Tsuji et al., 1995). Compared with walking on level ground, stairs
demand greater neuromuscular control, especially in older adults or those with
disabilities (Jacobs, 2016; Novak & Brouwer, 2012). When stepping down, there is a
forward and downward momentum along the sagittal plane (Lee & Chou, 2007).
Stability in the frontal plane is also disturbed by the weight shifting between the two
legs (Novak & Brouwer, 2013). Lower limb muscles must be strong enough and

sufficiently well-coordinated to achieve the following goals (Perry & Burnfield, 2010):

1) To stabilize the lower limb joints during the stance phase: that is,
supporting the hip joint to decrease body sway, the knee joint to prevent it

from collapsing and the ankle joint to take the body weight.
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2)  To lower the body in a controlled manner.
3) Toclear the foot from the edge of the step, preventing tripping and falling.
4)  To place the foot properly.

5)  To absorb the shock generated when stepping down.

Apart from neuromuscular control, the negotiation of stairs also involves
cognitive functions to evaluate the stairs' configuration and integrate sensory
information from various sensory systems (Jacobs, 2016; Ojha et al., 2009; Startzell et

al., 2000).

Stepping down in healthy older adults

Previous studies have investigated the effect of aging on stepping down
behavior and the corresponding compensatory strategies. Compared with healthy young
subjects, older adults showed lower knee and ankle torque in the stance leg when
stepping down (Lark et al., 2003). The lower torque may diminish the ability of these
joints to support the body weight leading to an increase in body sway. Weakness at the
hip abductor of the stance leg, which stabilizes the trunk over the lower limb, may also

exaggerate shifting of the center of mass in the frontal plane (Reid et al., 2011).

In contrast to the increased sway of the center of mass, previous studies have
shown a lower center of pressure displacement and velocity among older subjects than
those who are younger (Kim, 2009; Reid et al., 2011). The large shift of the center of
mass but minimal center of pressure displacement results in a significant divergence
between the center of mass and the center of pressure, implying a more unstable

position and thus increased risk of falling (Hsue & Su, 2014).
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It has been reported that the moments required at the ankle joint and the knee
joint are between 1.5 and 2.0 Nm/kg body weight when descending stairs. However, the
maximum isometric strength of older people for knee flexion and ankle plantar flexion
are only 1.6 and 2.0 N/kg body weight, respectively (Startzell et al., 2000). The
moments at the joints are just enough to step down but may not be sufficient to

overcome any external disturbance during the movement.

Because of the effect of aging on stepping down performance, healthy older
adults have developed different strategies to maintain balance, such as reduced walking
speed (Hsue & Su, 2014) and lengthening the double-support time (Hsue & Su, 2014;

Lark et al., 2003).

Stepping down among stroke survivors

The biomechanical alterations to stepping down seen among healthy older adults
can also be observed in stroke survivors, but the changes are even more evident. The
moment of the lower limb muscles, particularly the hip abductors and ankle invertors,
are lower in stroke survivors than non-stroke controls (Novak & Brouwer, 2013). This

diminished moment may result in increased lateral sway and risk of falling sideways.

When stepping down, the range of dorsiflexion of the trailing leg must be large
enough to allow a controlled lowering. However, stiffening of the affected ankle is
common among stroke survivors. As a result, the hip and knee may have to take a more
extended posture to compensate for the reduced range of dorsiflexion (Novak &

Brouwer, 2013). However, the extensors of the affected leg may not be strong enough
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to both stabilize the joints and lower the body to the next step at the same time,

potentially increasing the risk of falling (Lark et al., 2003).

As discussed above, both aging and stroke affect the behavior of stepping down.
The high demand for neuromuscular control makes it difficult for older adults and
stroke survivors to descend stairs. If there is an external disturbance during the
movement, neither may be able to maintain balance, resulting in a fall. Indeed, being
distracted has been reported as one of the most common causes of falls when

negotiating stairs (Templer, 1992).

1.1.5.3 Dual-tasking

The simultaneous performance of two different tasks is called dual-tasking.
Dual-tasking is common in daily life, for example talking while walking or crossing the
road according to a traffic light signal. Previous studies have shown a relationship
between dual-tasking performance and falls in older adults (Muir-Hunter & Wittwer,
2016; Springer et al., 2006) and stroke survivors (Baetens et al., 2013). It has also been
related to balancing ability (Manaf et al., 2014a) and gait performance (Plummer-

D’Amato & Altmann, 2012) among people with stroke.

Interaction between cognitive and physical tasks under dual-tasking condition

In dual-tasking conditions, there may be an interaction between the two tasks.
Therefore, the performance of either or both tasks may be altered (Al-Yahya et al., 2011;
Woollacott & Shumway-Cook, 2002). Different factors have been proposed to explain
the interaction between the two tasks when dual-tasking: competition for attentional
resources, prioritization of tasks, posture-first strategies, and habitual responses.
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Competition for attentional resources

The theory of competition for attentional resources explains the impaired task
performance under dual-tasking conditions. There are two main assumptions in this
theory (Lacour et al., 2008; Woollacott & Shumway-Cook, 2002; Yogev-Seligmann et

al., 2012):

1) Every physical activity requires attentional resources for cognitive
processing.

2) There is a limitation of attentional resources available to perform any task.

Based on these two assumptions, various factors have been suggested to have an
effect on the interaction between cognitive and physical tasks under dual-tasking
conditions. These factors may also combine to worsen the performance further

(Woollacott & Shumway-Cook, 2002).

The first is that the attentional resources required to conduct a physical task vary
according to the level of difficulty of the task. If the task is a simple one, such as static
standing, fewer attentional resources are needed. By contrast, more attentional resources
are required for a complex task, such as turning or negotiating stairs. Additionally, the
interaction effect is believed to be even stronger if both the cognitive and physical tasks
share similar neural processes, for instance, when an executive function is involved in
both tasks (Woollacott & Shumway-Cook, 2002). Moreover, the ability of an individual
to perform the specific task may also affect the resources needed. For example, walking
a straight line is considered automatic in healthy young adults, and thus minimal

attentional resources are required. However, this activity could be difficult for stroke
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survivors who have lower limb weakness and balance problems, so there is a greater

demand for resources (Baetens et al., 2012).

The second factor that affects the dual-tasking performance is the availability of
attentional resources (Woollacott & Shumway-Cook, 2002). Attentional resources are
reduced by aging or brain injury. If the available resources are insufficient for an
individual to conduct two tasks simultaneously, deterioration in the performance of
either or both tasks may result (Lacour et al., 2008; Plummer et al., 2013; Woollacott &
Shumway-Cook, 2002; Yogev-Seligmann et al., 2012). In such situation, the ability to
allocate resources properly between tasks may also affect dual-tasking performance.

How the resources are allocated can be explained by task prioritization.

Prioritization of task

Prioritization of task is the process of deciding how to allocate limited
attentional resources between the two tasks when dual-tasking (Lacour et al., 2008;

Yogev-Seligmann et al., 2012). There are different types of task prioritization:

Posture-first strategy

Posture-first strategy, or balance-first strategy, means that the physical task is
being prioritized over the cognitive task to maintain balance and minimize the risk of
falling when dual-tasking (Yogev-Seligmann et al., 2012). Different factors have been
suggested affecting the judgment of employing this strategy: the complexity of the
physical task and the individual's ability to estimate the risk and carry out the physical

task (Yogev-Seligmann et al., 2012).
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The posture-first strategy is commonly seen in older adults, especially those who
are very frail or have impaired balance (Lacour et al., 2008). For example, older adults
tend to slow down or even stop walking to talk. Another condition where this strategy is
adopted is that when the physical task is complicated and threatens loss of balance
(Plummer et al., 2013; Shumway-Cook & Woollacott, 2007), or when the physical task
is new to the individual (Kizony et al., 2010). The posture-first strategy is considered to
be a safety measure when the individual perceives that he or she is not capable of

performing both tasks simultaneously.

Goal directed response and habitual response

When reacting to an external stimulus, there are two types of response: the goal-
directed response and the habitual response. A goal-directed response is an action that is
determined by the predicted and desired outcome, while a habitual response refers to the
natural reaction to the stimuli (Chersi et al., 2013). A goal-directed response is involved
when an individual learns a new skill. With repeated training, a habitual response is
established and become dominant, especially under a stressful situation requiring a
quick reaction. However, when there is an unexpected condition, the response shifts
from the habitual one to the goal-directed one in order to achieve the desired outcome

(Redgrave et al., 2010).

Animal studies have revealed that goal-directed and habitual responses are
regulated by the dorsomedial striatum and the dorsolateral striatum, respectively
(Redgrave et al., 2010). With learning and repeated practice, connections between the

striatum and the prefrontal cortex, the sensory cortex or the motor cortex are
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strengthened. On the other hand, damage to the corresponding brain region may result

in an inability to shift between the two response systems (Chersi et al., 2013).

Dual-tasking performance among stroke survivors

Several factors contributing to the aging effect on dual-tasking performance

have been suggested (Woollacott & Shumway-Cook, 2002):

1) Increased demand for attentional resources to carry out the individual
physical and cognitive tasks.

2) Decreased availability of attentional resources to dual-tasking.

3) Inability to shift attentional resources between the two tasks.

4)  Combinations of these factors.

Dual-tasking performance may deteriorate further after a stroke. Numerous
studies have investigated dual-tasking performance in stroke survivors. Most involved a
gait-related task. In general, those studies showed interference either to the physical task
(Baetens et al., 2013; Bowen et al., 2001), or to both tasks (Patel & Bhatt, 2014;

Plummer-D’Amato et al., 2008; Pohl et al., 2011).

Interactions between the cognitive task and physical task may depend on the
level of difficulty of the tasks. When subjects with stroke were asked to talk and walk
concurrently on an oval track at a preferred speed, the physical performance
deteriorated, but performance of the cognitive task was preserved. By contrast, when
the subjects were asked to walk at their fastest speed, the accuracy of the cognitive task
reduced, but the walking performance was maintained (Dennis et al., 2009; Plummer-
D’Amato et al., 2008, 2010). The results may imply that under conditions that challenge
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their balance, stroke survivors may prioritize the physical task over the cognitive task.
Such prioritization was also seen in the study by Smulders and colleagues (2012), where
stroke survivors performed an obstacle avoidance task with a concurrent auditory
Stroop test. The cognitive task performance was poorer when compared with single-
tasking, while the gait pattern and the rate of successful obstacle avoidance were similar
between the two tasking conditions. Therefore, it can be postulated that stroke survivors

applied the posture-first strategy to prevent trips and falls when crossing the obstacles.

In general, previous studies have shown that the dual-tasking effect was greater
in stroke survivors than in the healthy controls. In a study by Dennis and colleagues
(2009) that involved straight line walking, stroke survivors demonstrated decreased
performance when dual-tasking, but no change was found in non-stroke controls.
Another study showed a reduction in performance for both the cognitive task and the
physical task performance when the subjects with stroke were asked to walk and talk at
the same time, while only physical performance was compromised in the age-matched
controls (Pohl et al., 2011). According to the model of competition for attentional
resources (Woollacott & Shumway-Cook, 2002), the greater effect of dual-tasking on
stroke survivors can be explained by several factors: increased demand for attentional
resources to carry out the individual tasks, a smaller amount of resources available,
reduced ability to allocate the resources properly between the two tasks, or the
combination of these factors (Lacour et al., 2008; Woollacott and Shumway-Cook,

2002).

1.1.5.3.1 Dual-tasking performance involving turning-while-walking
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Only a few studies have investigated dual-tasking performance involving
turning-while-walking in stroke survivors (Hollands et al., 2014; Manaf et al., 2014a,
2014b, 2017). Hollands and colleagues (2014) examined dual-tasking performance with
90-degree turns and serial 3s subtraction. The results showed a significant decrease in
walking speed, a higher variability in turning time, and a longer single support phase
when dual-tasking compared with single-tasking. Another study group also found that
the physical task was performed less efficiently when dual-tasking (2014a, 2014b,
2017). The subjects performed timed Up-and-Go tests with a concurrent serial
subtraction. The results showed longer completion times (Manaf et al., 2014a, 2014b),
delayed initiation of turning, and a tendency to disruption of the reorientation sequence
(Manaf et al., 2017) under dual-tasking conditions by comparison with the single-

tasking.

Although the results of these studies consistently showed a deterioration in the
physical task performance, they cannot truly reflect the interaction between the
cognitive task and the physical task. All these studies focused on physical task
performance. They either did not compare cognitive task performance between single-
tasking and dual-tasking (Hollands et al., 2014) or did not conduct statistical analyses
for the cognitive task (Manaf et al., 2014a, 2014b, 2017). Moreover, the subjects were
instructed to prioritize the cognitive task over the physical task in most of these studies
(Manaf et al., 2014a, 2014b, 2017). Therefore, the natural response of stroke subjects to

dual-tasking that involves turning-while-walking is still not understood.

Another limitation of these studies is the nature of the cognitive task. All the

studies employed serial 3s subtraction. The test is considered to involve internal
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interference, which means that the subject should initiate the response by continuous
subtraction, instead of by reacting to an external stimulus (Al-Yahya et al., 2011).
However, in a real life situation, disturbance can be triggered either internally by the
individual or externally by the environment. How stroke survivors react to external

disturbance while turning-while-walking has not yet been considered.

1.1.5.3.2 Dual-tasking performance involving stepping down

There has been no study of stroke survivors examining dual-tasking
performance with stepping down. However, previous studies demonstrated
compromised performance in both healthy younger and older people when dual-tasking.
Previous studies showed increased body sway amplitude among healthy young subjects
when stepping down with a concurrent cognitive task (Je et al., 2011; Qu & Hu, 2014).
They also descend stairs more slowly when dual-tasking (Madehkhaksar & Egges,
2016). The deterioration in performance when dual-tasking with stepping down is even
greater in healthy older adults. Tsang and colleagues (2013) showed that both healthy
older and younger subjects swayed more when stepping down when dual-tasking than
when single-tasking. However, only the older subjects demonstrated decreased accuracy
in the auditory Stroop test, which was the cognitive task (Tsang et al., 2013). Similarly,
another study detected a higher dual-task cost, which is defined as the percentage
change in performance because of another concurrent task and is calculated by

(McCulloch et al., 2009):

(Dual-tasking performance — Single-tasking performance)
Single-tasking performance

among older adults than in younger counterparts (Telonio et al., 2014).
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As discussed in the previous section, negotiation of stairs is related to the
independence level of stroke survivors (Alzahrani et al., 2009). Being distracted is one
of the commonest causes of falls on stairs, which can result in severe injuries (Jacobs,
2016; Startzell et al., 2000), or even death (National Safety Council, 2016). Further,
falls are commoner when descending stairs than when ascending stairs. Therefore,

stroke survivors’ ability to dual-task when stepping down is worth studying.

1.1.5.3.3 Effect of exercise on dual-tasking performance in stroke survivors

Although the attention given to dual-tasking has increased in recent decades,
there is still no intervention that promises to enhance dual-tasking performance among
healthy older adults (Agmon et al., 2014; Gobbo et al., 2014). There are even fewer

related interventions targeted at stroke survivors, and the results are only preliminary.

Single-tasking exercise training

The number of studies that have investigated the effect of single-task exercise
training on dual-tasking performance among people with stroke is limited. An early
study on this topic was a case series. Ten subjects with stroke received conventional
exercise training for between one and nine months. Their dual-tasking ability was
assessed with walking as the physical task and word generation and digit span as the
cognitive tasks. After the training period, only one subject showed improvement in both
tasks when dual-tasking. Six demonstrated enhanced physical task performance and
another two improved in the cognitive task when dual-tasking (Cockburn et al., 2003).

However, other larger scale studies failed to find any significant effect of a 3-month
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single-tasking rehabilitation exercise on dual-tasking performance involving static

standing (De Haart et al., 2004; Roerdink et al., 2006, 2009).

Dual-tasking training

A recent case series studied the effect of dual-tasking training on dual-tasking
performance in stroke survivors (Plummer et al., 2014). Seven subjects participated in
12 sessions of training, a walking exercise performed with various cognitive tasks. The
training effect was evaluated by a dual-tasking test, which also involved walking but
with different cognitive tasks than those used in training. After the intervention period,
five participants showed decreased dual-task cost to gait speed. Preliminary results from
this study seem to support the beneficial effect of dual-task training on dual-tasking
performance in some stroke survivors. However, the effect cannot be confirmed as no
control group was included and the sample size was small. Further, the mean length of
time since the subjects’ stroke was only 8.5 + 3.5 months, so that spontaneous recovery

may have occurred during the intervention period.

Effectiveness of exercise training on dual-tasking ability

According to the theory of competition for attentional resources in dual-tasking,
enhancing single-tasking performance can reduce the resources demanded by that task
and improve dual-tasking ability (Al-Yahya et al., 2011; Woollacott & Shumway-Cook,
2002). However, this effect was not observed in previous studies (Agmon et al., 2014,
De Haart et al., 2004; Gobbo et al., 2014; Roerdink et al., 2006, 2009). A possible
explanation is the method of learning used in training. When learning a new skill, either

an explicit or an implicit method is involved. In explicit learning, the participant intends
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to acquire a new skill so attention, memory, and reasoning are all engaged. By contrast,
in implicit learning the individual is not motivated to learn a skill but only to follow a
movement, thus reducing the cognitive demand. It has been suggested that explicit
learning enhances dual-tasking performance more effectively than implicit learning
(Strobach et al., 2014). Hence, the effectiveness of an exercise at improving dual-
tasking ability may depend on whether explicit or implicit learning was involved. In
addition, dual-task training that requires changes in the allocation of attentional
resources between the two tasks is more effective than those without such variation
(Strobach et al., 2014). Instructions to shift resources between the two tasks may be

essential to improve dual-tasking ability.

It is also worth addressing how a particular type of dual-task training transfers to
other combinations of dual-tasking. There are many dual-tasking combinations in daily
life. It would be more helpful if the effect of particular dual-task training is transferred
to other dual-tasking activities. Several factors have been proposed to enhance the
transfer effect of dual-task training. The first factor is involvement of the executive
function (Lussier et al., 2017; Strobach et al., 2014). Executive function includes
shifting attention, inhibition, monitoring goal-directed behavior and controlling
complex activities (Royall et al., 2002), which are explicit in nature and are all-
important to dual-tasking (Strobach et al., 2014). Involving executive function in
training may therefore enhance the general dual-tasking ability and thus the transfer
effect. Another factor that may increase the transfer effect of dual-task training is
changing the skill learned, or the allocation of attentional resources between the two

tasks (Lussier et al., 2017). Though the exact mechanisms are not clear, it is speculated
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that the alteration enhances attentional control when dual-tasking. Such variation may
also improve the executive function, thus promoting the transfer effect (Lussier et al.,

2017).

Summaries of functional ability

Regaining functional ability is one of the main objectives of stroke rehabilitation.
Amongst regular daily activities, walking, turning, and stepping down are common
causes of falling. Previous studies found altered behavior when turning-while-walking
and stepping down among stroke survivors. On the other hand, there is growing
attention to dual-tasking performance, which is common in daily life, among stroke
survivors. The interaction between the cognitive task and the physical task in dual-
tasking can be explained by competition for attentional resources, prioritization of tasks,
posture-first strategy, goal-directed responses, and habitual response. Based on these
theories and the suggestion that cognitive processing is essential in both turning-while-
walking and stepping down, it is expected that a decrease in dual-tasking performance
involving these activities will be observed in stroke survivors. However, while
numerous studies have been conducted on dual-tasking ability in the population, most
of them focused on walking. Only a few related to turning-while-walking, and none of
them involved stepping down. Because of the study design, those related to turning-
while-walking were not able to reflect the natural response of stroke survivors to such
dual-tasking challenges. Therefore, further studies examining dual-tasking performance
that employ turning-while-walking or stepping down as the physical task are required.
Further, there is a need to explore exercises to improve dual-tasking performance in the

stroke survivors.

29



1.1.6 Cardiovascular function

Apart from improving functional ability, another important aim of stroke
rehabilitation is to reduce the risk of cardiovascular diseases. There are various
measurements that reflect cardiovascular health. Blood pressure is the most widely
recognized, but other parameters, including arterial stiffness and cardiac autonomic
regulation, are becoming more common in both research and clinical settings. These
assessments have also been found to predict cardiovascular disease independently of
classic risk factors such as age, blood pressure, prior cardiovascular disease, and
smoking (Cavalcante et al., 2011; Makikallio et al., 2004; Sakuragi & Abahayaratna,

2010; Umpierre & Stein, 2007).

1.1.6.1 Arterial stiffness

In normal situations, an artery can vary its properties in response to changes in
pulsatile pressure and blood flow (Avolio et al., 2011; Nichols et al., 2011). This
minimizes the effect of pressure fluctuations on the central circulation and maintains the
blood supply to different organs (Hamilton et al., 2007; Tanaka et al., 2000; Umpierre
& Stein, 2007). However, this ability is decreased by aging or chronic diseases such as
hypertension, diabetes mellitus, or hyperlipidemia (Prisant et al., 2002). Arterial
stiffness refers to loss of an artery’s capacity to alter its properties in response to stimuli

(Hamilton et al., 2007).

Avrterial stiffness can be quantified by arterial compliance (Hamilton et al.,
2007), which is the ability of the artery to distend and change its volume according to

change in pressure. It is defined as:
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AV
AP

where AV is the change in volume, while AP is the change in pressure (Nichols et al.,
2011). There are different methods of measuring arterial compliance (Hamilton et al.,

2007):

1)  Systemic stiffness, which refers to the entire circulation.
2)  Regional or segmental stiffness, which describes the properties of a
segment of the arterial tree.

3)  Local stiffness, which only concerns a small section of a blood vessel.

Acrterial compliance is an independent predictor of mortality both from all
causes and various cardiovascular diseases (Cavalcante et al., 2011; Sakuragi &
Abahayaratna, 2010; Umpierre & Stein, 2007). Its predictive value is also suggested to
be higher than that of conventional risk factors, such as age and blood pressure
(Acampa et al., 2014). This high predictive value can probably be explained by the
finding that alterations in the arterial structure and function precede any observable
change in blood pressure. Thirty percent of normotensive subjects were found to have a
reduced systemic arterial compliance (Pibarot & Dumesnil, 2012). Further, arterial
stiffness is associated with elevated cardiovascular risk (Tang et al., 2014), systolic
hypertension (Cameron & Dart, 1994), hyperlipidemia (Baltgaile, 2012), and diabetes

mellitus (Baltgaile, 2012; Cavalcante et al., 2011).

Different factors have been proposed to cause arterial stiffening: structural

changes, functional changes, and autonomic dysregulation.
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Structure changes

Long-term arterial distention, as in aging, stresses the arterial wall repeatedly
and results in a fracture of elastin fibers. The ability of the artery to bear the load caused
by the pulsatile pressure may then be reduced, leading to a decline in arterial
compliance (Hamilton et al., 2007; Nichols et al., 2011; O’Rourke & Hashimoto, 2008).
Additionally, the long-term stress acting on the vessel wall causes inflammation,
promoting the production of collagen fibers and disturbing the synthesis of elastin,
further reducing the distensibility of the arteries (Laurent et al., 2006; Shirwany & Zou,
2010). Because of the high proportion of elastin fibers in large proximal arteries, the
structural changes leading to arterial stiffness are more prominent in those regions than
in small distal ones (Nichols et al., 2011; O’Rourke & Hashimoto, 2008; Sakuragi &

Abhayaratna, 2010).

Functional changes

Functional changes of the artery occur mainly in the endothelial cells and the

smooth muscle cells.

Endothelial cells are distributed across the intima of the artery and are exposed
to the stress caused by blood flow (Baltgaile, 2012; Nichols et al., 2011). This stress
produces endothelin-1, which is a powerful vasoconstrictor (Nichols et al., 2011). In
addition, an optimal shear force acting on the endothelium has been found to promote
the production of nitric oxide (Nichols et al., 2011), which modifies the process of

collagen cross-links formation (Avolio et al., 2011). However, long-term stress acting
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on the intima may damage the endothelium, affect its functions and consequently

increase arterial stiffness (Clarkson et al., 1999; Shirwany & Zou, 2010).

Smooth muscle cells also contribute to arterial compliance by maintaining the
correct tension in the arterial wall in response to mechanical stimuli. The cells are
stretched circumferentially when there is a sudden change in blood pressure (Nichols et
al., 2011). In the long run, such abrupt stretches may alter the phenotype of the smooth
muscle cells, leading to mineralization and calcification of the tunica media, resulting in

increased arterial stiffness (Avolio et al., 2011).

Autonomic dysregulation

Previous studies have investigated the relationship between arterial stiffness and
autonomic regulation. A prior study found that compliance of the radial artery reduced
immediately after the activation of the sympathetic nervous system (Boutouyrie et al.,
1994). Further, the sympathetic nervous system works with the endothelium to
modulate vasomotor tone and regulate distensibility of the arteries (Boutouyrie et al.,
1994; Laurent et al., 2006). Therefore, sympathetic dysregulation, which is common
among older people (De Meersman & Stein, 2007; Soros & Hachinski, 2012) and stroke
survivors (Francica et al., 2015; Xiong et al., 2013), may contribute to the altered
arterial compliance. Moreover, reduced vagal anti-inflammatory signaling has been
suggested to contribute to the formation of atherosclerotic plaque, which then develops

into arterial stiffening (Micieli & Cavallini, 2008).
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1.1.6.1.1 Arterial stiffness and stroke

The relationship between arterial stiffness and stroke is reciprocal: increased

arterial stiffness contributes to stroke incidence; a stroke may increase arterial stiffness.

The suggested mechanism by which increased arterial stiffness leads to a stroke
is as follows: The cushioning effect is impaired in a stiff artery, which increases both
pressure and flow pulsatility. The small arteries of the brain, which have low vascular
resistance, may not be able to withstand the elevated pulsatile force, resulting in a
rupture and a hemorrhage (Kim et al., 2016; Van Sloten et al., 2015). Additionally,
increased stiffness of the carotid artery may also reflect the development of rupture-
prone atherosclerotic plaques. When the plaques fracture from the arterial wall, an

ischemic stroke may result (Van Sloten et al., 2015).

On the other hand, the exact mechanism of increased arterial stiffness after a
stroke is still not clear. Proposed explanations include high blood pressure, endothelial
dysfunction, and immune-inflammatory activation induced by the stroke (Tuttolomondo
et al., 2010). Further, increased arterial stiffness is a risk factor for stroke (Mattace-Raso
et al., 2006) and has been associated with stroke incidence (Kim et al., 2016; Van
Sloten et al., 2015). It is not unexpected that stroke survivors are found to have a higher
arterial stiffness. Nevertheless, the predictive value of arterial stiffness for
cardiovascular disease also applies to stroke survivors (Calvet et al., 2014; Kim et al.,
2014). In addition, it has been suggested that arterial compliance predicts the functional
outcome (Gasecki et al., 2012a, 2012b) and stroke recurrence (Tsivgoulis et al., 2006,

2012).
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1.1.6.1.2 Effect of exercise on arterial stiffness

Although cardiovascular risk factors are mainly managed by pharmacological
means, physical activity also plays a role in its management. Exercise has been found to
prevent secondary stroke and reduce cardiovascular risk factors (Hankey, 2014). Also,
prior studies show that exercise training improves arterial stiffness among healthy older
adults (Tanaka et al., 2000). However, variations in the type and intensity of exercise

may have different effects on arterial compliance.

Aerobic exercise training has been shown to enhance arterial compliance among
healthy subjects in different age groups (Tanaka et al., 2000). A prospective study found
increased arterial compliance after one year of progressive and vigorous aerobic
exercise training among middle- and older-aged men who had a sedentary lifestyle. The
compliance was even comparable to age-matched subjects who were trained with long-
term endurance exercise (Tanaka et al., 2000). Furthermore, arterial compliance can be
altered acutely after aerobic exercise (Nickel et al., 2011). A significant increase in
small arterial compliance was found immediately after a moderately intense cycling
exercise among healthy young subjects. However, these changes vanished within 24
hours of the exercise. Also, no significant change in large arterial compliance was

observed during the assessment period (Nickel et al., 2011).

By contrast, resistance training at high and moderate intensity has been shown to
be deleterious to arterial compliance (Cavalcante et al., 2011; Collier et al., 2008).
However, this adverse effect was not observed with low-intensity resistance exercises

(Umpierre & Stein, 2007) or when the resistance was gradually increased (Collier et al.,
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2008). Moreover, by adding an aerobic exercise into the resistance training, the

unfavorable effect on arterial compliance was diminished (Yang et al., 2011).

Proposed mechanisms for the effect of exercise on arterial stiffness

How aerobic exercise training benefits arterial stiffness is not yet completely
understood. A few mechanisms have been proposed, including promoted arterial

function, altered arterial structure, and enhanced autonomic regulation on the artery.

The first and most commonly accepted mechanism is enhanced endothelial
function and bioavailability of nitric oxide. During aerobic exercise, the increased
arterial pressure and pulsatile force raise the shear stress acting on the arteries. The
function of the endothelium is then stimulated, increasing the release and synthesis of
nitric oxide and thus improving arterial compliance (Cameron & Dart, 1994; Clarkson
et al., 1999; DeSouza et al., 2000; O’Rourke & Hashimoto, 2008; Sakuragi &

Abhayaratna, 2010; Seals et al., 2008).

Another potential mechanism is structural change in the arterial wall. As shown
in animal models, collagen fibers in the arterial wall are stretched after aerobic exercise
training. The stretch transforms the cross-links of the fibers and thus increases the
distensibility of the artery. However, it is believed that the elastin-collagen composition
of the arterial wall, particularly in the large elastic arteries, takes years to be modified.
Any change in arterial compliance after short-term treatment is unlikely to be
attributable to structural change (Cameron & Dart, 1994; Seals et al., 2008; Tanaka et

al., 2000).
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The third proposed explanation is that aerobic exercise training reduces
sympathetic vasoconstriction tone and enhances vagal modulation (De Meersman &
Stein, 2007; Mueller, 2007; Micieli & Cavallini, 2008), which may also affect arterial

compliance as discussed above (p.33).

Effect of exercise on arterial stiffness among stroke survivors

Research into this topic only started in recent years, with few studies available.
Two prospective studies reveal a significant decrease in arterial stiffness after combined
aerobic and resistance exercise training (Lee et al., 2015; Takatori et al., 2012). By
contrast, another randomized controlled trial showed that both low-intensity and high-
intensity aerobic exercise trainings were ineffective in improving arterial compliance
(Tang et al., 2014). The discrepancy between the study results could be due to the
measurements employed. In both studies that showed that exercise training was
beneficial, regional arterial stiffness (carotid-femoral pulse wave velocity, cardio-ankle
vascular index, and ankle-brachial pressure index) was examined as the outcome
measure. The other study that showed no change tested local arterial stiffness (brachial
pulse pressure), which may not have the sensitivity to detect systematic modifications in

the arterial system after aerobic exercise training.

Currently available studies on the effect of exercise training on arterial
compliance in stroke survivors are limited. As promoting cardiovascular health is one of
the main objectives of stroke rehabilitation, further exploration of exercises that

improve arterial compliance in this population is warranted.
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1.1.6.2 Cardiac autonomic regulation

Cardiac autonomic regulation refers to the control of heart rate by modulating
the balance between two branches of the autonomic system: the parasympathetic
nervous system and the sympathetic nervous system. For healthy people, both systems
are active in the resting condition, but the parasympathetic one is dominant. The relative
balance between the two systems varies with changes in the internal and external

environment (Shaffer et al., 2014).

With advancing age, there is an increase in sympathetic tone, but a decrease of
parasympathetic tone (De Meersman & Stein, 2007; S6rds & Hachinski, 2012). This
autonomic imbalance may lead to cardiovascular complications, myocardial injury, and
arrhythmias (Figueroa et al., 2012; SOros & Hachinski, 2012). The elevated sympathetic
nervous system has been associated with various cardiovascular diseases, including
heart failure and hypertension (Mueller, 2007). Similarly, reduced parasympathetic tone
has been found to contribute to the development of atherosclerotic plaque, which may

further increase arterial stiffness and the risk of stroke (Micieli & Cavallini, 2008).

The exact mechanisms of the effect of aging on cardiac autonomic regulation are
not well understood, but several factors have been proposed. The over-activation of the
sympathetic nervous system can be explained by the deterioration of baroreflex
sensitivity (Hotta & Uchida, 2010; Moodithaya & Avadhany, 2012). Such deterioration
degrades the capacity of blood vessels to change their properties in response to internal
or external stimulation, which is believed to be caused by reduced arterial compliance

(Njemanze et al., 2016; Wichi et al., 2009). Another proposed reason is the decreased
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ability of neurons to uptake noradrenaline, resulting in an increased discharge rate of the

sympathetic nerves (Wichi et al., 2009).

It has been suggested that lower parasympathetic nervous activity is related to
vagal nerve dysfunction (Wichi et al., 2009), including a decreased number of nerve
fibers (Moodithaya & Avadhany, 2012) and reduced maximum conduction velocity in
the nerve (Hotta & Uchida, 2010). This dysfunction may then lead to an altered neural
discharge of the vagal nerve to the sinoatrial node of the heart (Moodithaya &

Avadhany, 2012).

1.1.6.2.1 Cardiac autonomic regulation and stroke

Cardiac autonomic dysregulation, which is reflected by elevated sympathetic
activity and reduced parasympathetic activity, may increase cardiovascular morbidity
and mortality among stroke survivors (Dorrance & Fink, 2015; Micieli & Cavallini,
2008; Xiong et al., 2013). It has also been correlated with the level of neurological
deficit and impairment after a stroke (Francica et al., 2015). Dysregulation happens at
the acute stage of a stroke, but can also be observed in the chronic stage (Dorrance &

Fink, 2015; Francica et al., 2015; S6r6s & Hachinski, 2012).

Two main reasons have been proposed for cardiac autonomic dysregulation after
a stroke. The first is that the stroke damages the brain regions that are responsible for
cardiac autonomic regulation, such as the insular cortex (McLaren et al., 2005; Xiong et
al., 2013). A further factor is that patients with stroke may not be able to engage in an
adequate amount of exercise due to physical impairment, which may increase cardiac
sympathetic tone and decrease parasympathetic drive (Francica et al., 2015).
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1.1.6.2.2 Effect of exercise training on cardiac autonomic regulation

Previous studies have demonstrated the beneficial effect of long-term exercise
training on resting cardiac autonomic regulation in healthy older adults (Chang et al.,
2008; De Meersman & Stein, 2007; Micieli & Cavallini, 2008; Mueller, 2007). Such
improvements protect an individual from sudden cardiac death (Chang et al., 2008). The
exact mechanisms of the effect remain speculative (Jin et al., 2013). Deep breathing
during aerobic exercise has been suggested to enhance parasympathetic regulation (Cole
et al., 2016). Animal models suggest that physical activity may induce neuroplasticity in
the region that is responsible for cardiac autonomic regulation (Mueller, 2007). Further
investigation is desirable to determine if the effect of exercise can be extended to stroke

survivors.

Summaries on cardiovascular function

Arterial stiffness has been found to predict cardiovascular risks. There is a
reduction in arterial compliance with aging, which can account for the structural
changes, functional changes, and autonomic dysregulation of the arteries. Decreased
arterial compliance is a risk factor for stroke, while compliance has also been found
decreased after a stroke. Previous studies have demonstrated the favorable effect of
aerobic exercise on arterial compliance in healthy older adults. However, it is not clear

that this effect is also present in stroke survivors.

Cardiac autonomic dysregulation is another predictor of cardiovascular risks
among both healthy older adults and stroke survivors. The activity of the sympathetic

nervous system increases, while that of the parasympathetic one decreases with aging or
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the occurrence of a stroke. Although studies have supported the advantageous effect of
exercise on cardiac autonomic regulation among healthy older individuals, no study has

been conducted on people with stroke.

Both arterial compliance and cardiac autonomic regulation are predictors of
cardiovascular risk among stroke survivors. Moreover, exercise training has been found
to benefit both functions in healthy older people. A natural question is whether the

effect of exercise on these functions also applies to stroke survivors.

Summary of stroke

The aims of stroke rehabilitation are to regain physical function and prevent
cardiovascular complications. Walking, turning, and negotiation of stairs are common
daily activities that can lead to a fall in stroke survivors. It has been suggested that
cognition is involved when performing these activities. An additional cognitive task
during the movement, which is considered to be dual-tasking, may be challenging for
this population. Previous studies have focused on dual-tasking performance involving
straight line walking in stroke survivors. However, dual-tasking abilities while turning
or stepping down are not well understood. In addition, enhancement of dual-tasking

ability is still a neglected area.

Apart from regaining function, it is also important to prevent cardiovascular
complications in stroke survivors. Arterial compliance and cardiac autonomic regulation
are expected to predict cardiovascular morbidity and mortality. Although aerobic
exercise has been shown to benefit both functions in healthy older adults, it is not clear

that the effects extend to stroke survivors.
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Regarding the objectives of stroke rehabilitation and the fact that there is a lack
of effective training, it is critical to explore an exercise regime that can achieve the dual

aims of improving function and cardiovascular health among the stroke survivors.

1.2 Tai Chi

Tai Chi is a Chinese traditional martial art, which has been practiced for many
years. In recent decades, Tai Chi has been adopted as both an exercise that promotes
healthy aging and a mean of rehabilitation for patients with different diseases. There are

different styles of Tai Chi, including Chen ([%) style, Yang (#5) style, Sun (&) style,
Wu (%) style and Wu () style. The Yang style is among the most commonly

employed in health related scientific research. Further, there are different numbers of
forms, such as 24-form, 48-form, or 108-form Tai Chi. The greater the number of forms
practiced, the higher the level of demand for motor skill, attention, and memory is
required (Man et al., 2010). Despite the variations in style and number of forms, the

principles are similar.

1.2.1 Features of Tai Chi

The following sections will discuss the beneficial effect of Tai Chi on different
functions, which can probably be explained by its physical requirements, cognitive

involvement, dual-tasking nature, aerobic characteristic, and mind-body relationship.

1.2.1.1 Physical requirements

The movement of Tai Chi is slow. The Tai Chi gait has a lower average speed

(0.09 m/s) and a longer gait cycle (11.9 sec) than the walking gait (speed = 0.84 m/s;
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gait cycle = 1.3 sec) (Wu et al., 2004). When practicing Tai Chi, body weight is shifted
continuously between the two legs in a semi-squat posture. These characteristics may
explain the higher levels of lower limb muscles activation and co-contraction during the
Tai Chi gait (Tseng et al., 2007; Wu et al., 2004). Indeed, previous studies have
demonstrated a significant improvement in lower limb muscle strength and endurance
after long-term Tai Chi practice in community-dwelling older adults (Audette et al.,

2006; Lu et al., 2013a; Mao et al., 2006).

Precise positioning of the limbs is also emphasized in Tai Chi (Wolf et al., 1996).
A prior study found only minimal intra-subject and inter-subject variations in the
movement of the ankle joint and hip joint during Tai Chi practice (Wu et al., 2004).
This similar movement may explain the higher proprioceptive sense of the lower limb
joints among older Tai Chi practitioners than in age-matched controls (Tsang & Hui-

Chan, 2003, 2008; Xu et al., 2004).

The center of pressure is shifted continuously with large amplitude in different
directions during Tai Chi practice (Gatts & Woollacott, 2007; Hackney & Wolf, 2014;
Jiménez-Martin & Hernandez-Neira, 2014; Leung & Tsang, 2008; Mao et al., 2006). To
maintain balance during such large amplitude of movements, Tai Chi practitioners stand
upright (Gatts & Woollacott, 2006; Hart et al., 2004) and keep the center of mass within
the base of support (Wu et al., 2004) throughout practice. Additionally, a prior study
showed that after Tai Chi training, older adults were able to walk with a greater
divergence between the center of mass and the center of pressure, reflecting a less stable
posture. It may also imply that practitioners have an increased tolerance of unsteadiness

during walking (Hsue & Su, 2014).
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1.2.1.2 Cognitive involvement

Previous studies have demonstrated the advantageous effect of Tai Chi on
different domains of the cognitive functioning, such as global cognition (Lam et al.,
2009, 2012) and executive function, including attention and working memory (Kasai et
al., 2010; Miller & Taylor-Piliae, 2014; Nguyen & Kruse, 2012; Taylor-Piliae et al.,
2010; Wayne et al. 2014). The precise mechanisms for the effect of Tai Chi training on
cognitive functioning are still unknown but have been suggested to be associated with
the effect of physical exercise and the characteristics of Tai Chi. Tai Chi is an aerobic
exercise of moderate intensity (Lan et al., 1996). Exercise of this intensity has been
suggested to promote angiogenesis (Lista & Sorrentino, 2010; Voss et al., 2010) and
increase blood flow in the brain (Colcombe et al., 2003). Also, aerobic exercise training
promotes neuronal growth and repair and neuroplasticity (Colcombe et al., 2006; VVoss
et al., 2010). The aerobic nature of Tai Chi may therefore explain the improvement of

cognitive function after the training (Miller & Taylor-Piliae, 2014; Wayne et al., 2014).

The process of learning and practicing Tai Chi may also explain the
enhancement of cognitive function. Acquiring Tai Chi movements is a process of skill-
based motor learning (Walsh et al., 2015; Wayne et al., 2014). Learning a new skill
promotes synaptic connectivity, hence enhancing cognitive function (Lista & Sorrentino,
2010). Also, when practicing Tai Chi, an individual must maintain a high level of
attention to ensure the correct sequence of movements and precise limb positioning
(Taylor-Piliae et al., 2010). As the whole Tai Chi movement cycle lasts for between a
few minutes to more than ten minutes and is usually repeated several times during the

practice, sustained attention may therefore be enhanced by long-term practice (Man et
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al., 2010; Wayne et al., 2014). Moreover, memorizing all the Tai Chi forms and their
sequence may promote memory function (Man et al., 2010; Miller & Taylor-Pillae et al.,
2014; Taylor-Piliae et al., 2010). Working memory may also be enhanced, as an
individual should perform the current movement and plan for the subsequent one

simultaneously (Man et al., 2010; Taylor-Piliae et al., 2010; Wayne et al., 2014).

1.2.1.3 Dual-tasking feature

Tai Chi is considered to be a dual-tasking exercise as it involves both physical
and cognitive processing. The Tai Chi practitioner must maintain balance and perform
different physical movements while memorizing and planning the subsequent Tai Chi
form. Previous studies have shown a beneficial effect of Tai Chi training on dual-
tasking performance in healthy older adults. Lu and colleagues (2013b) compared dual-
tasking performance between Tai Chi practitioners and non-practitioners with an
auditory Stroop test and a stepping down test. In dual-tasking conditions, the
practitioners made fewer errors in the cognitive task and swayed less in the physical
task by comparison with non-practitioners (Lu et al., 2013b). A similar effect was also
observed in community-dwelling older adults after 16 weeks of Tai Chi training (Lu et
al., 2016). Another study found a faster gait speed and a lower gait variation in healthy
older adults when dual-tasking after six months of Tai Chi training (Wayne et al., 2015).
A faster gait speed than controls when dual-tasking was also observed in healthy older

subjects who were trained with 12 weeks of Tai Chi exercise (Manor et al., 2014).

The exact mechanisms of why dual-tasking performance is improved after Tai

Chi training are not yet understood. However, according to the theory of competition
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for attentional resources (Woollacott & Shumway-Cook, 2002), it can be explained by
enhanced cognitive and physical functions, increased attentional resources, and a better
ability to allocate the resources after Tai Chi training. As discussed above, studies have
demonstrated the beneficial effects of Tai Chi training on both physical (1.2.1.1, pp.42—
43) and cognitive (1.2.1.2, pp.44-45) functioning. The improved functions may imply
that fewer attentional resources are required to carry out the individual tasks, thus
provides extra resources to conduct both tasks simultaneously. The other possible
mechanisms are an increased availability of attentional resources and an enhanced
ability to allocate resources when dual-tasking. A previous cross-sectional study
showed that Tai Chi practitioners had a thicker cerebral cortex at the middle frontal
sulcus, right insula region, right precentral gyrus, left medial occipitotemporal sulcus,
and left lingual sulcus (Wei et al., 2013). Another event-related potential study found
that older Tai Chi practitioners had higher P3 amplitudes than older subjects with a
sedentary lifestyle in a task-switching test. The amplitudes of the practitioners were
comparable to those of younger subjects (Fong et al., 2014). It is suggested that a higher
P3 amplitude is related to a better ability to allocate attentional resources to different
tasks (Polich & Heine, 1996). Nevertheless, the mechanisms of how Tai Chi improves
dual-tasking performance warrant further investigation.

In contrast with the results that support the training effect of Tai Chi on dual-
tasking, a study by Hall and colleagues (2009) demonstrated no significant
improvement in dual-tasking performance after 12 weeks of Tai Chi training with
healthy older adults. The authors attributed the insignificant results to the instruction

method being employed in the study; the instructor provided continuous visual and
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verbal cues during the practice. The frequent prompts may have discouraged the
subjects from actively memorizing and planning the sequence and movement, hence

minimizing the dual-tasking feature of Tai Chi.

1.2.1.4 Aerobic exercise with moderate intensity

Although the movement of Tai Chi is slow, it has been shown to be an aerobic
exercise with moderate intensity (Lan et al., 1996). A possible reason for such intensity
is the prolonged lower limb muscle co-contraction, which increases the metabolic
demand (Zorzi et al., 2015). Indeed, a recent meta-analysis supported the beneficial
effects of Tai Chi training among healthy adults on blood pressure, heart rate, stroke
volume, and cardiac output, which is attributable to its aerobic nature (Zheng et al.,

2015).

The aerobic nature of Tai Chi may also explain its effect on arterial compliance.
A randomized controlled trial showed a significantly higher compliance in both large
and small arteries among healthy older women after 16 weeks of Tai Chi training (Lu et
al., 2013a). Similar improvements were also found in those with rheumatoid arthritis
(Shin et al., 2015). The effect of Tai Chi training on arterial compliance may depend on
the method of assessment used. A prior study found a significant improvement in
systemic vascular compliance but not brachial artery compliance after five months of
Tai Chi training in community-dwelling older adults (Huang et al., 2011). Further, those
studies that showed significant improvement also measured the systemic arterial

compliance (Lu et al., 2013a) and regional compliance (brachial-ankle) (Shin et al.,
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2015). As Tai Chi is a whole body exercise, measurements that cover a larger area of

the arterial tree may be more sensitive to changes resulting from training than local ones.

Other than the direct measurement of arterial compliance, factors crucial to
arterial compliance, including endothelial function (Shin et al., 2015) and the amount of
blood nitric oxide (Pan et al., 2015) were enhanced, while serum endothelin-1 level was

reduced (Lu & Kuo, 2013), after Tai Chi training.

1.2.1.5 Mind-body exercise

Tai Chi is a mind-body exercise. It is not only a physical movement but also
involves the mind; the mind should be relaxed but concentrated during the practice
(Chang et al., 2008; Hart et al., 2004; Miller & Taylor-Piliae, 2014). The slow and deep
abdominal breathing is synchronized with the fluid movement of Tai Chi. It is believed
that this breathing pattern helps practitioners to attain a relaxed and concentrated state

of mind (Hart et al., 2004; Tseng et al., 2007; Zorzi et al., 2015).

The relaxed state of mind (Curiati et al., 2005; Fong et al., 2015; Lazar et al.,
2000), the slow breathing pattern (Figueroa et al., 2012; Lu & Kuo, 2003, 2014), and
the aerobic nature (Chang et al., 2008; De Meersman & Stein, 2007; Micieli &
Cavallini, 2008; Mueller, 2007) have all been suggested to contribute to the
improvement in cardiac autonomic regulation after Tai Chi training. Previous studies
demonstrated a shifting of cardiac autonomic balance immediately after Tai Chi
exercise towards the parasympathetic nervous system by enhancing its activity and
reducing the sympathetic one (Chang et al., 2008; Lu & Kuo, 2003, 2006, 2014;

Motivala et al., 2006; Vaananen et al., 2002). However, results of studies of the long-
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term effect of Tai Chi training were controversial. A cross-sectional study showed that
the parasympathetic nervous system was more active at rest and during isometric
contraction stressors among Tai Chi practitioners as compared with non-practitioners
(Figueroa et al., 2012). Also, a randomized controlled trial demonstrated that after 12
weeks of Tai Chi training, healthy older women had a higher parasympathetic but a
lower sympathetic activity at rest (Audette et al., 2006). Conversely, another two
clinical trials showed no significant change in autonomic regulation in the resting
condition among patients with coronary heart disease (Chang et al., 2008; Sato et al.,

2010).

Different target populations enrolled in these studies may explain the
discrepancy between the results. It has also been proposed that reflex activities of the
autonomic nervous system can be observed immediately after exercise. In contrast, a
longer time and more frequent stimulation are required to show a significant change in
the tonic activities of the autonomic nervous system (Chang et al., 2008). Although the
two studies that showed no significant improvement in the autonomic regulation
employed an intervention period of more than nine months, the in-class training took
place only once a week. The low training frequency may explain the lack of significant

change in the cardiac autonomic regulation following Tai Chi training.

1.2.2 Effect of Tai Chi training among stroke survivors

Previous studies have supported the training effect of Tai Chi among stroke
survivors. In the study by Au-Yeung and colleagues (2009), stroke survivors performed

the Limits of Stability Test with a shorter reaction time and greater maximum excursion
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of the center of gravity after 12 weeks of Tai Chi training. Also, the visual ratio and
vestibular ratio in the Sensory Organization Test improved. The benefit of Tai Chi
training can also be observed among hospitalized stroke survivors. Subjects who had
practiced Tai Chi for 12 weeks showed less bodily sway when standing. Functional
reach, gait speed, and timed Up-and-Go test performance also improved (Kim et al.,
2015). Another randomized controlled trial found that stroke survivors had greater
lower limb muscle strength and higher aerobic endurance after 12 weeks of Tai Chi
training. More importantly, there were two-third fewer falls among subjects in the Tai
Chi group than those in either the exercise group or the control group (Taylor-Piliae et
al., 2014). Although previous studies into the effect of Tai Chi training on stroke
survivors showed satisfactory results, there has been no research into its effect on dual-
tasking performance, arterial compliance, and cardiac autonomic regulation among

stroke survivors.

The beneficial effects of Tai Chi training to stroke survivors can be attributed to
its characteristics. Keeping a proper posture when practicing Tai Chi may help to tackle
the problem of postural asymmetry in stroke survivors. Additionally, this asymmetry
may be improved by increasing the weight bearing on the affected side, as weight shifts
constantly between the legs during Tai Chi training (Kim et al., 2015; Taylor-Piliae &

Coull, 2012).

Due to physical and cognitive impairment, special care should be given to stroke
survivors during Tai Chi practice. For instance, the class size should be small so that the
instructor can provide close supervision to the participants. In addition, standby

physical assistance, such as a chair, walking aid or manual support, should be available.
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Moreover, there should be adequate rest periods whenever needed. Various strategies,
including encouragement, personalized feedback, and good communication, may also

help to improve adherence to the intervention (Taylor-Piliae & Coull, 2012).

1.2.3 Dosage and principle of Tai Chi training

Although there is evidence supporting the training effect of Tai Chi, no
consensus has been reached on the training dosage. On the other hand, factors other
than dosage may affect the outcome of training. It has been suggested that older adults
should exercise for at least 30 minutes on most days of the week to maintain
cardiovascular health, with a longer training period to promote additional effects
(Pescatello et al., 2014). A summary of the training dosage and the corresponding
results from previous studies on the effect of Tai Chi training are presented in Table 1.1.
Results of previous studies demonstrated that a total of 12 hours of Tai Chi training (1
hour/session, 2/week) was sufficient to improve dual-tasking ability in healthy older
adults (Manor et al., 2014) or decrease arterial stiffness in women with rheumatoid
arthritis (Shin et al., 2015). By contrast, there was no change in dual-tasking
performance in older adults after a total of 36 hours of Tai Chi training in the study by
Hall and colleagues (2009). Further, no significant change was found in brachial arterial
compliance after 60 hours of Tai Chi training over 20 weeks (Huang et al., 2011) or in
cardiac autonomic regulation after 54 hours of training over 36 weeks (Chang et al.,
2008). The results suggest that the training dosage may not be the only factor that
determining the training effect of Tai Chi. Different factors such as the outcome
measurements employed, target population, instruction method and the focus of training

may also play a role. For example, the location of measurement may explain the
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discrepancies in the effect of Tai Chi training on arterial stiffness, as discussed in the
section of Arterial Stiffness (Section 1.1.6.1.2, p.34-35). The inconsistent results for
heart rate variability may also be attributed to the different populations studied, i.e.

healthy older adults (Audette et al., 2006) vs patients with heart disease (Chang et al.,

2008; Sato et al., 2010).
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Table 1.1 Summary of the amount of Tai Chi training and corresponding results from previous studies

(a) Training effect of Tai Chi on dual-tasking ability among older adults

Total
Tai Chi  Frequency Time Duration training
Study Subjects style (/week)  (hours) (weeks) (hours) Results
Hall et Tai Chi (n=8) 24-form 2 1.5 12 36 SOT with auditory Stroop test:
al., 2009  Control (health education) (n  Yang ¢ No significant change with
=7) style Tai Chi
Obstacle crossing with 3-choice
(Mean age of both groups = reaction time task:
72.2+7.7)  No significant change with
Tai Chi
Luetal., TaiChi 12-form 3 1.5 16 72 Stepping down with a auditory
2013b (n=15,age =728 £ 6.7) Yang Stroop test:
style e Fewer errors on the
Control (recreational auditory Stroop test with
activities) Tai Chi
(n=16, age = 67.3 + 6.6) e Lower CoP sway path and
sway area with Tai Chi
e Less CoP sway area with
Tai Chi than control
Manor et Tai Chi Yang 2 1 12 12 Walking with serial subtraction:
al.,, 2014 (n=29,age=87%5) style e Increased speed with Tai

Control (health education)
(n= 28,age =86 * 6)

Chi
e Higher speed with Tai Chi
than control
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Wayne et Tai Chi

al.,, 2015 (n=31,age=63.98.0)
Control
(n=29,age = 64.5+ 7.4)

24 2 (1% 1 36 40

month) o
3 (after 1
month)

Walking with serial subtraction:

Improved gait speed and
decreased stride time
variability with Tai Chi
No significant difference
between Tai Chi and
control

(b) Training effect of Tai Chi on cardiovascular function among older adults

Total
Tai Chi  Frequency Time Duration training
Study Subjects style (/week)  (hours) (weeks) (hours) Results
Audette  Tai Chi 10-form 3 1 12 36 Resting heart rate variability:
etal., (n=11,age =715+ 4.6) Yang style e Increased normalized high
2006 Brisk walking frequency and decreased
(n=8,age =71.3+4.4) normalized low frequency
Control with Tai Chi
(n=8,age =73.5+5.7) e No between group
comparison conducted
Chang et Patients with coronary 108-form 1 1.5 36 54 Resting heart rate variability:
al.,, 2008 artery disease Yang style ¢ No significant change in
Tai Chi time and frequency
(n=22,age =58.2 £ 11.3) domains with Tai Chi
Controls ¢ No significant difference

(n=39, age =66.3+ 9.5)

between Tai Chi and
controls
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Huang et
al., 2011

Lu et al.,
2016

Lu &
Kuo,
2013

Pan et
al., 2015

Sato et
al., 2010

Tai Chi
(n =83, age =62.3 £ 9.0)

Tai Chi

(n=15,age =72.8+6.7)
Control (recreational
activities)

(n =16, age = 67.3 £ 6.6)

Tai Chi

(n =22, age = 56%*)
Controls

(n =20, age = 52%)

Patients with hypertension
Tai Chi

(n =24, age =56.4 £ 4.0)
Control

(n =16, age =56.9 + 4.0)

Patients with coronary heart
disease

Tai Chi

(n=10,age =68 £ 5)
Control

(n =10, age = 68  4)

24-form
Yang style

12-form
Yang style

Yang style

24-form
Yang style

8-form
Yang style

1.5

20

16

12

12

52

60

72

84

72

52

Systemic vascular compliance:
e Increased after training
Brachial artery compliance:
¢ No significant change after
training

Compliance of large and small
arteries
e Improved with Tai Chi
e Similar between Tai Chi
and control

Serum level of endothelin-1
e Decreased with Tai Chi
e Lower with Tai Chi than
control

Level of plasma nitric oxide
e Increased with Tai Chi
e Higher with Tai Chi than
control

Resting heart rate variability
e No significant change with
Tai Chi
e No significant difference
between Tai Chi and
control
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Shin et Women with rheumatoid Tai Chi 1 1 12 12 Brachial-ankle pulse wave

al., 2015 arthritis for velocity
Tai Chi arthritis e Improved with Tai Chi
(n=29, age =64.0 £ 5.4) e Slower with Tai Chi than
Control control

(n=27,age =62.7 £ 5.9)

(c) Training effect of Tai Chi among stroke survivors

Total
Tai Chi  Frequency Time Duration training
Study Subjects style (/week)  (hours) (weeks) (hours) Results
Au- Tai Chi 12-form 1 1 12 12 Limits of Stability
Yeunget (n=59,age =617+ 10.5) Sun style e Decreased reaction time to
al., 2009  Control forward, backward, and less
(n =55, age =65.9 + 10.7) affected side with Tai Chi

e Faster reaction time to less
affected side with Tai Chi
than control

e Increased maximum
excursion to all directions
with Tai Chi

e Greater maximum
excursion to all directions
with Tai Chi than control

Sensory Organization Test

e Improved visual ratio and

vestibular ration with Tali
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Hart et
al., 2004

Kim et
al., 2015

Tai Chi

(n=9, age = 61.4%)
Control (Physiotherapy)
(n=9,age =57.3+6.8)

Tai Chi

(n=11,age =53.5+ 11.5)
Physical exercise
(n=11,age =55.2 £ 10.2)

Not
reported

10-form

2

12

24

12

Chi

e Higher vestibular ratio with
Tai Chi than control

TUGT

¢ No significant change with
Tai Chi

e No significant different
between Tai Chi and control

Romberg’s test, standing on the
less affected leg, Emory
Fractional Ambulation Profile,
BBS, TUGT
¢ No significant change with
Tai Chi
e No significant difference
between Tai Chi and control

Static standing (eyes opened and
eyes closed):
e Decreased sway with Tai
Chi
e Less sway with Tai Chi than
physical exercise
Functional reach:
e Increased distance with Tai
Chi
e Longer distance with Tai
Chi than physical exercise
10-m walking test:
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Taylor-  Tai Chi 24-form
Piliaeet (n=53,age=715+%10.3) Yangstyle
al., 2014  Exercise control

(n=44,age =69.6 £ 9.4)

Control (usual care)

(n =48, age =68.2 £ 10.3)

12

36

e Decreased time with Tai
Chi

e Faster with Tai Chi than
physical exercise

TUGT:

e Decreased time with Tai
Chi

e Faster with Tai Chi than
physical exercise

Number of falls
e 2/3 fewer falls with Tai Chi
than exercise and control
2-minute step test
e Improved with Tai Chi
e Better with Tai Chi than
control
¢ No significant difference
between Tai Chi and control

¢ No significant change with
Tai Chi

¢ No significant difference
among the three groups

Notes: BBS: Berg Balance Scale; CoP: center of pressure; SPPB: Short Physical Performance Battery; TUGT: timed up-and-go test

* Standard deviations not reported
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Training specificity may also account for inconsistent results in previous studies
into the effects of Tai Chi training. Regarding dual-tasking ability, significant
improvement was observed in two previous studies (Lu et al., 2013b; Wayne et al.,
2015), but not in the one by Hall and her team (2009). Although it is possible that the
study by Hall and colleagues employed a lower training dosage leading to an
insignificant result, the authors also argued that the instruction method might play a role
(detailed discussion in Section 1.2.1.3, p.45-47). Indeed, as discussed in the section of
the effect of exercise training on dual-tasking (Section 1.1.5.3.3, p.26—29), factors such
as the involvement of explicit learning, executive function, the variation of skill, and
shifting of the attentional resources may affect the effectiveness of an exercise on dual-
tasking ability and its transfer effect. Further, older people tend to learn through implicit
methods, for example, by following the movement of the instructor only while
exercising (Caljouw et al., 2016), which may explain the results of the study by Hall

and colleagues (2009).

Factors mentioned above that may enhance the transfer effect of an exercise
should be emphasized when practicing Tai Chi in order to maximize its effect on dual-
tasking ability. For example, practitioners should be encouraged to memorize and plan
for the Tai Chi forms rather than just following the movement of an instructor, so as to
promote explicit learning. There could also be variations of movement when practicing
Tai Chi, such as gradually increasing the level of difficulty by eliminating physical
support or separating the upper limb and lower limb movements during training. These
strategies may also help those who have physical or cognitive impairment to acquire the

Tai Chi movement. Moreover, participants may shift their attention between the
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physical movement and the cognition required to plan the motion according to the
complexity of the Tai Chi form or the capacity of the individual. For instance, in the
form Kick with Heel, which involves single leg standing and knee extension of the
other leg, attentional resources should be allocated to the physical task to keep balance.
In a form that demands less for balance, such as Wave Hands in Clouds, resources may
be shifted to coordinate the movement of the two hands. On the other hand, those forms
with both complex movement and challenging balance requirements, such as Brush
Knee and Twist Step, attentional resources should be divided equally or shifted
continuously between the two tasks. These strategies may enhance explicit learning,
varying the movement and altering the allocation of attentional resources when
practicing Tai Chi, thus hopefully improving dual-tasking ability and maximizing the
transfer effect. Further, these features also distinguish Tai Chi from conventional
exercise, which is single-tasking in nature and does not require explicit learning and

shifting of attention, though variations in training are still possible.

Nevertheless, although a higher training dosage and longer training period may
be more efficient in achieving the beneficial effect of Tai Chi, factors such as the target
population, assessment method, and training specificity should also be considered.
Further, the amount of training should be feasible taking into account the disabilities

and needs of the target population.

Summary of Tai Chi

Previous studies have supported the beneficial effects of Tai Chi on physical

ability, cognitive function, dual-tasking performance, cardiovascular function, and
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cardiac autonomic regulation. Various features of Tai Chi may explain its beneficial
effects. Research has also demonstrated the training effect of Tai Chi among stroke
survivors. However, none of them were concerned with dual-tasking performance,
arterial compliance and cardiac autonomic regulation. In addition, special care and
training specificity have to be designed and arranged when instructing the stroke

population in Tai Chi.

In this Introduction section, the needs of stroke survivors and the features of Tai

Chi as a rehabilitative exercise have been discussed. It is highly possible that the

characteristics of Tai Chi practice match the aims of stroke rehabilitation. Therefore, the

effect of Tai Chi training on dual-tasking performance and cardiovascular function

among stroke survivors is worth studying.
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CHAPTER 2
OBJECTIVES AND HYPOTHESES
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Objectives

The objectives of this study were:

1) To examine the dual-tasking performance of stroke survivors in two situations:

a. Turning-while-walking with a concurrent cognitive task.

b.

Stepping down with a concurrent cognitive task.

2) To investigate the effect of Tai Chi training in stroke survivors on:

a.

b.

Hypotheses

Dual-tasking performance involving turning-while-walking.
Dual-tasking performance involving stepping down.
Cardiovascular function as measured by blood pressure, arterial stiffness,

and cardiac autonomic regulation.

Physical and cognitive impairment is common among stroke survivors. It has been

suggested that cognitive function is needed in both turning-while-walking and stepping

down activities. Based on the theory of competition for attentional resources during

dual-tasking, the hypotheses addressed by the first objective were:

I.  There would be a decrement in the performance of both the cognitive task and

the physical task when stroke survivors performed dual-tasking.

Il.  The performance of the stroke survivors in dual-tasking would be inferior to that

of the non-stroke controls.
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Tai Chi has been shown to benefit both dual-tasking ability and cardiovascular function
in healthy older adults. Therefore, the hypotheses of the second objective of this study

Were:

I.  Both single-tasking and dual-tasking performance would be enhanced in stroke
survivors after Tai Chi training.

Il. Cardiovascular function in stroke survivors, as measured by blood pressure,
arterial stiffness and cardiac autonomic regulation, would improve after Tai Chi
training.

I1l. The beneficial effects of Tai Chi training would be greater than those of

conventional exercise.

There were two phases to this study. The first was a cross-sectional study to achieve the
first objective. The second was a randomized controlled trial to accomplish the second

objective.
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CHAPTER 3

THE MAIN STUDY
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CHAPTER 3.1

THE PERFORMANCE OF STROKE SURVIVORS IN

TURNING-WHILE-WALKING WHILE CARRYING OUT

A CONCURRENT COGNITIVE TASK COMPARED WITH

CONTROLS

Submitted:
Chan, W. N., & Tsang, W. W. The performance of stroke survivors in turning-while-
walking while carrying out a concurrent cognitive task compared with controls.

Submitted to PLoS ONE. Under second review.
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3.1.1 Abstract

Background

Turning-while-walking is one of the commonest causes of falls in stroke survivors. It
involves cognitive processing and may be challenging when performed concurrently
with a cognitive task. Previous studies of dual-tasking involving turning-while-walking
in stroke survivors show that the performance of physical tasks is compromised.
However, the design of those studies did not address the response of stroke survivors
under dual-tasking condition without specifying the task-preference and its effect on the

performance of the cognitive task.

Objective

First, to compare the performance of single-tasking and dual-tasking that involved

turning-while-walking in stroke survivors.

Second, to compare the performance of stroke survivors with non-stroke controls.

Methods

Fifty-nine stroke survivors and 45 controls were assessed with an auditory Stroop test, a
turning-while-walking test, and a combination of the two single tasks. The outcome of
the cognitive task was measured by a composite score, which was calculated by
dividing the accuracy by the reaction time. The physical task was evaluated by
measuring the turning duration, number of steps to turn, and time to complete the
turning-while-walking test. Two-way mixed ANOVA was employed for statistical

analysis.
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Results

Stroke survivors showed a significantly lower composite score on the auditory Stroop
test when dual-tasking than in single-tasking. Their performance in the turning-while-
walking task was similar under both single-tasking and dual-tasking conditions.
Additionally, stroke survivors demonstrated a significantly poorer cognitive task
performance than the controls both when single-tasking and dual-tasking. They took
longer to turn, with more steps, and needed more time to complete the turning-while-

walking task in both tasking conditions.

Conclusions

The results show that stroke survivors with high mobility function compromise the
performance of the auditory Stroop test while preserving simultaneous turning-while-
walking performance. They also demonstrated poorer performance in both single-

tasking and dual-tasking as compared with controls.

Keywords

Turning-while-walking; dual-tasking; stroke

3.1.2 Introduction

Turning-while-walking is a common daily activity (Cumming & Klineberg,
1994; Sedgman et al., 1994). It has been suggested that turning is not automatic but
requires cognitive processing to provide feedback control (Hollands et al. 2014; Manaf

et al., 2015). Information from various sensory systems, including the visual system,
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vestibular system and somatosensory system, are integrated throughout the movement,
and the body adjusts accordingly (Shumway-Cook & Woollacott, 2007; Thigpen et al.,
2000). In turning-while-walking, failing to adjust the movement from the already
coordinated straight line walking may result in loss of balance or even a fall (Hollands
et al., 2013). Indeed, turning is among the activities most frequently reported to cause a
fall in older people with stroke (Hyndman et al., 2002). Falling during a turn is 7.9
times more likely to result in a hip fracture in stroke survivors than walking in a straight
line (Cumming & Klineberg, 1994). Previous studies have shown that a stroke affects
the performance of turning-while-walking. Stroke survivors took a longer time to turn
and needed more steps than their age-matched counterparts (Dite & Temple, 2002; Lam
& Luttmann, 2009). In addition, they turned more slowly with less displacement of the
center of mass in the mediolateral direction (Bonnyaud et al., 2015a). The reorientation
sequence of body segments was also disrupted (Hollands et al., 2010a; Lamontagne &

Fung, 2009).

Performing two tasks simultaneously, such as responding to an external
distraction while walking, is common in everyday life. This dual-tasking ability has
been shown to relate to both falls (Baetens et al., 2013) and functional ability (Manaf et
al., 2014a; Plummer-D’Amato & Altmann, 2012; Plummer-D’Amato et al., 2010).
Based on the theory of competition for attentional resources, dual-tasking performance
is suggested to be affected by several factors: 1) fewer attentional resources are
available to perform two tasks concurrently, 2) inability to allocate resources between
the two tasks properly, 3) increased resources requirement to carry out the individual

tasks, and 4) a combination of these factors (Lacour et al., 2008; Woollacott &
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Shumway-Cook, 2002; Yogev-Seligmann et al., 2012). If any of these factors are

present, the performance of either or both tasks will be downgraded.

Many studies have been conducted to investigate dual-tasking ability in stroke
survivors (Baetens et al., 2013; Bowen et al., 2001; Patel & Bhatt, 2014; Plummer et al.,
2013; Plummer-D’Amato et al., 2010; Smulders et al., 2012) but the number
investigating turning-while-walking is limited. The available studies consistently
showed that an additional cognitive task has a detrimental effect on the turning-while-
walking performance (Hollands et al., 2014; Manaf et al., 2014a, 2014b, 2017).
However, there are questions that those studies could not answer. First, in some of the
studies subjects were asked to prioritize the cognitive task over the physical task (Manaf
et al., 2014a, 2014b, 2017). Therefore, it is not clear which task the subjects would
naturally prioritize without this instruction. Further, the level of performance of the
cognitive task under dual-tasking conditions was not given by the available studies.
They either did not compare changes in cognitive task performance from single-tasking
to dual-tasking (Hollands et al., 2014) or did not consider the performance in the
statistical analyses (Manaf et al., 2014a, 2014b, 2017). Therefore, it is not clear whether
the subjects also compromised the cognitive task under dual-tasking conditions.
Moreover, the cognitive task (serial subtraction) employed in these studies uses internal
interference. The response of stroke survivors to a dual-tasking condition involving an

external disturbance, which is common in daily life, is yet to be determined.

Therefore, this study was conducted to investigate the natural response of stroke
survivors to a dual-tasking challenge involving turning-while-walking as the physical
task. This study had two aims:
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1) To compare single-tasking performance with dual-tasking performance in
stroke survivors. We hypothesized that the performance of both tasks would
be degraded when dual-tasking.

2) To compare the performance of stroke survivors with non-stroke controls.
We postulated that stroke survivors would have a lower dual-tasking ability
than the controls due to a decreased ability to conduct the individual tasks, as

reflected by the single-tasking performance.

3.1.3 Methods

3.1.3.1 Participants

Community-dwelling stroke survivors were recruited from local mutual self-
help groups and local hospitals. The control subjects were recruited in the community.
Eligible subjects were aged 50 or above, able to walk unaided for at least 15 meters
indoor without physical assistance, and able to follow instructions. An additional
criterion for subjects in the stroke survivor group was it having been at least six months
since the onset of stroke. Subjects with any of the following conditions were excluded:
a severe visual or hearing problem, a score of less than 18 on the Mini-Mental State
Examination (MMSE) (Cantonese version) (Lam et al., 2008), any neurological disease
(other than stroke in the stroke survivor group) or any musculoskeletal trauma or
medical operation within the previous six months. This study was approved by the
Ethics Committee of the Hong Kong Polytechnic University. The aims and procedures

were explained to all participants before they gave their informed consent.
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3.1.3.2 Assessment

Demographic data including gender, age, height, weight, and mobility function
[the timed Up-and-Go test (TUGT) and the Breg Balance Scale (BBS)] were obtained
before the assessment. For the stroke subjects, chronicity, side, number and type of
stroke were collected. All of the subjects were assessed with a single cognitive task
(auditory Stroop test), a single physical task (turning-while-walking test), and a
combination of the two single tasks. Detailed procedures were explained and
familiarization trials were given to all the subjects before the assessment. The sequence

of testing the three conditions was randomized to minimize any learning effect.

3.1.3.2.1 Single auditory Stroop test

The auditory Stroop test was designed to assess the executive function,
including working memory, selective attention, and ability to inhibit automatic
responses (Royall et al., 2002; Rozenblatt, 2011). In this test, two pre-recorded words,
“high” and “low,” were pronounced in two different pitches, high and low, to form four
combinations. The subjects were instructed to ignore the meaning of the word and
respond to its pitch as quickly and as accurately as possible. A two-button switch, with
each button representing the high and low pitch respectively, was given to the subject to
react to the auditory Stroop test. Stroke subjects held the switch with the less affected
hand, while controls held it with the dominant hand (defined as the hand used for
writing). Each combination of word and pitch was tested three times for each subject in

a randomized sequence.
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The reaction times and accuracy of the responses were recorded using custom-
made software (LabVIEW version 8.6, National Instruments Corp., Austin, TX, USA).
The reaction time was defined as the period from the start of the sound to the button
press. The average reaction time of the 12 trials was calculated. The accuracy was
calculated by dividing the number of correct responses by the total number of trials. A

composite score as defined as (Springer et al., 2006):

Accuracy

Composite score =

Averaged reaction time (s)

was employed to represent the cognitive task performance.

3.1.3.2.2 Single turning-while-walking test

In the single turning-while-walking test, the subjects were asked to walk a 5-
meter straight line, make a 180-degree turn, and then return to the starting position as
quickly and safely as possible (Chan et al., 2016a). A force platform (Model OR6-5-
1000, Advanced Mechanical Technologies Inc., Newton, MA, USA) was installed in
the walking surface five meters from the starting position. As the force platform was
used to trigger the auditory Stroop test in the dual-tasking condition, no sound was
produced in this single-tasking test. The subjects should press any button on the switch
used in the auditory Stroop test while turning to make the data comparable with those
from the dual-tasking tests. A research assistant walked closely behind the subject
during the assessment to ensure safety. The subjects were allowed to use any walking

aids or wear their ankle foot orthoses as preferred.
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A gyroscopic sensor system for gait analysis (Mobility Lab iWalk, OPAL
sensors, APDM Inc., Portland, OR, USA) was used to record the turning performance.
Sensors on the trunk and the lumbar region detected the moment when turning started
and ended. Any step with more than 50% of its phase within the turning period was
counted as a step within the turn (Salarian et al., 2010; APDM, 2014). The test was
repeated three times. Averages of the turning duration, number of steps to turn, and

duration of the turning-while-walking test were employed for data analysis.

The subjects with stroke were asked to turn towards the affected side, as falls are
more common when turning to this side (Hyndman et al., 2002). Control subjects were
tested turning to both sides. However, there was no significant difference in
performance between the two turning sides (p > 0.05). Thus, data from controls of all

trials were combined for statistical analysis.

3.1.3.2.3 Dual-tasking test

In the dual-tasking test, subjects were required to perform the turning-while-
walking test concurrently with the auditory Stroop test. The setting was the same as that
of the single turning-while-walking test. The force platform installed in the walking
surface triggered one of the four combinations of the sound of the auditory Stroop test
when the subject stepped on it. Each of the four combinations was assessed once in a
randomized sequence. The subjects were told that both tasks were equally important
and no priority of the task was instructed. The parameters used in the single tasks were
adopted in the dual-tasking condition. Any assistive devices used in the single-tasking

test were used again.
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3.1.3.3 Repeatability of the assessment

Repeatability of the three tasking conditions was assessed. Thirteen stroke and
nine control subjects were included. They were asked to take the assessments twice
within two weeks. Subjects who had any change in medical, physical or cognitive
condition or regular exercise habits within the test-retest period were excluded. The

testing sequence in the retest session was identical to that of the first session.

3.1.3.4 Statistical analysis

Commercial software, Statistical Package for the Social Sciences (SPSS, version
23, IBM Corp., Armonk, NY, USA), was used for data analysis. Repeatability of the
tests was assessed with an intraclass correlation coefficient (ICC), model ICC (3,k),
with ’k’ as the number of trials in the tests being assessed. The difference in
demographic characteristics between the stroke survivors and controls were assessed
with independent t-tests. The sex distribution between the two groups was compared
with a chi-squared test. Two-way mixed analysis of variance (ANOVA) was employed
to investigate the task effect (single-tasking and dual-tasking), the group effect (stroke
survivors and controls), and the interaction effect (task x group). If results were
significant, further data analyses were conducted using the paired t-test for significant
task effect and the independent t-test for significant group effect. Bonferroni
adjustments were applied for all follow-up analyses. The statistical significance level

was set at 0.05.
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3.1.4 Results

3.1.4.1 Participants

Forty-five controls and 59 stroke survivors participated in this study. The

demographic data are shown in Table 3.1.1. Gender, body height, MMSE score, TUGT,

and BBS score were significantly different between the two groups.

Table 3.1.1 Demographics of both the controls and stroke survivors

Control (n =45) Stroke (n =59) p-value
Age (years) 61.3+4.8 62.4+£6.8 0.337
Gender (male : female) 9:36 29:30 0.004*
Height (cm) 158.1+ 6.7 162.0+ 8.5 0.016*
Weight (kg) 61.1+10.1 61.8+ 114 0.712
MMSE score 294 +1.1 279+2.2 <0.001*
BBS score 55.9+0.3 48.1+6.8 <0.001*
TUGT (sec) 6.3+ 1.0 18.0+ 8.9 <0.001*
Education (years) 10.1+£35 95+4.1 0.525
Chronicity (years) / 54+48 /
Affected side Right / 25 /
Left 34
Number of 1 / 49 /
strokes 2 8
3 2
Type of stroke Ischemic / 40 /
Hemorrhage 17
Both 2

Values are in mean * standard deviation; MMSE = Mini-Mental Status Examination
(Cantonese version); BBS: Berg Balance Scale; TUGT: Timed Up-and-go Test
* denotes a significant difference between stroke survivors and controls (p < 0.05)
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3.1.4.2 Repeatability of the assessment

Table 3.1.2 shows the results of the repeatability tests. The single auditory
Stroop test, single turning-while-walking test, and the physical task of the dual-tasking
showed an excellent repeatability, with all ICC values equal to or larger than 0.90. The
auditory Stroop test under dual-tasking condition demonstrated a good repeatability,

with an ICC (3, 4) value of 0.85.
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Table 3.1.2  Repeatability of the assessment

ICC 95% ClI
Time 1 Time 2 (3,k) Lower Upper
Single-tasking
Auditory Stroop test Composite score 94.6 + 26.5 99.5+ 317 0.90 0.70 0.96
Turning-while-walking ~ Turning duration (sec) 3.7+15 34+ 17 0.94 0.86 0.98
Number of steps to turn 7.3+ 17 7117 0.91 0.79 0.97
Completion time (sec) 13.7+6.8 122+ 6.6 0.97 0.93 0.99
Dual-tasking
Auditory Stroop test Composite score 78.0+ 27.0 89.1+31.0 0.85 0.63 0.94
Turning-while-walking ~ Turning duration (sec) 3617 33+18 0.97 0.92 0.99
Number of steps to turn 74+20 70+£1.8 0.97 0.92 0.99
Completion time (sec) 13.2+6.5 122+ 6.6 0.97 0.92 0.99

Values are in mean * standard deviation
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3.1.4.3 Comparing single-tasking and dual-tasking performance in stroke

survivors

There was a significant difference between single-tasking and dual-tasking
performance on the composite score of the auditory Stroop test [F(1,90) = 23.577, p <
0.001]. Follow-up analysis showed that stroke survivors had a lower composite score in

the dual-tasking than in the single-tasking (p = 0.001) (Table 4.1.3).

In contrast with the cognitive task performance, no significant difference was
found in the turning-while-walking performance between the single-tasking and dual-

tasking conditions among the stroke survivors (p > 0.05).

3.1.4.4 Comparing stroke survivors and controls

There were significant differences between the two groups in all the parameters
of both the cognitive and physical tasks. In the auditory Stroop test, stroke survivors
showed a significantly lower composite score than the controls in both single-tasking
and dual-tasking conditions (all p-values < 0.001). For the turning-while-walking
performance under dual-tasking condition, stroke survivors took a longer turning time
and more steps to turn than the controls (both p-values < 0.001). Subjects with stroke
also needed more time to complete the turning-while-walking test (p < 0.001). Similar
differences between the two groups were also observed in the single-tasking condition

(All p-values < 0.001) (Table 3.1.3).
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Table 3.1.3  Results of single-tasking and dual-tasking performance in both controls and stroke survivors

Controls (n = 45) Stroke (n =59) F-value (p-value)
Between- Between- Interaction
Single-tasking Dual-tasking Single-tasking Dual-tasking task group
. i effect
difference  difference
Auditory  Composite 107.0 + 23.4 93.9+24.9 83.5+22.8 715+ 24.2 23.58 29.15 0.05
Stroop score (<0.000)* (<0.001)>¢  (0.831)
test
Turning-  Turning 2404 24+05 5224 54+24 1.70 63.90 0.77
while- duration (0.196) (< 0.001)>¢ (0.381)
walking  (sec)
Number of 6.1+0.7 6.2+ 0.6 9.1+22 9.1+24 1.27 63.90 0.11
steps to turn (0.263)  (<0.001)>°¢  (0.746)
Completion 8017 8.0+1.6 21.2+13.0 21.3+12.4 0.03 48.83 0.00
time (sec) (0.857) (<0.001)>¢  (0.995)

Values are in mean + standard deviation

2 Significant difference between single-tasking and dual-tasking in controls and stroke survivors (p = 0.001)
b Significant difference between controls and stroke survivors in single-tasking (p < 0.001)

¢ Significant difference between controls and stroke survivors in dual-tasking (p < 0.001)
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3.1.5 Discussions

This study examined how stroke survivors performed in dual-tasking that
involved an auditory Stroop test and a turning-while-walking test. The results show that
when dual-tasking, stroke survivors performed poorer in the cognitive task but with
similar turning-while-walking performance. Further, stroke survivors demonstrated a
lower composite score on the auditory Stroop test by comparison with the controls.
They also took longer to turn with more steps and needed more time to complete the

turning-while-walking test.

In this study, stroke survivors responded to dual-tasking with degraded
performance in the auditory Stroop test but with similar performance of the physical
task. According to the theory of competition for attentional resources in dual-tasking
(Lacour et al., 2008; Woollacott & Shumway-Cook, 2002; Yogev-Seligmann et al.,
2012), the results may imply that, at least in these conditions, stroke survivors may not
have sufficient resources to perform both tasks concurrently. However, the hypothesis
of interference between the cognitive and physical task when dual-tasking was only
partly supported. This unexpected result can be explained by a posture-first strategy
(Lacour et al., 2008; Yogev-Seligmann et al., 2012). When dual-tasking, if the physical
task is too complex that it may place a postural threat on an individual, or if the
individual is not capable of performing the task due to physical impairment, attentional
resources are drawn from the cognitive task to the postural task to maintain balance
(Plummer et al., 2013; Shumway-Cook & Woollacott, 2007). This strategy would be a
safety measure to prevent a fall and is commonly seen in older adults, people with

impaired balance (Lacour et al., 2008) or when the physical task is challenging
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(Smulders et al., 2012; Tsang et al., 2013). The results of this study may imply that
stroke survivors prioritize the physical task over the cognitive task to maintain balance

during turning.

The result that stroke survivors prioritized the physical task over the cognitive
one was inconsistent with previous studies that showed a compromised turning-while-
walking performance when dual-tasking (Hollands et al., 2014; Manaf et al., 2014a,
2014b, 2017). A possible explanation for this discrepancy is the instruction given on
task prioritization. In the studies by Manaf’s research team, subjects were instructed to
prioritize the cognitive task over the physical task (Manaf et al., 2014a, 2014b, 2017).
Conversely, subjects in our study were told that both tasks were equally important and
the task priority was not specified. It has been proposed that directing the priority of
tasks may affect an individual's response to a dual-tasking challenge (Jansen et al.,
2016). In the absence of a specific instruction about the priority of tasks as in this study,
stroke survivors were able to naturally react to the dual-tasking challenge. In addition,
the nature of the cognitive task may affect the results of dual-tasking. In daily life,
disturbances to physical movement could be triggered internally by an individual or
externally by the environment. The cognitive task used in previous studies (Hollands et
al., 2014; Manaf et al., 2014a, 2014b, 2017), serial subtraction, involves an internal
interfering factor (Al-Yahya et al., 2011) so that subjects initiate the cognitive challenge
without being prompted. By contrast, the auditory Stroop test requires the subject to
react to an external event. The results of this study imply that the nature of the cognitive
task plays a role in the interaction between the cognitive task and the physical task.

However, further studies are needed to investigate the effect of instruction on task
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prioritization and the nature of the cognitive task on dual-tasking performance in stroke

survivors.

The second hypothesis that the dual-tasking performance of the stroke survivors
would be worse than that of the controls was supported by this study. According to the
theory of competition for attentional resources when dual-tasking, the increased demand
for resources to conduct the individual tasks has a detrimental effect on dual-tasking
performance (Lacour et al., 2008; Woollacott & Shumway-Cook, 2002; Yogev-
Seligmann et al., 2012). In this study, the lower level of single-tasking performance of
both the cognitive task and physical task found in stroke survivors may therefore
contribute to the decreased dual-tasking ability, at least in such tasks combination.
However, the exact mechanism that explains the poorer dual-tasking performance

revealed in stroke survivors requires further investigation.

Stroke survivors in this study turned with a longer duration and a higher number
of steps than the controls. This difference can be attributed to various factors such as
gait asymmetry and lower limb weakness, which is common in stroke survivors. In a
180-degree turn, the inner leg acts as the axis of the turn and accepts the entire body
weight. The outer leg then swings for a longer time and travels a longer distance than in
straight line walking (Hollands et al., 2010b). However, if the ability of the inner leg to
bear the body weight diminished, the single leg stance time would then decrease. The
time and distance for the outer leg to travel would therefore be reduced. As a result, a
longer time and a greater number of steps should be made to complete the turn. This
may explain the difference in turning performance between stroke survivors and

controls found in this study. Furthermore, the mean turning duration for stroke survivors
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in this study was more than 3.18 sec, suggesting that they exhibited some difficulty

while turning (Thigpen et al., 2000).

3.1.6 Limitations

One of the limitations of this study was that subjects with a stroke were
relatively mobile; they were able to walk and turn unaided indoors. Besides, the mean
MMSE score was 27.9 out of 30. Hence, the results of this study only apply to stroke
survivors with relatively high global cognitive functioning and physical function.
Further research including stroke survivors with lower cognitive and physical functions
is needed to improve the generalization of the study results. Another limitation was the
uneven distribution of gender between the two groups. In addition, the stroke survivors
were significantly taller than the controls. Statistical analyses were conducted again by
adding the gender and body height as covariates. The results remained similar with the
covariates added. It is therefore reasonable to assume that gender and height difference

do not affect the findings of this study.

3.1.7 Conclusions

Results from this study suggest that stroke survivors compromise cognitive task
performance to perform the turning-while-walking task when dual-tasking. The
behavior can be explained by the theory of competition for attentional resources and the
posture-first strategy. These results differ from those of previous studies. Variation in
the instruction of task prioritization and the nature of the cognitive task may explain the
discrepancy. However, further studies must be carried out to examine this hypothesis.

Additionally, stroke survivors had a lower composite score on the auditory Stroop test
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when both single-tasking and dual-tasking as compared with controls. They also turned
with a longer duration and more steps and took a longer time to complete the turning-
while-walking test under both tasking conditions. The degraded single-tasking ability
after a stroke may contribute to the poorer dual-tasking performance, but further
investigation is needed to find out the exact mechanism of such phenomenon.
Furthermore, results of this study may suggest a need of rehabiltation exercise to
improve dual-tasking performance that concerns turning-while-walking in this

population.
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CHAPTER 3.2

THE PERFORMANCE OF STROKE SURVIVORS IN

STEPPING DOWN WHILE CARRYING OUT A

CONCURRENT COGNITIVE TASK COMPARED WITH

CONTROLS

Submitted:
Chan, W. N., & Tsang, W. W. Compromised cognition while stepping down among

stroke survivors. Submitted to PLoS ONE. Under second review.
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3.2.1 Abstract

Background

Descending stairs is an indicator of independence among community-dwelling stroke
survivors, but is demanding in terms of both neuromuscular control and cognitive
functioning. Previous studies have shown compromised performance when stepping
down with a concurrent cognitive task among healthy older adults. This study examined

how stroke survivors respond to such dual-tasking.

Objective

To investigate the dual-tasking performance of stroke survivors asked to perform an

auditory Stroop test while stepping down.

Methods

Twenty-six stroke survivors and 34 controls were asked to perform an auditory Stroop
test while stepping off a 19-cm high platform, and the results were compared with those
when each task was performed alone. The auditory Stroop test was evaluated with a
composite score. Stepping down performance was quantified in terms of the subjects’
sway amplitudes in the anteroposterior and mediolateral directions after landing and the
sway velocity of their center of pressure. Two-way mixed ANOVA was employed to
investigate the significance of the differences between the single-tasking and dual-

tasking conditions, and between the stroke survivors and the controls.

Results
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The stroke survivors demonstrated significantly lower composite scores on the auditory
Stroop test when dual-tasking (76.4 £ 31.2) compared with that when single-tasking
(90.0 = 25.6). However, no significant difference in stepping down performance was
observed between the two tasking conditions. The stroke survivors had, however,
significantly lower composite scores on the auditory Stroop test and higher sway

amplitudes and velocities after stepping down than the controls.

Conclusions

The results suggest a motor-related cognitive interference in dual-tasking that involves
stepping down among the stroke survivors. It can be explained by competition for
attentional resources between the cognitive and physical tasks, adopting a posture-first

strategy, and the increased attentional demands of the individual tasks.

Keywords

Dual-tasking; stepping down; stroke; center of pressure; body sway; auditory Stroop

test

3.2.2 Introduction

The term dual-tasking describes performing two different tasks simultaneously.
Dual-tasking ability depends on various factors, including the level of difficulty of the
tasks, an individual’s ability to perform each of them, and the availability and allocation

of attentional resources to perform them simultaneously (Al-Yahya et al., 2011;
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Woollacott & Shumway-Cook, 2002). Residual cognitive and physical impairment are
common in stroke survivors even after proper rehabilitation (Kelly-Hayes et al., 2003).
It should not be surprising, therefore, that dual-tasking can be impaired after a stroke.
But the detrimental effect on an additional cognitive task may be more significant when

the physical task is more challenging, such as avoiding obstacles (Smulders et al., 2012).

Negotiating stairs, which is common in daily life, is considered to be one of the
most challenging activities for community-dwelling stroke survivors (Tsuji et al., 1995).
It is also an important indicator of independence among that population (Alzahrani et al.,
2009). The perceived difficulty of negotiating stairs relates to the greater demands on
the neuromuscular system compared with walking on level ground (Jacobs, 2016;
Novak & Brouwer, 2012, 2013; Startzell et al., 2000). In addition, there is attentional
involvement needed to evaluate the stairs’ configurations and to integrate sensory
information from the visual and somatosensory systems (Jabos, 2016; Ojha et al., 2009;
Startzell et al., 2000). The attentional involvement has been reflected in dual-tasking
studies, which have documented compromised performance (Lu et al., 2013b; Telonio
etal., 2014; Tsang et al., 2013). Even healthy older adults respond in an auditory Stroop
test with longer reaction time and a higher error rate when stepping down, although they
are able to maintain normal body sway (Lu et al., 2013b; Tsang et al., 2013). Another
study showed increased minimal foot clearance when the healthy subjects descended
stairs while dealing with a concurrent cognitive task (Telonio et al., 2014). Indeed,
being distracted is one of the most common causes of falls on stairs (Templer, 1992).
Such falls, especially when descending, can result in severe injury (Jacobs, 2016;

Startzell et al., 2000), or even death (National Safety Council, 2016).
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Previous studies have shown the detrimental effect of stroke on dual-tasking
performance, especially when dynamic balance is involved. There has, however, been
no study specifically addressing how stroke survivors respond to descending stairs
while dealing with an additional cognitive task. This study was therefore designed to
investigate dual-tasking performance that involved stepping down among stroke
survivors. As prior studies have demonstrated both cognitive impairment and less agile
descending of stairs after a stroke, concurrent cognitive and physical task performance
would be expected to be poorer than in single-tasking. This study also compared the
performance of such tasks between stroke survivors and healthy controls. We postulated

that stroke survivors would have a lower dual-tasking ability than the controls.

3.2.3 Methods

3.2.3.1 Participants

Community-dwelling stroke survivors were recruited from local self-help groups
and local hospitals. Healthy older subjects were recruited in the community. The study’s
inclusion criteria were an age of 50 or above, able to step down without any physical
assistance and able to follow instructions. An additional inclusion criterion for the
stroke survivors was a period of at least six months since the stroke. The exclusion
criteria were severe hearing or visual impairment, a score of less than 18 on the
Cantonese version of the Mini-Mental Status Examination (MMSE) (Lam et al., 2008),
any neurological disease (other than stroke in the stroke survivor group), or any
musculoskeletal injury or major surgery in the previous six months. This study was

approved by the Ethics Committee of the Hong Kong Polytechnic University. Informed
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consent was obtained from each participant after the aims and procedures of the study

had been explained.

3.2.3.2 Assessment

Age, height and body weight data were collected from each subject and their
cognitive ability was assessed with the MMSE. Each of them also had their balance
rated using the timed Up-and-Go test (TUGT) and the Berg Balance Scale (BBS).
Information related to stroke, such as chronicity and side, number, and type were

obtained from the stroke survivors.

The study’s cognitive task was an auditory Stroop test, the physical task was
stepping down, and dual-tasking involved performing them simultaneously. The three
conditions were assessed in a randomized order. Before data collection, each subject

was allowed demonstration and familiarization trials.

3.2.3.2.1 Single auditory Stroop test

In the auditory Stroop test employed as the cognitive task to assess executive
functioning (Royall et al., 2002; Rozenblatt, 2011), two recorded Cantonese words
signifying ‘high’ and ‘low’ were played with high and low pitches, resulting in four
combinations. The subjects responded by pressing one of two buttons representing the
high and low pitch respectively on a switch. The stroke survivors held the switch in
their less-affected hand, while the control subjects held it in their dominant hand
(defined as the hand used for writing). The subjects were instructed to ignore the word’s

meaning and respond only to the pitch of the sound as accurately and as quickly as
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possible. Each combination of the word and pitch was repeated three times for each

subject in a randomized sequence.

Each subject’s composite score was defined as (Springer et al., 2006):

Accuracy

Composite score = ——
Averaged reaction time (s)

where accuracy was calculated by dividing the number of correct answers by the total
number of trials. Reaction time was the time between the word being played and the
subject’s pressing either button. The averaged of the 12 trials was used to calculate the
composite score. The data were recorded using a customized LabVIEW program

(version 8.6, National Instruments Corp., Austin, TX, USA).

3.2.3.2.2 Single stepping down test

Stepping down off a step was the physical task. A force platform (Model ORG6-
5-1000, Advanced Mechanical Technologies Inc., Newton, MA, USA) was placed in
front of a 19cm high block. Each subject stepped down in bare feet from the block onto
the force platform. The movement was led by the affected leg for the stroke survivors or
the non-dominant leg (the stance leg when kicking a ball) for the controls, followed by
the other leg. They were instructed to keep their posture as stable as possible after
stepping onto the force platform. They should press any button used in the auditory
Stroop test while stepping down to make the data more comparable with that during the
dual-tasking. A visual fixation was positioned two meters away from the center of the

force platform at the subject’s eye-level after stepping down to standardize visual
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attention. A trained assessor stood next to the subject during the assessment to ensure

safety. The setting is illustrated in Figure 3.2.1.

19-cm high

Visual fixation block
at subject’s

eye-level after

stepping
down

—

Force platform

2m

Figure 3.2.1 The stepping down test setup

The center of pressure (CoP) was tracked for five seconds after the trailing leg
was lifted from the block. Data reduction was carried out with a customized MATLAB
program (Version 8.3, The Math Works, Inc., Natick, MA, USA). The raw data from
the force platform were resampled at rates from 1000Hz to 125Hz and filtered with a
second-order Butterworth low-pass filter with a cutoff frequency of 10Hz. The CoP
sway amplitudes in the anteroposterior (CoP-AP) and mediolateral (CoP-ML) directions
were outcome measures of the stepping down test. They were normalized using the
subject’s height. Another result was the average velocity of the CoP’s movement (V-

CoP). It was calculated by dividing the normalized total pathway of the CoP movement
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by five seconds. The task was repeated three times with the averages being used in the

statistical analysis.

3.2.3.2.3 Dual-tasking test

The dual-tasking combined the auditory Stroop test with the stepping down. The
setting was as same as that shown in Figure 3.2.1. The subjects were instructed to step
down and lead with the affected leg or the non-dominant leg as before. The same
LabVIEW program as in the single-tasking situation triggered the auditory Stroop test,
but when the subject stepped onto the force plate. Each combination of the auditory
Stroop test was assessed once in a randomized sequence, resulting in four trials. The
subjects were told that both tasks were of equal importance and no task priority was

mentioned. The outcome measures were those used in the single-tasking conditions.

3.2.3.3 Repeatability of the assessment

The repeatability of the individual task and the dual-tasking test was examined
using seven stroke survivors and nine control subjects. All of the assessments were
performed twice by the same assessor within two weeks. The sequence of the three
assessments and the sound combination of the auditory Stroop test were the same in
both testing sessions. Subjects were excluded if there was any change in their regular
physical activities or in their medical, physical, or cognitive condition during the two-

week period.

The ICC (3, k) intra-class correlation coefficient, with ‘K’ as the number of trials,

was used to quantify the tests’ repeatability.
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3.2.3.4 Statistical analysis

Data analysis was conducted using the Statistical Package for the Social
Sciences (SPSS, version 23, IBM Corp., Armonk, NY, USA). The significance of the
differences in demographic data between the stroke survivors and controls was tested
using independent t-tests for the continuous data and chi-squared tests for the
categorical data. Two-way mixed analysis of variance (ANOVA) (group X task) was
conducted to determine the significance of any group effect or task effect. If a
significant group effect was found, follow-up analyses were done with independent t-
tests between the two groups in single-tasking and dual-tasking separately. If a
significant task effect was revealed, further analyses were made with paired t-tests to
compare the single-tasking and dual-tasking performance among the stroke survivors
and the controls separately. Bonferroni adjustments were applied for every follow-up

analysis. The level of significance was set at 0.05.

3.2.4 Results

3.2.4.1 Participants

Twenty-six stroke survivors and 34 control subjects participated in this study.
Their demographic data are presented in Table 3.2.1. There were significant between-
group differences in gender distribution, height, and MMSE, TUGT time, and BBS

scores (p < 0.05).
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Table 3.2.1 Demographics of both the controls and the stroke survivors

Controls (n=34) Stroke (n = 26) p-value

Age (years) 61.8+4.8 63.2+ 6.6 0.336
Gender (male : female) 7:27 13:13 0.017*
Height (cm) 158.0+ 7.1 1622+ 7.1 0.027*
Weight (kg) 60.5 + 10.2 60.7 + 11.4 0.947
MMSE score 29.2+1.2 28.0+2.3 0.015*
BBS score 55.9+0.2 53.0+£25 <0.001*
TUGT (sec) 6.3+1.1 122+43 <0.001*
Education (years) 9.6 £ 3.7 9.7£40 0.977
Chronicity (years) / 52+ 4.7 /
Affected side Right / 12 /
Left 14
Number of strokes 1
23
2 / /
3
Types of stroke Ischemic 19
Hemorrhage / 6 /
Both 1

Values are in mean + standard deviation; MMSE = Mini-Mental Status Examination
(Cantonese version); BBS: Berg Balance Scale; TUGT: Timed Up-and-go Test

* denotes a significant difference between control group and stroke survivor group (p <
0.05)

3.2.4.2 Repeatability of the assessment

Table 3.2.2 shows the repeatability of the assessment. The composite auditory
Stroop test scores in the single-tasking and dual-tasking conditions yielded ICC values
of over 0.80, representing good reliability. The results also showed good repeatability of

the stepping down task under both single-tasking and dual-tasking conditions.
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Table 3.2.2  Repeatability of the assessment
ICC 95% CI
Time 1 Time 2 (3,k) Lower Upper
Single-tasking
Auditory Stroop test Composite score 102.4 + 26.6 105.9+ 354 0.88 0.57 0.97
Stepping down CoP-AP 31.6+11.0 35.1+135 0.82 0.46 0.94
CoP-ML 42.8 + 27.2 46.3 £ 26.5 0.69 0.11 0.89
\VCoP 153.8 + 61.9 157.8 + 61.7 0.68 0.07 0.89
Dual-tasking
Auditory Stroop test Composite score 90.5+37.2 100.1+ 42.8 0.82 0.48 0.94
Stepping down CoP-AP 33.4+143 37.5+9.3 0.66 0.04 0.88
CoP-ML 46.2 + 32.2 41.7 + 18.3 0.72 0.17 0.91
\/CoP 169.2 + 85.5 167.9 + 58.8 0.89 0.70 0.96

Values are in mean = standard deviation; CoP-AP = anteroposterior sway amplitude of the center of pressure
normalized with the subject’s height; CoP-ML = mediolateral sway amplitude similarly normalized; VCoP =

average sway velocity of the center of pressure normalized with the subject’s height
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3.2.4.3 Comparing single-tasking and dual-tasking performance in stroke

survivors

Significant task effect was found in the composite scores on the auditory Stroop
test [F (1,58) = 8.90, p < 0.001]. There were significantly lower composite scores in
dual-tasking than in single-tasking for the stroke survivors (p = 0.010). By contrast,
there were no significant difference between the single-tasking and dual-tasking on

CoP-AL, CoP-ML or VCoP when stepping down (Table 3.2.3).

3.2.4.4 Comparing stroke survivors and controls

Two-way mixed ANOVA showed a significant group effect [F (1,58) = 12.24, p
=0.018] in the composite scores on the auditory Stroop test (Table 3.2.3). Follow-up
analysis showed a similar average composite score on the auditory Stroop test between
the controls and the stroke survivors in the dual-tasking condition (p = 0.055). However,
control subjects had a higher composite score than the stroke survivors in the single-

tasking condition (p = 0.020).

Significant group effects were revealed in the CoP-AP [F (1, 58) =9.04, p =
0.004], CoP-ML [F (1, 58) = 27.84, p < 0.001], and VCoP [F (1, 58) = 30.63, p < 0.001]
results (Table 3.2.3). Follow-up analysis illustrated that the stroke survivors had, on
average, larger CoP-AP and CoP-ML sway amplitudes than the controls in both single-
tasking (CoP-AP: p = 0.007; CoP-ML: p < 0.001) and dual-tasking (CoP-AP: p = 0.006;
CoP-ML: p < 0.001). The average VCoPs were also significantly higher among the
stroke survivors than among the controls in both single-tasking and dual-tasking (both
p-values < 0.001).
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Table 3.2.3  Results of single-tasking and dual-tasking performance in both controls and stroke survivors

Controls (n = 34) Stroke (n = 26)

F-value (p-value)

) ) ] ] ) ) Between- Between- .
Single-tasking  Dual-tasking ~ Single-tasking  Dual-tasking task group Intefrfactlon
difference difference eftect
Auditory  Composite 104.6 + 21.7 91.9+29.8 90.0+ 25.6 76.4 £ 31.2 8.90 12.24 0.02
Stroop score (< 0.001)2 (0.018)>¢ (0.898)
test
Stepping 30.9+£8.0 293+7.1 39.9+16.6 38.3+16.7 1.98 9.04 0.01
down CoP-AP (0.164) (0.004)>¢  (0.941)
29.2+10.8 27.7+12.1 62.0 £ 36.8 64.0 £ 36.9 0.03 27.84 1.34
CoP-ML (0.857) (<0.001)>¢  (0.252)
VCoP 38.1+£11.8 36.1+£9.9 63.1 £ 30.2 65.8 + 28.1 0.03 30.63 1.13
(0.872) (<0.001)>¢  (0.293)

Values are in mean + standard deviation; CoP-AP = normalized center of pressure sway in the anteroposterior direction; CoP-ML =
normalized center of pressure sway in the mediolateral direction; VCoP = average center of pressure sway velocity

& Significant difference between single-tasking and dual-tasking in controls and stroke survivors (p = 0.001)
b Significant difference between controls and stroke survivors in single-tasking (p < 0.001)
¢ Significant difference between controls and stroke survivors in dual-tasking (p < 0.001)
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3.2.5 Discussions

This study investigated the performance of dual-tasking among stroke survivors
with stepping down as the physical task. This has been the first published study of dual-
tasking with such a population. The results demonstrate degraded auditory Stroop test
performance when dual-tasking, but similar CoP sway. So the expectation that both
cognitive task and physical task performance would be compromised under dual-tasking

conditions was only partially supported.

One reason for the stroke survivors’ compromised dual-tasking performance
could be competition for limited attentional resources. Among many stroke survivors,
the resources may be insufficient for an individual to perform both cognitive and
physical tasks simultaneously. If so, the performance of either or both tasks is
compromised (Lacour et al., 2008; Woollacott & Shumway-Cook, 2002; Yogev-
Seligmann et al., 2012). The auditory Stroop test employed in this study examined
executive functioning by challenging working memory, the ability to focus on relevant
information, and inhibition of automatic responses (Royall et al., 2002; Rozenblatt,
2011). Stepping down also requires executive functioning to plan the movement and
integrate different sensory information for a safe descent (Jacobs, 2016; Ojha et al.,
2009; Startzell et al., 2000). The involvement of executive functioning in both tasks
may have led to competition for attentional resources, and hence, degraded dual-tasking

performance.

Performance in both the cognitive and the physical task was expected to be

compromised in dual-tasking among the stroke survivors, but in fact, only their
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composite scores on the auditory Stroop test were poorer. Their stepping down
performance was similar in the two conditions. These results can probably be explained
by the task prioritization strategy they used (Lacour et al., 2008; Yogev-Seligmann et al.,
2012). Choosing which task to prioritize is based on various factors, such as the
perceived threat of losing one’s balance or the relative confidence in one’s cognitive
and physical abilities. When there is an increased postural threat, more attentional
resources would be allocated to maintain balance to prevent falling. This approach is
termed a posture-first strategy, and it is commonly seen in older or frail individuals
(Lacour et al., 2008). Indeed, both the stroke and the control subjects in this study
showed a significant decrement in their cognitive task performance, but similar
performance in the physical task when dual-tasking. That suggests that they were
employing a posture-first strategy. The results echo those of a prior study which found
that negotiating stairs is perceived as one of the most difficult tasks encountered by
community-dwelling stroke survivors (Tsuji et al., 1995). The results are also in line
with those studies showing motor-related cognitive-interference among healthy older
adults while stepping down (Lu et al., 2013b; Tsang et al., 2013) or walking and

avoiding obstacles (Smulders et al., 2012) with a concurrent cognitive challenge.

The compromised dual-tasking performance of the stroke survivors might also
be explained by the increased attentional demand when performing the individual
cognitive and physical tasks. In a prior study in our laboratory, healthy older adults
showed significantly greater CoP sway than healthy young subjects when stepping
down. Beyond that, when stepping down with a concurrent auditory Stroop test, the

older subjects displayed a significant decrement in cognitive task performance, while
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the younger subjects performed similarly under single- and dual-tasking conditions (Lu
et al., 2013b). Those results suggest an aging effect on dual-tasking ability, at least
when the physical task involved is stepping down. In this current study, the CoP sway
amplitudes and velocity, which indicate a person’s ability to perform a controlled
descent and to recover from any resulting balance perturbation (Lee & Chou, 2007),
were both greater among the stroke survivors, on average, than among the healthy
controls. Apart from the effect of aging, such differences suggest that a stroke generally
degrades the ability to step down, as might be expected. The impairment may then lead
to paying more attention in stepping down, thus compromising dual-tasking
performance. The reduced ability to step down in both the single-tasking and dual-
tasking conditions among the stroke survivors needs further attention and might perhaps

respond to additional rehabilitation.

The difference between the controls and stroke survivors in the composite score
on the auditory Stroop test when dual-tasking did not reach the statistical significance
level of 0.05. However, the score of the controls (91.9 £ 29.8) was 15.5 higher than that
of the stroke survivors (76.4 + 31.2). Further, the p-value was approaching to
significance (p = 0.055). Therefore, the possibility of a higher cognitive task

performance when dual-tasking in controls than the stroke survivors cannot be excluded.

3.2.6 Limitations

One of the limitations of this study is that the subjects had relatively good
cognitive and physical functioning. All of the subjects had MMSE scores higher than 24

and their mean BBS score was 53.0 (of a possible 56). All of them were also able to
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step down from a block 19cm high without any physical assistance. Therefore, the
results of this study may not apply to less able stroke survivors. Another limitation is
that the stepping down involved only one step. Previous studies have shown that the
attentional demands differ across different phases of stair descent (Miyasike-deSilva &
Mcllroy, 2016; Telonio et al., 2014), so the effect on dual-tasking would be expected to
differ as well. Studies of dual-tasking performance with multiple steps among stroke
survivors are needed. In addition, there was a significant difference in gender
distribution between the two groups, so further statistical analyses were carried out
involving independent t-tests comparing the male and female subjects. The results
showed no significant difference in any of the outcomes between the two gender groups,

so it can be assumed that gender played only a minor role in this study.

3.2.7 Conclusions

This has been the first study of the dual-tasking performance of stroke survivors
that involved stepping down as the physical task. The results show a decrement in
performance on the auditory Stroop test but no obvious effect of dual-tasking on the
body sway of subjects with stroke. This can be explained by supposing that they adopt a
posture-first strategy — they find stepping down challenging so they compromised on
cognitive task performance to maintain their balance while dual-tasking. The stroke
subjects also swayed more and faster than their control counterparts when dual-tasking.
Dual-tasking while descending stairs can be risky, yet it is common in daily life. These
results may suggest a need for rehabilitation exercises that enhance dual-tasking
performance among stroke survivors, with stepping down as one of the physical

activities to be addressed. Further studies of stroke survivors with weaker cognitive and
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physical abilities are warranted. How stroke survivors respond to dual-tasking that

involves descending multiple steps is also worth studying.

104



CHAPTER 3.3

THE EFFECT OF TAI CHI TRAINING ON

THE DUAL-TASKING PERFORMANCE THAT

INVOLVED TURNING-WHILE-WALKING OF STROKE

SURVIVORS: A RANDOMIZED CONTROLLED TRIAL

Submitted:

Chan, W. N., & Tsang, W. W. Effect of Tai Chi training on dual-tasking performance
among stroke survivors: A randomized controlled trial. Submitted to Clinical

Rehabilitation. Under review.
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3.3.1 Abstract

Background

Stroke has detrimental effects on turning and dual-tasking, where both activities have
been related to falling. No intervention has been found to improve the dual-tasking
ability that involves turning-while-walking in stroke survivors. Tai Chi is an exercise
that has a feature of dual-tasking. Previous studies have supported the effect of Tai Chi
training on dual-tasking ability among healthy older adults. However, its effect on

stroke survivors was not well understood.

Objective

To investigate the effect of Tai Chi training on dual-tasking performance among stroke

survivors.

Methods

This study was an assessor-blinded, randomized controlled trial. Patients with stroke
randomized into a Tai Chi group (n = 15), a conventional exercise group (n = 17), or a
control group (n = 15). Subjects in the Tai Chi group and the conventional exercise
group were trained with the corresponding exercises for 12 weeks (1 hour/session,
2/week). No training was given to the controls. An auditory Stroop test, a turning-while-
walking test, and a dual-tasking condition that combined the two tests were conducted

at baseline, after the intervention, and one month later.

Results
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Within-group comparisons showed significant improvements in dual-tasking
performance after Tai Chi training and further significant improvement during the
follow-up period (composite score on the auditory Stroop test: pre-assessment: 73.1 +
27.6, post-assessment: 89.9 + 23.4, follow-up assessment: 91.7 + 26.9; completion time
of the turning-while-walking test: pre-assessment: 17.7 + 6.9 sec, post-assessment: 15.6
+ 5.2 sec, follow-up assessment: 14.9 + 4.9 sec). There was, however, no significant
difference in the outcome measures among the three groups after the intervention and at

the 1-month follow-up assessment.

Conclusions

The results of this study do not support any superior effect of Tai Chi training on dual-
tasking performance compared with conventional exercise among stroke survivors. Tai
Chi training does, however, improve dual-tasking performance that involves turning-

while-walking in such a population.

Keywords

Tai Chi; stroke; dual-tasking; turning-while-walking; auditory Stroop test

3.3.2 Introduction

There have been studies showing the detrimental effect of a stroke on the ability
to turn while walking (Bonnyaud et al., 2015a, 2015b; Dite & Temple, 2002; Hollands
etal., 2010a; Lam & Luttmann, 2009; Lamontagne & Fung, 2009) and on dual-tasking

(Baetens et al., 2013; Bowen et al., 2001; Patel & Bhatt, 2014; Plummer et al., 2013;
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Plummer-D’Amato et al., 2008, 2010; Pohl et al., 2011; Smulders et al., 2012). Turning
has been reported as one of the activities that most frequently lead to falling among
stroke survivors (Hyndman et al., 2002), and the falling can result in serious injuries,
such as hip fracture (Cumming & Klineberg, 1994). It has been suggested that turning
not being an automatic movement, cognitive processing is involved (Hollands et al.,
2014; Manaf et al., 2015). Indeed, previous studies have shown a decrement in turning
performance when an additional cognitive task is being performed simultaneously

(Hollands et al., 2014; Manaf et al., 2014a, 2014b, 2017).

Tai Chi is a traditional martial art that has been employed as an exercise to
promote healthy aging and rehabilitation in different populations. There is much
evidence supporting the beneficial effects of Tai Chi training for healthy older adults
(Chenetal., 2012; Leung et al., 2011; Lu et al., 2013a, 2013b; Tsang & Hui-Chan, 2004;
Wayne et al., 2014) and for stroke survivors (Au-Yeung et al., 2009; Kim et al., 2015;
Taylor-Piliae et al., 2014). Tai Chi emphasizes maintaining proper posture, shifting
weight between the legs with a changing base of support, turning in different directions,
and maintaining awareness of the body’s movements and position. In addition, a
practitioner needs to memorize an elaborate sequence of Tai Chi forms and learn to plan
their next movement while maintaining good balance. Such cognitive involvement adds

a dual-tasking feature to Tai Chi practice.

Although previous studies have demonstrated impaired dual-tasking ability
among stroke survivors, few studies have investigated the effect of exercise in
improving dual-tasking performance, and has specifically addressed turning-while-

walking as the physical task. Given that previous studies have supported an effect of Tai
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Chi training on dual-tasking performance among community-dwelling healthy older
adults (Lu et al., 2016; Wayne et al., 2015), the exercise may also benefit stroke
survivors. This randomized controlled trial was, therefore, designed to explore the
training effect of Tai Chi on stroke survivors’ dual-tasking performance. The
expectation was that dual-tasking performance would be enhanced in that population
after Tai Chi training. The study also compared the training effect with that of the
conventional exercise. Tai Chi was expected to be a better exercise than conventional

exercise in enhancing dual-tasking ability.

3.3.3 Methods

3.3.3.1 Participants

This study was an assessor-blinded randomized controlled trial. It was registered
at ClinicalTrials.gov (Registration number: NCT03252236) and approved by the Ethics
Committee of the Hong Kong Polytechnic University (Reference number:
HSEARS20131023003). The study was conducted from October 2014 to December
2016. Stroke survivors were recruited from stroke patient self-help groups and hospitals
in Hong Kong. Community-dwelling stroke survivors aged 50 or over who had suffered
a stroke at least six months previously, were able to walk five meters indoors without
any physical support and were able to follow instructions in Cantonese were included.
Those who had any neurological disease other than stroke, had received major surgery
or musculoskeletal trauma during the previous six months, a score of less than 18 on the
Mini-Mental Status Examination (Cantonese version) (Lam et al., 2008) or had severe

hearing or visual impairments were excluded. Detailed information about the research
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was explained to each participant before they gave their written informed consent. The
assessment was carried out at the Hong Kong Polytechnic University. The intervention

was conducted either at the university or in one of the community centers.

3.3.3.2 Intervention

There were three intervention groups: a Tai Chi group, a conventional exercise
group, and a control group. Eligible subjects were stratified according to their gender
and age (50-59, 60-69, 70-79, >80 years old) and then allocated randomly into one of

the three groups by drawing lots.

The interventions lasted 12 weeks. Subjects in the Tai Chi and conventional
exercise groups participated in two one-hour training sessions each week, with a total of
24 sessions. Each session started with a 10-minute warm-up and ended with a 5-minute
cool-down. The subjects were encouraged to practice the exercises outside of the
training sessions for at least 30 minutes per week. Exercise logbooks were given to

them for recording their self-practice progress.

3.3.3.2.1 Tai Chi group

The subjects in the Tai Chi group were trained in a modified Yang style Tai Chi.
An experienced physiotherapist and a Tai Chi master with over 30 years of teaching
experience together they selected twelve of the Yang forms which suit the abilities of
community-dwelling stroke survivors. Another physiotherapist who is also an
experienced Tai Chi practitioner conducted the training. The Tai Chi training focused
on proper posture, weight shifting, and sequential movement of body segments when
turning. It also emphasized memorizing, planning and performing the forms in a smooth
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sequence. Table 3.3.1 and Appendix Il (pp. 188-193) list the names and training
specificity of the 12-form Tai Chi. The group members were tested during the last
training session to determine to what extent each of them could remember all of the

movements and perform them in a correct sequence.

One or two new Tai Chi forms were introduced each week, along with
reviewing the forms learned previously. Learning was promoted by limiting the class
size to ten participants. When learning new movements that challenge balance, such as
those involving large amplitude turning or single leg standing, the participants started
by leaning against a wall with handheld support. The support reduced gradually as each
participant’s balance improved. The instructor also provided stand-by assistance until
the participants could perform the movement safely. Rest periods were given whenever

needed.

3.3.3.2.2 Conventional exercise group

Participants in the conventional exercise group walked and performed joint
mobilization, stretching and strengthening exercises (Appendix Il1, p.194). All of the
exercises, except for some involving the lower limbs and walking, were performed
seated. The subjects were not required to memorize the exercises, but to simply follow

the movements of the instructor, who also conducted the training in the Tai Chi group.

3.3.3.2.3 Control group

No training was provided to the subjects in this group, but they were allowed to
continue their regular physical activities. After the completion of all of the assessments,
the controls were offered Tai Chi training.
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Table 3.3.1 Name and training specificity of the 12 Yang-style Tai Chi forms

w %)

m J 8 g 5

nv) S - Py D Q
s 3 5 5 5 2 g
S — = = &) D S
1] =. o o %] «Q Py o
= o 4 4 g g & gz 3
2 g £ & & & 5 & 2
2 = S T T T =1 = =
Name a S 3 3 3 3 3 S S
1  Commencing (FE=) v % Y
2 White Crane Spreads Its Wings (FH#&7=33) v Y, Y]
3 Brush Knee And Twist Step (FEERIE) Y Y v
4 Hand Strums The Lute (F{EEEE) Y Y
5  Step Back And Whirl Arms (F[Z&HE) v
6  Work At Shuttles On Both Sides (/£ /A ZEE) Y, v Y,
7  Needle At The Sea Bottom (EJEET) v v
8 Wave Hands In Clouds (ZEF) v v v
9  Golden Rooster Stands On One Leg (£ ZE/E1T) Vv Y
10 Kick With Heels (/&5 ESHE) i v
11 Strike Ears With Both Fists (¥£1& 5 H.) Y, v v
12 Closing (Ug=L) v v

Note: Concentration includes memorizing, planning, and monitoring of the Tai Chi forms.
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3.3.3.3 Assessment

Demographic data were collected from each subject along with information
related to their stroke. The Mini-Mental Status Examination administered in the
screening measured their cognitive functioning. The Berg Balance Scale was used to
rate their skill in various functional movements commonly seen in daily activities, and
Timed Up-and-Go test of functional mobility was also administered. All of the
participants were asked to notify research personnel of any change in their physical or
medical condition, medication or regular physical activity and to report any incidence of

falls or injury within the study period.

An auditory Stroop test and a turning-while-walking test used as the cognitive
and physical tasks, respectively. The dual-tasking involved turning-while-walking and

concurrently performing an auditory Stroop test.

3.3.3.3.1 Single auditory Stroop test

In this test, there were four combinations of pre-recorded sound. The
combinations were the Cantonese words for “high” and “low” spoken with either a high
or low pitch. The subjects held a two-button switch, with each button representing one
of the pitches. They were instructed to respond to the pitch and ignore the meaning of
the words by pressing the corresponding button with their less affected thumb as
quickly and as accurately as possible. Each combination was repeated three times in
random order, resulting in 12 trials. Reaction time was defined as the period between
the production of the sound and the subject’s pressing the button. Accuracy was

calculated by dividing the number of correct responses by the total number of trials.
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Both reaction time and accuracy were measured with custom-made software (LabVIEW
version 8.6, National Instruments Corp., Austin, TX, USA). A composite score was
computed as the outcome of the auditory Stroop test. It was computed as (Springer et al.,

2006):

Accuracy

Composite score =

Averaged reaction time (s)

3.3.3.3.2 Single turning-while-walking test

The subjects were asked to walk a straight line for five meters, make a 180-
degree turn towards their affected side, and return to the starting position as quickly as
possible. They were asked to press any button on the switch at any time while turning to
minimize any effect of that action in the dual-tasking data analysis. A researcher walked
close to the subject during the test to ensure safety. The task was repeated three times.
The completion time of the turning-while-walking, turning duration, and number of
steps taken during the turn were captured with a gyroscopic sensor system for gait
analysis (Mobility Lab iwalk, OPAL sensors, APDM Inc., Portland, OR, USA).
Averages over the three trials were used in the data analysis. Turn duration and the
number of steps needed have been suggested to relate to functional ability (Lam &

Luttmann, 2009) and history of falling (Dite & Temple, 2002) among stroke survivors.

3.3.3.3.3 Dual-tasking test

In the dual-tasking condition, the auditory Stroop test was triggered when the
subject stepped on a force platform (Model OR6-5-1000, Advanced Mechanical

Technologies Inc., Newton, MA, USA) placed five meters from the starting point of the
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walk. There were no task prioritization requirements. The subjects were asked to
respond to the cognitive task as quickly and as accurately as possible while walking and
turning as fast as possible. The test was repeated four times, with each combination of
the auditory Stroop test performed once in a randomized order. The same outcome

measures used in the single-tasking conditions were employed in the dual-tasking.

The repeatability of these assessments was found to be satisfactory in a previous
study (Chan et al., 2016a). The three task conditions were assessed in a randomized
sequence. There were rest periods whenever needed to minimize fatigue. All of the
assessments were performed by a trained research assistant who was blinded to group
allocation. The assessments were performed before (pre-assessment), after (post-
assessment) and 1-month after (follow-up assessment) the intervention period. The test

sequences were the same for each subject across all three assessment sessions.

3.3.3.4 Statistical analysis

Statistical analysis was conducted with the Statistical Package for the Social
Sciences (SPSS, version 23, IBM Corp., Armonk, NY, USA). Baseline comparisons
among the three groups were carried out with one-way analysis of variance (ANOVA)
for the continuous data and Chi-squared tests for categorical data. Two-way mixed
ANOVAS (3 x 3) were conducted to determine the significance of any group effect
(between-subjects), time effect (within-subject), and interaction effect (group x time)
under both the single- and dual-tasking conditions. For any significant between-subjects
difference, a one-way ANOVA was performed followed by a post hoc analysis in each

assessment period. To highlight any significant within-subject changes, repeated
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measures ANOVA with further contrast analysis was conducted in each group.
Bonferroni adjustments were applied in all follow-up analyses. The level of significance
was set at p < 0.05. Missing data were managed by carrying forward the last observation

of the intention-to-treat method.
3.3.4 Results

Eighty-eight people were enrolled in the study, of whom 47 were found eligible to
participate. They were randomized into the Tai Chi (n=15), conventional exercise (n=17)
and control (n=15) groups. Figure 3.3.1 shows a CONSORT diagram for the study.
Table 3.3.2 presents the characteristics of the subjects at baseline, showing that there
was no significant difference among the three groups. No adverse effect related to the

training was reported during the intervention period.
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Figure 3.3.1 CONSORT diagram

Excluded (n = 41)

Not a stroke (n = 5)

Age <50 years (n=7)

Not fulfilling requirements for
physical functioning (n = 11)
Recent fracture (n = 1)

Refused to be assessed (n = 5)
Schedule conflict (n = 9)

Lost interest (n = 1)

Engaged in another study (n = 1)
Comorbidity (n = 1)

Assessed for eligibility (n = 88)

Randomized (n = 47)

Tai Chi Conventional exercise Control
(n=15) (n=17) (n=15)
Pre-assessment
Intervention period
1 admitt dzt W;thdr'im; due to fl 1 withdrew Bothzdvﬁttr:)d;?r:ved le
admitted to hospital due to flu u u
12 weeks 1 engaged in a new treatment due to a second stroke conflict
- Post-assessment
1 withdrew 1 withdrew
1 month 0 withdrew due to moving to due to admitted to
another country hospital (chest infection)
Follow-up assessment
n=13 n=15 n=12
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Table 3.3.2 Demographic and clinical characteristics of the subjects

Conventional

Tai Chi exercise Control
(n=15) (n=17) (n=15) p-value
Age (years) 63.0£7.0 62.7+7.3 62.3+7.3 0.962
Gender (male : female) 9:6 10:7 8:7 0.924
Height (cm) 162.9 £ 6.7 163.8+ 9.6 161.1+79 0.655
Weight (kg) 61.3+8.3 65.6 £ 10.5 61.0 £ 155 0.475
MMSE score 285+ 1.7 279+1.9 269+29 0.142
BBS score 51.0+ 3.3 48.2+5.2 50.2+5.0 0.389
TUGT (sec) 158+ 6.4 179+7.8 157+7.2 0.717
Education (years) 9.0+£39 10.8+ 3.6 7.8+3.8 0.174
Chronicity (years) 46+48 78+6.1 59+38 0.208
Affected side Right 7 7 6
Left 8 10 9 0.924
Number of 1 13 14 13 0.858
strokes 2 2 2 1
3 0 1 1
Type of stroke Ischemic 12 11 12 0.631
Hemorrhage 2 5 3
Both 1 1 0
Attendance (out of 24 sessions) 21.0+ 3.7 195+ 3.7 / 0.284

Values are in mean + standard deviation; MMSE = Mini-Mental Status Examination
(Cantonese version); BBS = Berg Balance Scale; TUGT = Timed Up-and-Go test

The results of the two-way mixed ANOVA are presented in Table 3.3.3. No
significant differences were observed in the auditory Stroop test results, the turning-
while-walking test results, or in the dual-tasking among any of the groups after the

intervention or at the follow-up.
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Table 3.3.3  Changes in single-tasking and dual-tasking performance (turning-while-walking)

Tai Chi (n=15) Conventional exercise (n = 17) Control (n = 15) F-value (p-value)
Between-  Within- Inter-
subject subject action
Pre Post FU Pre Post FU Pre Post FU effect effect effect
Single-tasking
Auditory  Composite 88.9+20.4 96.0 + 18.9 96.0+20.8 836+224> 974218 955+19.9 786+275° 86.3+24.8 90.4+27.8° 0.71 13.05 0.69
Stroop score (0.497) (<0.001)*> (0.601)
test
Turning-  Completion 172465 159+55 15.1+5.2 19.0+7.2¢ 18.4+8.7 17.7+75° 178+77 16.0+8.3 16.6+9.8 0.41 6.84 0.64
while- time (sec) (0.669) (0.002)2 (0.630)
walking
Turning 48+15 46+15 44+16 51+18 49+20 48+138 47+13 44+16 43+15 0.36 4.58 0.23
duration (0.700) (0.025)? (0.858)
(sec)
Number of 8719 8617 8524 9.0+14 9.3+26 89+22 89+20 87+22 85+22 0.25 1.05 0.33
steps to turn (0.782) (0.355) (0.855)
Dual-tasking
Auditory  Composite 73.1+£27.6° 899+234° 917+26.9° 56.3+22.1 65.1+247 770+312 66.8+31.0 80.3+264 86.7+305 2.81 12.67 0.31
Stroop score (0.072) (<0.001)* (0.868)
test
Turning-  Completion 17.7 £6.9° 156+5.2 149 £ 4.9 18775 18594 18.1+8.8 18.3+8.0 16.6 £9.9 17.2+104 0.34 5.91 0.43
while- time (sec) (0.710) (0.011)2 (0.245)
walking
Turning 50+1.8 44+15 44+17 51+17 51+21 49+19 51+15 47+18 46+17 0.28 5.78 0.96
duration (0.757) (0.012)2 (0.412)
(sec)
Number of 89z+21 84+20 8.4+26 9.1+23 94+27 9.1+21 9.0+19 9.2+23 88z+21 0.35 1.14 0.74
steps to turn (0.707) (0.326) (0.570)

Note: Values are in mean + standard deviation or F-value (p-value); Pre = pre-assessment; Post = post-assessment; FU = follow-up
assessment; Completion time = Completion time of turning-while-walking task

2 denotes a significant difference within subjects (p < 0.05)

b denotes a significant difference between the pre-assessment and the post-assessment (p < 0.05)

¢ denotes a significant difference between the pre-assessment and the follow-up assessment (p < 0.05)
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In dual-tasking condition, the subjects in the Tai Chi group showed a significant
improvement in their average composite score on the auditory Stroop test from the pre-
assessment to the post-assessment (p = 0.044) and the improvement persisted during the
follow-up period (p = 0.014). The subjects in the Tai Chi group also improved their
average turning-while-walking times while dual-tasking significantly from the pre-
assessment to the follow-up assessment (p = 0.026). No significant change was found in

the single-tasking condition among the subjects of this group (Table 3.3.3).

The conventional exercise and control groups showed no significant change in
their average dual-tasking performance. In the single-tasking condition, the
conventional exercise group significantly improved their average auditory Stroop test
scores from the pre-assessment to the post-assessment (p = 0.018). Subjects in the
control group also showed an increase in the score from the pre-assessment to the
follow-up assessment (p = 0.035). Besides, those in the conventional exercise group
showed a significant reduction in the group’s average turning-while-walking time from

the pre-assessment to the follow-up assessment (p = 0.049) (Table 3.3.3).

3.3.5 Discussions

This study sought to document any effect of Tai Chi training on dual-tasking
performance among stroke survivors. The results showed no significant difference in
either the Tai Chi group, the conventional exercise group or the control group after the
12-week intervention period or at the follow-up. The lack of significant difference could
be due to the small sample. Nevertheless, those who received the Tai Chi training

showed a significant improvement in dual-tasking performance after the training.
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The lack of significant difference among the three groups after the intervention
may be attributable to an insufficient amount of training. Tai Chi is usually a lifetime
hobby. In a previous study, healthy older adults demonstrated improved dual-tasking
performance after 16 weeks of Tai Chi training (1.5 hours per session, three sessions per
week) (Lu et al., 2016). The training dosage of that study was three-fold higher than in
this current study. As the subjects’ physical ability had been impaired by stroke, it may
take longer for them to benefit from Tai Chi practice and achieve notable improvement
in dual-tasking ability compared with that of the conventional exercises. Prospective

studies that involve a higher dosage of Tai Chi training are needed.

Although no significant difference was found among the three groups after the
intervention period, the within-subject analysis showed a significant improvement in
dual-tasking performance after the Tai Chi training. Theoretically, dual-tasking
performance can be enhanced by increasing the availability of attentional resources or
the ability to properly allocate the resources (Lacour et al., 2008; Woollacott &
Shumway-Cook, 2002; Yogev-Seligmann et al., 2012). A prior study has shown that
experienced Tai Chi practitioners had a greater cortical thickness at the middle frontal
sulcus, the right precentral gyrus, the left medial occipito-temporal sulcus, and the left
lingual sulcus (Wei et al., 2013). Another event-related potential study illustrated that
older Tai Chi practitioners had higher P3 amplitudes than their control counterparts in a
task-switching test (Fong et al., 2014). When practicing Tai Chi, an individual performs
the movement while planning and monitoring their action concurrently. Attention
should also be shifted between the physical movement and the cognitive processing.

Those features may explain the enhanced dual-tasking performance after Tai Chi
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training observed in this study. However no causal relationship among Tai Chi practice,

neural plasticity, and improved dual-tasking performance has yet been established.

Although some previous studies (Lu et al., 2016; Wayne et al., 2015) have
shown the beneficial effect of Tai Chi training on dual-tasking performance among
healthy older adults, a study by Hall and his colleagues (2009) found no such effect.
The authors ascribed the lack of significant improvement to the training method used.
Their subjects were prompted by visual and verbal cues from the instructors. By
contrast, the subjects in this study were encouraged to memorize the Tai Chi forms
while performing the physical movements. If the aim of practicing Tai Chi is to
improve dual-tasking performance, emphasizing the involvement of the cognitive
processing during the training may be helpful. Indeed, it has been proposed that
exercise that involves explicit learning and variation in techniques and allocation of
attentional resources can enhance dual-tasking ability. Further, these elements may
promote the transfer of a particular type of dual-task training to various combinations of
dual-tasking (Lussier et al., 2017; Strobach et al., 2014). The improvement in dual-
tasking performance after Tai Chi training may be attributable to the explicit learning,
variations in techniques, and attention-shifting during the practice. On the other hand,
although the subjects in this study’s conventional exercise group were simply instructed
to follow the instructor's movements, it is not clear whether or not the practice involved
explicit learning. That may explain the lack of significant difference between the two
groups. The subjects’ neural activity was not, however, measured, so these explanations

are only speculative.
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The lack of significant difference in the turning-while-walking results among the
three groups was unexpected. It might, however, be explained by the slow movements
involved in Tai Chi. In the Tai Chi practice the subjects were asked to turn slowly with
small amplitude to ensure safety. The small difference in turning times and the number
of steps required to complete a turn is therefore reasonable. On the other hand, turning
in Tai Chi begins with the gaze, consecutively followed by the head, trunk and pelvis,
and finally the legs. This rostrocaudal reorientation sequence can be found during
turning among healthy adults but is often disrupted in stroke survivors with poor
physical functioning (Hollands et al., 2010a; Lamontagne & Fung, 2009). Future studies
that include kinematic measurements to examine the turning performance after Tai Chi

training are warranted.

3.3.6 Limitations

This study protocol had several limitations. In the first place, most of the
subjects were members of local self-help groups and were self-selected. It can be
assumed that they are relatively active, thus resulting in potential selection bias. Besides,
they had a high level of cognitive and physical functioning (Table 3.3.2). The results of
this study should not be generalized too readily to stroke survivors who are more
disabled. In addition, the control subjects were not forbidden to participate in other
types of exercise during the study period. That may explain why a trend of
improvement was observed in that group. Moreover, a longer follow-up period may be

needed to observe any carry-over effect of Tai Chi training.
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3.3.7 Conclusions

The results of this study do not support any superior effect of Tai Chi training on
dual-tasking among stroke survivors compared with conventional exercise. The data do
show, however, Tai Chi’s potential for improving dual-tasking performance in this
population. Further studies with a larger sample size, more training and a longer follow-
up period are needed. Including more severely disabled stroke survivors might also be
informative. Kinematic outcome measures relating to the turning performance may be
considered. Further studies on the relationship among Tai Chi training, neural plasticity,

and dual-tasking performance are also warranted.
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CHAPTER 3.4

THE EFFECT OF TAI CHI TRAINING ON
DUAL-TASKING PERFORMANCE THAT INVOLVES

STEPPING DOWN AMONG STROKE SURVIVORS

Submitted:
Chan, W. N., & Tsang, W. W. (2017). Effect of Tai Chi training on dual-tasking
performance that involves stepping down among stroke survivors: A pilot study.

Evidence-based Complementary and Alternative Medicine. In press.
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3.4.1 Abstract

Background

Descending stairs demands attention and neuromuscular control, especially with dual-
tasking. Studies have demonstrated that stroke often degrades a survivor’s ability to
descend stairs. Tai Chi has been shown to improve dual-tasking performance of healthy

older adults, but no such study has been conducted in stroke survivors.

Objective

This study investigated the effect of Tai Chi training on dual-tasking performance that
involved stepping down and compared it with that of conventional exercise among

stroke survivors.

Methods

Subjects were randomized into Tai Chi (n = 9), conventional exercise (n = 8), and
control (n = 9) groups. Those in the former two groups received a 12-week training.
Assessments included auditory Stroop test, stepping down test, and dual-tasking test
involving both tests simultaneously. They were evaluated before (pre-assessment), after

(post-assessment) and one month after (follow-up assessment) training.

Results

Tai Chi group showed significant improvement in the auditory Stroop test from the pre-
assessment (64.6 £ 22.7) to the follow-up assessment (94.4 + 20.6) when dual-tasking

and the performance was significantly better than that of the conventional exercise
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group in follow-up assessment (55.7 + 11.1). No significant effect was found in the

stepping down task or both tasking conditions in the control group.

Conclusions

These results suggest a beneficial effect of Tai Chi training on cognitive task
performance among stroke survivors without compromising physical task performance
in dual-tasking. The effect was better than that of the conventional exercise group.

Further research with a larger sample should be done to confirm the study results.

Keywords

Stroke; Tai Chi; Dual-tasking; Stepping down

3.4.2 Introduction

Negotiating stairs is an important indicator of independence among community-
dwelling stroke survivors (Alzahrani et al., 2009) and considered one of the most
difficult activities in their daily life (Tsuji et al., 1995). It demands a high level of
neuromuscular control of the lower limbs, especially when descending stairs (Jacobs,
2016; Perry & Burnfield, 2010; Startzell et al., 2000). Impaired physical functioning
after stroke may degrade stairs negotiation ability. Stroke survivors descend stairs
slower (Novak & Brouwer, 2013) and with a greater lower limb strength demands
(Novak & Brouwer, 2012) than their healthy counterparts. Apart from physical
functioning, stair negotiation also involves cognition and attention to evaluate the

configuration of the stairs and to integrate information from various sensory systems
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(Jacobs, 2016; Ojha et al., 2009; Startzell et al., 2000). An additional cognitive task
while stepping down (dual-tasking), which may be encountered in daily life, may make
the already demanding movement even more challenging. Previous studies involved a
stepping down test and a concurrent auditory Stroop test show that more attentional
resources are needed in such a dual-tasking condition in healthy older people (Chan et
al., 2016b; Lu et al., 2013b; Tsang et al., 2013). A previous study has also demonstrated
altered foot clearance when stepping down among older adults under dual-tasking
condition (Telonio et al., 2014). Indeed, attentional distraction is one of the commonest
situations in which stair-related falls occur (Templer, 1992). Falling on the stairs,
especially in descending, could result in severe injuries (Jacobs, 2016; Startzell et al.,

2000) or even death (National Safety Council, 2016).

Tai Chi is a traditional Chinese martial art, which in recent decades, has been
employed by different populations as an exercise to promote healthy aging and
rehabilitation. Scientific studies have supported Tai Chi’s training effects in terms of
physical function and its utility in fall prevention among community-dwelling older
adults (Chen et al., 2012; Leung et al., 2011; Lu et al., 2013a, 2013b; Tsang & Hui-
Chan, 2004; Wayne et al., 2014) and stroke survivors (Au-Yeung et al., 2009; Kim et al.,
2015; Taylor-Piliae et al., 2014). Tai Chi movements demand proper posture, accurate
joint positioning, constant weight shifting between the two legs, and eccentric control of
the lower limbs. Significant improvements in lower limb strength (Lu et al., 2013a) and
neuromuscular control (Chen et al., 2012; Gatts & Woollacott, 2006) are observed after
Tai Chi training, and both are important in safe and controlled stair descent (Perry &

Burnfield, 2010). In addition, Tai Chi is considered a mind-body exercise. When
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practicing Tai Chi, attentions must be sustained to properly sequence the forms and to
monitor the accuracy of the movements. The advantageous effects of Tai Chi training
on cognitive functioning are demonstrated from prior studies (Kasai et al., 2010;
Taylor-Piliae et al., 2010; Wayne et al., 2014). It is that cognitive involvement while
performing the physical movement and maintaining balance which gives Tai Chi a dual-
tasking character. Indeed, a previous randomized controlled trial has illustrated
improved dual-tasking performance among community-dwelling older adults after Tai
Chi training. The subjects made fewer errors in an auditory Stroop test and swayed less

when stepping down in a dual-tasking condition after the intervention (Lu et al., 2016).

Given the severity of the injuries caused by stair-related falls and the increased
physical and cognitive demands when descending stairs, a cost-effective exercise,
which will enhance the dual-tasking ability of stroke survivors when stepping down, is
needed. Beyond the work of Lu and colleagues (2016), however, there has been no
similar study published addressing stroke survivors. This study was therefore designed
to explore the effect of Tai Chi training on dual-tasking performance with such a
population. Previous evidence with the training effects of Tai Chi on cognition, physical
ability, and dual-tasking performance with healthy older adults suggests that dual-
tasking performance that involves stepping down should be similarly improved among

stroke survivors. We therefore hypothesized that:

1. The cognitive and physical task performance under both single-tasking and dual-
tasking conditions would be improved after Tai Chi training.
2. The performance in the Tai Chi group would be better than those of the

conventional exercise group after the intervention period, owing to the dual-
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tasking features of Tai Chi and the lack of such characteristics in conventional

exercises.

3.4.3 Methods

3.4.3.1 Participants

This study was an assessor-blinded randomized controlled trial. It was registered
at ClinicalTrials.gov (Registration number: NCT03252236). Subjects were recruited
from patient self-help groups and hospitals in Hong Kong. So the subjects were
basically self-selected, but the following inclusion criteria were applied: 1) aged 50 or
above, 2) diagnosed with stroke six or more months previously, 3) able to perform a
stepping down maneuver without any physical assistance, and 4) able to follow
instructions in Cantonese. The exclusion criteria were: 1) any neurological disease other
than stroke, 2) severe visual or hearing impairment, 3) a score of less than 18 on the
Cantonese version of the Mini-Mental Status Examination (MMSE) (Lam et al., 2008),
or 4) any major surgery or severe musculoskeletal injury during the previous six months.
The study was approved by the Ethics Committee of the Hong Kong Polytechnic
University (Reference number: HSEARS20131023003). Written informed consent was
obtained from each subject after the aims and procedures of the research had been
explained. The assessment was carried out in the Department of Rehabilitation Sciences
of the Hong Kong Polytechnic University, while the intervention was conducted at the

university and in local community centers.

3.4.3.2 Intervention
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The intervention was carried out between October 2014 and December 2016.
After screening for eligibility, the subjects were stratified according to their gender and
age (aged 50-59, 60-69, 70-79, or >80 years old). The subjects were then randomized

into Tai Chi, conventional exercise, or control groups within their stratified group.

3.4.3.2.1 Tai Chi group

Subjects in the Tai Chi group were taught a modified 12-form Yang style Tai
Chi (Table 3.3.1, p.111; Appendix Il, p.188-193). The forms were selected according to
the needs of stroke survivors by a senior physiotherapist and a Tai Chi master with
more than 30 years of teaching experience. Another physiotherapist who is also an
experienced Tai Chi practitioner instructed the training. The Tai Chi training
emphasized maintaining proper posture, eccentric control of the lower limbs, and
increasing weight bearing on the affected leg by continuous weight shifting. The
subjects were also encouraged to memorize the sequence of the forms and to monitor
their own movement while practicing. There were end-of-training tests in which the
participants were required to perform the 12 forms on their own so as to maximize the

cognitive involvement and dual-tasking features of the exercise.

When learning a new form which challenged balance, such as Kick With Heels,
physical support was provided initially to ensure subjects' safety. They initially
performed those forms by leaning against the wall and holding the back of a chair, with
the instructor standing by to provide assistance if necessary. The support was gradually
diminished according to the subjects’ standing ability. The class size was limited to 10

participants for close supervision. Rest periods were allowed whenever needed.
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Subjects in this group attended two one-hour training sessions each week, with a total of
24 sessions. There was a 10-minute warm-up at the beginning of each session and a 5-
minute cool-down at the end. The subjects were encouraged to practice outside the class
for 30 minutes at least once a week. Exercise log-books were given to the subjects for

recording their self-practice.

3.4.3.2.2 Conventional exercise group

Conventional exercises, including mobilization, stretching, strengthening of the
upper and lower limbs and walking, were conducted in this group (Appendix 111, p.194).
Most of the exercises were performed in sitting except for some of the lower limb and
walking exercises. Unlike the training in the Tai Chi group, all the exercises employed
in this group are of single-tasking feature, which is focusing on the physical movements
only. The subjects were not required to memorize the sequence of the exercises. Instead,
they simply followed the movements of the instructor, who was the same one who
taught in the Tai Chi group. The training dosage of the conventional exercise group was
as same as that of the Tai Chi group. Subjects were also given exercise log-books for

recording the self-practice.

3.4.3.2.3 Control group

No training was provided to the control group during the 12-week intervention
period. They continued their regular activities. After the completion of all the

assessments, Tai Chi training was given to the subjects in this group.

3.4.3.3 Assessment
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Demographic data, including age, gender, height, and weight were collected at
baseline. Information related to the stroke, such as the chronicity, side, number, and
type of stroke were also recorded. Physical functioning was assessed with the Timed
Up-and-Go test (TUGT) and the Berg Balance Scale (BBS). Cognitive ability was
tested with the MMSE. All of the subjects were required to notify the research
personnel of any change in their physical or medical condition, medication, exercise

patterns, falls and any injury during the study period.

A single cognitive task (an auditory Stroop test), a single physical task (stepping
down), and dual-tasking were assessed before (pre-assessment), after (post-assessment),
and one month after (follow-up assessment) the intervention period. The order in which
the three tasks were tested was randomized, but the sequence for any one subject was
the same in all three assessments. The trained research assistant who conducted all the

tests was blinded to the group assignments.

3.4.3.3.1 Single auditory Stroop test

An auditory Stroop test was used to quantify the executive function (Royall et
al., 2002; Rozenblatt, 2011). Two Cantonese words, ‘high’ and ‘low,” were pronounced
with high and low pitches, resulting in four sound combinations. A switch with two
buttons representing the high and low pitches was given to the subjects. They were
instructed to ignore the meaning of the word but respond to the pitch of the sound by
pressing the corresponding button with the thumb of the less-affected hand as quickly
and as accurately as possible. The test was conducted while sitting. Each combination

was repeated three times in random order, resulted in 12 trials.
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A composite score was calculated as the outcome measure using the following

formula (Springer et al., 2006):

Accuracy

Composite score =

Averaged reaction time (s)

Accuracy was defined as the number of correct responses divided by the total number of
trials. The reaction time was defined as the period between the appearance of the sound
and the subject’s pressing the button. Averaged reaction time was used to calculate the
composite score. Both parameters were recorded with a customized LabVIEW program

(version 8.6, National Instruments Corp., Austin, TX, USA).

3.4.3.3.2 Stepping down test

Stepping down was employed as the physical task. A force platform (Model
OR6-5-1000, Advanced Mechanical Technologies Inc., Newton, MA, USA) was
positioned in front of a 19cm high block, with a visual fixation placed two meters away
from the center of the force plate at the subject’s eye level to standardize the visual
attention (Figure 3.2.1, p.92). Each subject was asked to stand in bare feet with the toes
at the edge of the block and the legs apart at shoulder width. They then stepped down
from the block, leading with the less affected leg. The movement ended when both feet
were touching the force platform. The instructions called for the movement to be fast
but stable. A research assistant stood next to the subject during the test to ensure safety.

The task was repeated three times.

The force platform measured the sway of the center of pressure (CoP) during the

stepping down movement. Data were captured as the leading leg reached the force
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platform, when the vertical ground reaction force exceeded zero, and the subsequent
five seconds were used in the statistical analysis. The data were resampled from 1000Hz
to 125Hz and filtered with a second-order Butterworth low-pass filter at a cut-off
frequency of 10Hz using a customized MATLAB program (version 8.3, The
MathWorks, Inc., Natick, MA, USA). The outcome measures were the anteroposterior
(CoP-AP) and mediolateral (CoP-ML) sway amplitudes and the average sway velocity
(VCoP), which was calculated by dividing the total CoP travel distance by five seconds.
The data were normalized using each subject’s height. Averages over three trials were

employed in the data analysis.

3.4.3.3.3 Dual-tasking test

Dual-tasking was assessed by combining the cognitive and the physical tasks.
The setting was as same as that of the single stepping down test. A pressure sensor
(model FSR406, Interlink Electronics, CA, USA) was placed under the calcaneus of the
leading leg at the starting position. The auditory Stroop test was triggered when the
leading leg lifted and unloaded the pressure sensor. Each auditory Stroop test
combination was examined once, resulting in four trials. The subjects were told that
both the cognitive and physical tasks were of equal importance. The outcome measures

used in the single-tasking conditions were applied in the dual-tasking.

The repeatability of the assessments was conducted in previous study (Chan et

al., 2016b).

3.4.3.4 Statistical analysis
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The data analysis was conducted with the Statistical Package for the Social
Sciences (SPSS, version 23, IBM Corp., Armonk, NY, USA). The baseline
demographic data were compared among the three groups using one-way analysis of
variance (ANOVA) for the continuous data and chi-squared tests for the categorical
data. Two-way mixed ANOVAs (3x3) were conducted to determine the significance of
any group effect (between-subject), time effect (within-subject), and any interaction
effect (group x time) for each measure. When a significant group effect was emerged,
one-way ANOVA and follow-up post-hoc analyses were employed to examine the
significance of any between-subject differences at each assessment period. For a
significant time effect, repeated measures ANOVA with contrast analyses were
conducted to investigate the within-subject changes in each intervention group. The
level of significance was set at 0.05, with Bonferroni adjustments applied in all follow-
up analyses. Missing data were treated by carrying the last observation forward in

keeping with the intention-to-treat approach.

3.4.4 Results

Figure 3.4.1 shows a CONSORT diagram for the study. Eighty-eight subjects
were enrolled in the study. After screening for eligibility, a total of 26 subjects were
randomized into the Tai Chi (n = 9), conventional exercise (n = 8) or control group (n =
9). Three of the subjects in the conventional exercise group proved unable to perform
the stepping down test due to fear of falling (n = 2) or knee pain (n = 1) during the
assessment, so, there were only five subjects in that group. Another six subjects

eventually withdrew (Tai Chi: n = 2; conventional exercise: n = 1; controls: n = 3).
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Figure 3.4.1 CONSORT diagram

Excluded (n = 62)

Not a stroke (n = 5)

Age <50 years (n=7)

Not fulfilling requirements for
physical functioning (n = 32)

Assessed for eligibility (n = 88)

Recent fracture (n = 1)

Refused to be assessed (n = 5)
Schedule conflict (n = 9)

Lost interest (n = 1)

Engaged in another study (n = 1)

Comorbidity (n=1)

Randomized (n = 26)

Tai Chi
(n=9)

Conventional exercise
(n=8)

Control
(n=9)

Pre-assessment

Subjects not able to perform the stepping-down test
Conventional exercise = 3 (fear of falling = 2, knee pain = 1)

Intervention period

2 withdrew - 3 withdrew
1 due to schedule conflict 0 withdrew Al due to schedule

12 weeks 1 engaged in new treatment conflict

— Post-assessment

1 withdrew
1 month 0 withdrew due to moving to 0 withdrew
another country
o Follow-up assessment
n=7 n=4 n==6
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Table 3.4.1 presents demographic data describing the subjects. There was no
significant difference in baseline characteristics among the three groups. No adverse

effects related to the intervention or the assessment was reported.

Table 3.4.1 Demographic and clinical characteristics of the subjects
Conventional
Tai Chi exercise Control
(n=9) (n=5) (n=9) p-value
Age (year) 63.916.1 63.2+9.7 63.2+6.0 0.975
Gender (male : female) 5:4 3:2 4:5 0.827
Height (cm) 161.4+5.2 1604+ 5.4 162.6 £ 8.2 0.836
Weight (kg) 59.6 £ 4.5 5741123 61.7+16.8 0.821
MMSE score 29.2+04 27.0+£1.9 273+ 2.7 0.074
BBS score 51.0+ 29 50.3+ 3.2 542+ 1.7 0.074
TUGT (sec) 145+ 4.6 122+21 123+5.1 0.661
Education (years) 84121 9.7+3.2 103+ 4.7 0.624
Chronicity (years) 3.3+30 88+79 4.6 3.0 0.103
Affected side Right 5 3 8 0.254
Left 4 2

Number of strokes 1 7 5 8 0.485

2 2 0 1
Type of stroke Ischemic 7 2 8 0.140

Hemorrhage 1 3 1

Mixed 1 0 0
Attendance (out of 24 sessions) 226+1.8 18.8+5.0 / 0.091

Values are in mean + standard deviation; MMSE = Mini-Mental Status Examination
(Cantonese version), BBS = Berg Balance Scale, TUGT = Timed Up-and-Go test

Table 3.4.2 displays the results of the two-way mixed ANOVA of the cognitive

and physical task performance in the dual-tasking condition.
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Table 3.4.2

Changes in single-tasking and dual-tasking performance (stepping down)

Tai Chi (n=9) Conventional exercise (n =5) Control (n =9) F-value (p-value)
Between-  Within- Inter-
subject subject action
Pre Post FU Pre Post FU Pre Post FU effect effect effect
Single-tasking
Auditory  Composite 8591286 934+217 96.2+26.7 99.5+173 108.0+30.6 1065+19.5 938+236 995+194 982+311 0.49 2.99 0.18
Stroop score (0.619) (0.062) (0.946)
test
Stepping  CoP-AP 80.4+36.8 795+174 856+144 76.0+£186  99.6+28.0 819+215 837+258 814+249 T774+275 0.10 0.86 1.34
down (0.905) (0.411) (0.279)
CoP-ML 739+416 527+17.0 688+27.1 844+157 79.3x155 56.7+219 719+313 597+347 77.2+380 0.22 1.64 1.53
(0.803) (0.206) (0.212)
VCoP 658+36.1 620+196 623x+115 719+141 76.2+27.1 659+16.1 681+222 599226 66.0+23.8 0.26 0.46 0.65
(0.771) (0.608) (0.608)
Dual-tasking
Auditory  Composite 64.6+227° 91.9+192 944+20.6°° 66.9+264 64.4+16.0 557+ 111> 86.1+382 826+20.7 729%26.1 2.07 0.92 4.14
Stroop score (0.153) (0.407)  (0.007)2
test
Stepping  CoP-AP 89.6+46.7 86.0+253 91.2+18.6 97.1+305 97.0+355 721+242 888+255 80.1+323 80.2%319 0.11 1.43 1.32
down (0.894) (0.252) (0.287)
CoP-ML 727+400 59.9+189 714+188 93.6+29.1 80.7+14.6 518+16.7 655+269 56.1+300 774+36.4 0.29 1.86 3.16
(0.751) (0.169)  (0.024)2
VCoP 66.2+39.8 645+16.7 648+105 828+26.1 71.6+24.2 59.8+125 66.4+200 615+210 67.7+23.0 0.19 1.60 1.31
(0.825) (0.222) (0.292)

Values are in mean + standard deviation or F-value (p-value); Pre = pre-assessment; Post = post-assessment; FU = follow-up assessment;
CoP-AP = normalized center of pressure sway in the anteroposterior direction; CoP-ML = normalized center of pressure sway in the

mediolateral direction; VCoP = average center of pressure sway velocity
2 denotes a significant interaction effect (p < 0.05)

® denotes a significant difference between the Tai Chi group and the conventional exercise group in the follow-up assessment (p < 0.05)
¢ denotes a significant difference between the pre-assessment and the follow-up assessment in the Tai Chi group (p = 0.036)
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There was a significant interaction between group and time in the composite
scores on the auditory Stroop test [F(4,40) = 4.136, p = 0.007]. The composite score of
the Tai Chi group was significantly higher than that of the conventional exercise group
in the follow-up assessment (p = 0.013). Besides, improvement was observed in the Tai
Chi group from the pre-assessment to the post-assessment, but the change was not
significant at the study’s 5% level of confidence (p = 0.054). The score continued to
increase, however, reaching a significant improvement compared with the pre-
assessment (p = 0.036). No significant change was displayed in either the conventional

exercise group or the control group (p > 0.05).

Apart from the cognitive task, the CoP-ML also demonstrated a significant
interaction effect [F(4,40) = 3.162, p = 0.024]. However, the group effect was not
significant in all testing periods (p > 0.05). In the conventional exercise group, CoP-ML
tended to decrease from the pre-assessment through the follow-up assessment, but a
follow-up analysis showed that the changes were not statistically significant (p = 0.051).
No significant time effect was found in the Tai Chi group and the control group (p >

0.05).

The other two observations from the stepping-down task, the CoP-AP and VVCoP,

showed no significant interaction effect, group effect or time effect (all p-values > 0.05).

For the single-tasking condition, the two-way mixed ANOVA showed no
significant interaction effect, group effect, or time effect in the composite scores on the
auditory Stroop test (p > 0.05). Likewise, no significant effects were found in any of the

stepping down test results in the single-tasking condition (p > 0.05) (Table 3.4.2).
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3.4.5 Discussion

This study investigated the effect of Tai Chi training on dual-tasking
performance that involved stepping down. The expectation that Tai Chi training would
improve both single-tasking and dual-tasking performance was partially supported. A
significant enhancement in the average composite score on the auditory Stroop test was
observed from the pre-assessment to the follow-up assessment without compromising
physical task performance. However, no significant change in single tasking
performance was observed in the Tai Chi group or among the others. But the Tai Chi
group’s significantly higher average composite score at the follow-up assessment
compared with the conventional exercise group supports the idea that Tai Chi training

on dual-tasking is better than the conventional exercise.

The expectation that the training effect of Tai Chi would be better to that of the
conventional exercises was suggested. The composite score on the auditory Stroop test
under dual-tasking was significantly higher in the Tai Chi group than in the
conventional exercise group in the follow-up assessment. The subjects in the
conventional exercise group were only asked to follow the instructor's movement
instead of memorizing the sequence of exercise. The minimal cognitive involvement
during the training may have contributed to their insignificant change in dual-tasking
performance after the intervention. Indeed, current evidence is still insufficient to
support the effect of physical exercise alone on improving dual-tasking performance
(Agmon et al., 2014; Gobbo et al., 2014). A trend in that group’s lower composite score
on the auditory Stroop test but less CoP sway when stepping-down under dual-tasking

suggest that more attentional resources were being allocated to the physical task rather
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than the cognitive task during the follow-up assessment compared with the initial one.
That should improve safety in negotiating stairs while dual-tasking, but it may also
imply that the attentional resources were insufficient for performing the tasks
concurrently (Lacour et al., 2008; Woollacott & Shumway-Cook, 2002; Yogev-
Seligmann et al., 2012). On the other hand, the Tai Chi subjects showed significant
improvement in dual-tasking performance. The effect of Tai Chi training on dual-
tasking performance is therefore postulated to be better than that of the conventional
exercises tested. However, the strategy adopted by the subjects after the conventional

exercise training was still appropriate for maintaining stability.

Our previous studies on dual-tasking that involved an auditory Stroop test and
stepping down have shown motor-related cognitive interference in dual-tasking among
healthy older adults (Tsang et al., 2013) and stroke survivors (Chan et al., 2016b). In
this study the stroke survivors showed a significant increase in their average composite
score on the cognitive task in dual-tasking after 12 weeks of Tai Chi training. The
average composite score in dual-tasking during follow-up assessment (94.4 + 20.6) was
comparable to that in single-tasking (96.2 + 26.7) and even higher than that of the
healthy older subjects under dual-tasking condition that involves stepping down (91.9 +

29.8) (Table 3.2.3, p.98).

As there has previously been no study published pertaining to the training effect
of Tai Chi on dual-tasking performance among stroke survivors, the results of this study
were compared with those of the prior studies with healthy older adults (Hall et al.,
2009; Lu et al., 2013b; Wayne et al., 2015). Wayne and his colleagues investigated the

effect of Tai Chi training on the dual-tasking performance of healthy older adults using
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a serial subtraction task and walking ability. The results illustrated significantly higher
gait speed under dual-tasking conditions after six months of Tai Chi training (Wayne et
al., 2015). Another study also found a significant increase in gait speed when dual-
tasking after 12 sessions of Tai Chi training (Manor et al., 2014). Lu and colleagues
(2013Db) also found a significant improvement in stepping down stability and accuracy
of the auditory Stroop test when dual-tasking after 16 weeks of Tai Chi training with
healthy older adults. By contrast, no obvious change was revealed in an earlier study
(Hall et al., 2009). The different results from those previous studies could be due to the
instruction method during the Tai Chi training. In the study by Hall and colleagues
(2009), rich visual cues were provided so that the participants only needed to follow the
instructor’s movements during practice. That presumably reduced active cognitive
processing among the subjects, thus decreasing the dual-tasking impact of Tai Chi. In
this study the subjects were explicitly instructed to concentrate and memorize the forms
and their sequencing. They were also enjoined to monitor and adjust their movement
during practice. In addition, end-of training tests were anticipated. These techniques
may have increased the participants’ involvement and the cognitive functioning, which

should enhance dual-tasking performance.

In dual-tasking, deterioration of the performance of either task or both tasks can
be explained by competition for attentional resources, which is considered a result of 1)
insufficient attentional resources available to perform both tasks simultaneously, 2)
inability to properly allocate or switch attentional resources between the two tasks, 3)
increased attentional resources to carry out one individual task or 4) a combination of

these factors (Lacour et al., 2008; Woollacott & Shumway-Cook, 2002; Yogev-
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Seligmann et al., 2012). Theoretically, dual-tasking performance can be improved by
modifying these factors. One explanation for the enhanced dual-tasking performance
after Tai Chi training could be the increased attentional resources available to perform
both the cognitive and physical tasks simultaneously. A previous cross-sectional study
using fMRI showed that Tai Chi practitioners had greater cortical thickness at the
middle frontal sulcus when compared with non-practitioners (Wei et al., 2013). That
area is responsible for executive function, attention, working memory, and processing
spatial information (Banich et al., 2000a, 2000b; Cabeza & Nyberg, 2000). The cortical
thickness of the right precentral gyrus, which is activated during spatial processing,
space and motion perception and imagery, orientation of attention, motor-skill learning
(Cabeza & Nyberg, 2000), and the execution of motor task (Hari et al., 1998), is also
found greater in Tai Chi practitioners (Wei et al., 2013), as is that of the left medial
occipito-temporal sulcus and the lingual sulcus, which are responsible for retrieving and
integrating spatial information (Cabeza & Nyberg, 2000; Ekstrom et al., 2003; Gron et
al., 2000). As Tai Chi practice involves continuous planning of movement as well as
monitoring of posture and the relative position of the body and the external environment,
long-term practice may alter the structure of the corresponding brain regions. Studies
seeking causal relationship between the effects of Tai Chi practice and changes in brain

structure and attentional resources are warranted.

Another possible explanation for the enhanced dual-tasking performance after
Tai Chi training found in this study might be an improved ability to allocate or shift
attentional resources between the two tasks. Fong and his colleagues have compared

task-switching performance among older Tai Chi practitioners, older adults with
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sedentary lifestyle, and young adults using event-related potentials (Fong et al., 2014).
The results showed higher P300 amplitudes among those with Tai Chi experience
compared with the older sedentary adults, which is positively related to the ability to
allocate attentional resources to different tasks (Polich & Heine, 1996). The amplitude
was even comparable to that of the younger subjects. When practicing Tai Chi, the
practitioner should maintain attention and shift the focus between cognitive processing
and physical movement in order to memorize and plan the forms while maintaining
balance. The proportion of attentional resources allocated to the cognitive and physical
components may differ with the complexity of the forms and one’s ability to perform
them. For example, in Golden Rooster Stands on One Leg, a form that involves single-
leg standing but only simple upper limb movement, more attentional resources should
be allocated to the physical task of maintaining balance. By contrast, the form Wave
Hands in Clouds requires coordinated movement of arms but a rather stable posture, so
attentional resources should be allocated preferentially to cognitive processing. For
those forms with complex motions while also challenging balance, such as Brush Knee
and Twist Step, or Step Back and Whirl Arms, attentional resources must be shared
more equally between the cognitive and physical functions. In this connection, there has
been no published study investigating any causal relationships between Tai Chi training
and neuroplasticity or neurogenesis in either healthy older adults or chronic stroke
survivors. The topics of the relationship between brain activity and the allocation of

attentional resources during Tai Chi practice are also understudied.

In this study, no significant changes in the performance of the single cognitive

or single physical task were observed after Tai Chi training. That may imply that the
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improved dual-tasking performance is probably not attributable to a decreased demand
for attentional resources in the individual tasks. Indeed, absence of any significant
change in the single-tasking conditions was not expected, as it has been shown that Tai
Chi training benefits both cognitive and physical abilities. Prior studies have revealed
significantly better executive functioning in healthy older adults after Tai Chi training
(Kasai et al., 2010; Nguyen & Kruse, 2012; Taylor-Piliae et al., 2010; Wayne et al.,
2014). For the physical ability, a biomechanical study demonstrated that during Tai Chi
practice there is a high level of prolonged eccentric control and co-contraction of the
lower limb muscles (Tseng et al., 2007; Wu et al., 2004), which are important factors in
lowering the body and stabilizing the lower limb joints when stepping down (Perry &
Burnfield, 2010). Previous studies also exhibited significantly stronger eccentric knee
extensor strength after Tai Chi training (Audette et al., 2006; Lu et al., 2013a; Mao et al.,
2006). Nevertheless, the trend of decreased sway of the center of pressure in the
mediolateral direction immediately after the Tai Chi training may suggest that a longer
training period might allow for greater improvement. Further studies should be
conducted to evaluate the effects of a long-term Tai Chi training on executive function

and stepping down performance among stroke survivors.

3.4.6 Limitations

It is important to remind readers that the sample size of this study was small and
the dropout rate was relatively high. Studies with a higher number of subjects should be
conducted in the future. A post-hoc sample size calculation shows that a total of 45
subjects would be needed to demonstrate a significant interaction effect in the physical
task (o= 0.05, power = 0.9, effect size = 0.25). Although the number of subjects
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participated in this study was lower than that of the calculated sample size, significant
improvement in dual-tasking performance was still found. This may support the value
of Tai Chi training on dual-tasking performance in stroke survivors. Another limitation
was the relatively high level of cognition and physical functioning of the subjects (mean
MMSE =28.0 + 2.1, BBS = 52.1 £ 2.9). As the dual-tasking that involves stepping-
down is challenging to stroke survivors, those who have a lower cognitive and physical
abilities were excluded from this study, which may result in selection bias and limit the
generalizability of the study’s results. Further studies on stroke survivors with a lower

level of cognitive and physical functions are warranted.

3.4.7 Conclusions

This is the first study investigating the effect of Tai Chi training on dual-tasking
performance that involved stepping-down among stroke survivors. These results suggest
that 12 weeks of Tai Chi training (twice a week for an hour) is feasible and safe for
stroke survivors and that it can be incorporated into rehabilitation programs to improve
dual-tasking performance. Also, the significant results found during the follow-up
period imply that continued Tai Chi practice should be encouraged after completion of
the 12-week training period. In addition, subjects should be encouraged to learn the Tai
Chi patterns rather than just following the instructor’s movements. The results also
show that Tai Chi training can improve the cognition in dual-tasking condition better
than conventional exercises. However, further studies with a larger sample and
involving less able subjects are needed. Moreover, the mechanisms underlying the

effects demonstrated here remain unclear and are worthy of further investigation.
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CHAPTER 3.5

THE EFFECTS OF TAI CHI TRAINING ON
ARTERIAL COMPLIANCE, BLOOD PRESSURE, AND
CARDIAC AUTONOMIC REGULATION

AMONG STROKE SURVIVORS

Submitted:

Chan, W. N., & Tsang, W. W. Short-term Tai Chi training may benefit arterial
compliance but not heart rate variability among stroke survivors: A randomized
controlled trial. Submitted to BMC Complementary and Alternative Medicine. Under

second review.
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3.5.1 Abstract

Background

Arterial stiffening and cardiac autonomic dysregulation are common among stroke
survivors. These changes increase the risk of cardiovascular problems and tend to
accelerate mortality. Tai Chi has been reported to improve arterial compliance and
cardiac autonomic regulation among healthy older adults. Such effects have not been

examined among stroke survivors.

Objective

This study aimed at investigating the effect of Tai Chi training on arterial stiffness and

the functioning of the cardiac autonomic nervous system among stroke survivors.

Methods

This was an assessor-blinded, randomized controlled trial. Fifty-six community-
dwelling stroke survivors were randomized into a group which received Tai Chi training
(n =19), another which received conventional exercise training (n = 18), or control
groups (n = 19). The subjects in the former two groups were trained for an hour twice a
week for 12 weeks. No training was provided to the controls. The outcome measures
were large and small arterial compliance, blood pressure, and heart rate variability
(normalized low and high frequency power and the low frequency to high frequency
ratio). Assessments were conducted before and after the intervention period. Two-way
mixed analysis of variance was employed to compare the three intervention groups and

the two assessment time points.
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Results

On average, small arterial compliance increased about 13.5% after Tai Chi training and
about 9.5% after the conventional exercise training. It decreased among the controls (-
10.6%). A significant improvement in average systolic blood pressure, from 129.2 +
17.3 mmHg in the pre-assessment to 125.0 £ 18.6 mmHg in the post-assessment, was
also observed after the Tai Chi training, while no significant change was found in the
other two groups. No significant change was observed in the heart rate variability

parameters in any of the three groups.

Conclusions

Tai Chi training may benefit stroke survivors by decreasing small artery stiffness and
reducing systolic blood pressure. However, the short term Tai Chi training did not

improve cardiac autonomic regulation in this population.

Keywords

Tai Chi; stroke; arterial compliance; blood pressure; cardiac autonomic regulation; heart

rate variability; randomized controlled trial

3.5.2 Introduction

Prior studies have shown that increased arterial stiffness (Sugioka et al., 2002;
Tuttolomondo et al., 2011) and dysfunction of the cardiac autonomic nervous system
(Dorrance & Fink, 2015; Francica et al., 2015; S6r6 & Hachinski, 2012) are relatively

common among stroke survivors. Such changes raise the risk of cardiovascular
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problems and tend to accelerate mortality (Calvet et al., 2014; Dorrance & Fink, 2015;
Kim et al., 2014; Micieli & Cavallini, 2008; Xiong et al., 2013). Aerobic exercise has
been suggested to reduce arterial stiffness (Cameron & Dart, 1994; Fujimoto et al., 2010;
Seals et al., 2008; Tanaka et al., 2000) and improve cardiac autonomic modulation
(Chang et al., 2008; De Meersman & Stein, 2007; Micieli & Cavallini, 2008; Muellen,

2007) of healthy subjects.

Tai Chi is a traditional Chinese martial art which has been employed as a
rehabilitation exercise in recent decades. Previous studies have reported its effect on
arterial compliance (Lu et al., 2013a) and cardiac autonomic regulation (Audette et al.,
2006; Chang et al., 2008) among older adults. Tai Chi is considered a mind-body
exercise of moderate intensity with aerobic features (Lan et al., 1996). When practicing
Tai Chi, the practitioner should maintain a relaxed state of mind and breathe slowly but
deeply. These features have been found to reduce arterial stiffness (Cameron & Dart,
1994; Clarkson et al., 1999; De Meersmann & Stein, 2007; DeSouza et al., 2000;
Micieli & Cavllini, 2008; Muellet, 2007; O’Rourke & Hashimoto, 2008; Sakuragi &
Abhayaratna, 2010; Seals et al., 2008) and benefit the regulation of sympathetic and
parasympathetic activities (Cole et al., 2010; Figueroa et al., 2012; Fong et al., 2015; Lu

& Kuo, 2014) among healthy older adults.

Tai Chi benefits arterial stiffness and cardiac autonomic regulation among
healthy older adults suggests that the exercise may also benefit stroke survivors. This
randomized controlled trial was therefore designed to explore the effect of Tai Chi
training on arterial stiffness and functioning of cardiac autonomic nervous system

among stroke survivors. The expectation was that subjects being trained in Tai Chi
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would show reduced arterial stiffness and improved autonomic modulation of the heart.
Owing to the unique features of this mind-body exercise, Tai Chi was expected to be

more beneficial than conventional exercise.

3.5.3 Methods

3.5.3.1Participants

This study was an assessor-blinded randomized controlled trial. It was registered
at ClinicalTrials.gov (Registration number: NCT03252236). The study was conducted
from October 2014 to December 2016. Community-dwelling stroke survivors were
recruited through patient self-help groups and hospitals in Hong Kong. Subjects were
included if they were aged at least 50, had suffered a stroke at least six months
previously, were able to walk unaided for five meters indoors, and were able to follow
verbal instructions. Those suffered from any neurological disease other than stroke, had
received any cardiac surgery, had received any major surgery during the previous six
months or who scored less than 18 on the Cantonese version of the Mini-Mental State
Examination (Lam et al., 2008) were excluded. This study was approved by the Ethics
Committee of the Hong Kong Polytechnic University (Reference number:
HSEARS20131023003). Written informed consent was obtained from every subject
after the aims and procedures of the study had been fully explained. The intervention
was conducted at the Hong Kong Polytechnic University and in community centers.

The assessment was carried out at the university.

3.5.3.2 Intervention

152



There were three intervention groups: Tai Chi group, conventional exercise
group, and control group. Eligible subjects were first stratified according to their gender
and age (aged 50-59, 60—69, 70—79, or >80 years old) and then randomized into one of

the three intervention groups by drawing lots.

Subjects in the Tai Chi and conventional exercise groups were trained in hour-
long sessions twice a week for 12 weeks. They were also asked to practice outside of
the class for at least 30 minutes once a week. Exercise log-books were given to the
subjects in which they were instructed to record the amount of self-training. The class
began with a 10-minute warm-up, followed by 45 minutes of the corresponding

exercises and a 5-minute cooling down period.

3.5.3.2.1 Tai Chi group

According to the ability and needs of the stroke survivors, traditional Yang-style
Tai Chi was modified into 12 forms (Table 3.3.1, p.111; Appendix |1, p.188-193) by a
senior physiotherapist and a Tai Chi master with more than 30 years of experience in
teaching Tai Chi. The training was instructed by another physiotherapist who is also a
Tai Chi practitioner. The class size was limited to 10 participants in order to provide
adequate supervision for each subject and to ensure safety. Physical support and
standby assistance by the instructor were provided if necessary. The support was
gradually withdrawn once the subjects were able to maintain balance on their own.
Resting periods were allowed whenever needed. During the training, the subjects were
encouraged to breathe slowly and deeply. They were also asked to concentrate and

relaxed during the practice.
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3.5.3.2.2 Conventional exercise group

The subjects in the conventional exercise group performed exercises included
mobilization, stretching, muscle strengthening and walking (Appendix 11, p.194). The
same physiotherapist who conducted the Tai Chi classes instructed the class. No

specific instructions were given on the breathing pattern, concentration, or relaxation.

3.5.3.2.3 Control group

No training was provided to subjects in the control group. They were also not
encouraged to do any special exercise during the study period, but were allowed to
continue any physical activities they had been practicing before enrolling in the study.
After the completion of all the assessments, the subjects in this group were given the

Tai Chi training.

3.5.3.3 Assessment

Demographic data and information related to the stroke were collected at
baseline. The presence of any comorbidity that might affect arterial compliance and
cardiac autonomic regulation including hypertension, cardiovascular diseases, diabetes
mellitus, and dyslipidemia were recorded (Cavalcante et al., 2011). Any changes in
these conditions and the medication the subjects were taking were tracked during the

study period along with the regular exercise habits of all the subjects.

Assessments were conducted before the experiment and after the entire
intervention period. The measurements were carried out between 9 amand 1 pm in a

controlled environment kept at 22 + 1 °C. The subjects were instructed to refrain from
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consuming beverages containing alcohol or caffeine and to avoid aerobic exercise
during the day before the measurements. Subjects rested in a supine posture for at least
10 minutes before being assessed (Laurent et al., 2006; Nickel et al., 2011; Xiong et al.,

2013).

3.5.3.3.1 Arterial compliance and blood pressure

Avrterial stiffness was measured with a non-invasive CR-2000 cardiovascular
profiling system (Hypertension Diagnostics, Inc., Eagan, Minnesota, USA). Brachial
blood pressure was measured with a conventional blood pressure cuff positioned around
the subject’s upper arm on the affected side while lying supine. An arterial tonometer
sensor was placed over the wrist of the less-affected arm where the radial pulsation was
the maximum to record the waveforms in the artery for 30 seconds. The wrist was
stabilized to minimize any movement during the measurements. The diastolic decay of
the waveforms was analyzed to calculate the compliance of the large and small arteries
by applying a modified Windkessel model (Cohn, 2006; Cohn et al., 1995; Nichols et
al., 2011). The measurements were conducted three times, and the averages of the large
and small arterial compliance and the brachial systolic and diastolic blood pressure were
treated as outcome measures. This method of measuring arterial compliance has been
validated and shown to have good repeatability (Prisant et al., 2002; Zimlichman et al.,

2005).

3.5.3.3.2 Cardiac autonomic regulation

Autonomic regulation of the heart was evaluated in terms of heart rate

variability. The RR interval was recorded for five minutes with the subject supine using
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a Model RS800 heart rate monitoring instrument (Polar Electro Ltd., Kempele, Finland).
That device has been shown to be validated and reliable (Nunan et al., 2009). The
variability in the RR interval was transformed into the frequency domain of heart rate
variability using a fast Fourier transform spectral analysis algorithm (version 13.2.2,
Nevrokard, Slovenia). Low frequency (0.04 — 0.15 Hz) and high frequency (0.15 — 0.40
Hz) power spectral densities were generated. The low and high frequency power were
normalized using the total power, and together with the low frequency to high
frequency ratio were employed as the outcome measures. The high frequency power of
heart rate variability has been suggested to represent parasympathetic activity, while the
low frequency power reflects both sympathetic and parasympathetic activities. The low
frequency to high frequency ratio has been regarded as an indicator of the balance
between the sympathetic and parasympathetic activities (Task Force of the European

Society of Cardiology, the North American Society of Pacing Electrophysiology, 1996).

3.5.3.4 Statistical analysis

Baseline comparisons among the three groups were conducted using one-way
analysis of variance (ANOVA) for the continuous data and chi-squared values for the
categorical data. Two-way mixed ANOVA (group x time) was employed to compare
the three intervention groups and the two assessment time points. Post-hoc analysis was
adjusted for the least significant difference. The significance level was set at 0.05.
Missing data were handled by carrying forward the last observation according to the
intention-to-treat method. Subjects who changed their medications for treating
hypertension, diabetes mellitus, dyslipidemia, cardiac disease or any blood-related

problems were treated as having dropped out from the study. Any parameter found
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significantly different among the three groups in the baseline measurement was treated

as a covariate in the two-way mixed ANOVA.

3.5.4 Results

Figure 3.5.1 shows the CONSORT diagram describing the study. Eighty-eight
subjects were enrolled initially. After screening for eligibility, 56 subjects were
randomized into the Tai Chi group (n = 19), the conventional exercise group (n = 18), or
the control group (n = 19). There was a significant difference in the number of subjects
who suffered from diabetes mellitus among the three groups so that the factor is treated

as a covariate. Table 3.5.1 presents demographic data describing the subjects.

No adverse effects related to the assessment or the interventions were reported.
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Figure 3.5.1 CONSORT diagram

Excluded (n = 32)

» Not a stroke (n =5)
+ Age<50years(n=7)
+ Not fulfilling requirements for

Assessed for eligibility (n = 88)

physical functioning (n = 4)
» Refused to be assessed (n =5)
+ Schedule conflict (n = 9)
» Lostinterest (n=1)
» Engaged in another study (n = 1)

Randomized (n = 56)

Tai Chi Conventional exercise Control
(n=19) (n=18) (n=19)
Pre-assessment
Intervention period
5 withdrawn
1 due to schedule conflict 3 withdrawn

1 engaged in new treatment
1 lost interest
1 admitted to hospital

12 weeks 1 admitted to elderly home

0 withdrew

1 due to schedule conflict
1 lost interest
1 admitted to hospital

Change of medications:

Tai Chi: n = 2; Conventional exercise: n = 3; Control: n=3

Post-assessment

n=12

n=15

n=13
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Table 3.5.1 Demographic and clinical characteristics of the subjects
Conventional
Tai Chi exercise Controls
(n=19) (n=18) (n=19) p-value
Age (years) 64.2 £ 8.2 622+ 7.4 61.8+7.3 0.584
Gender (male : female) 10:9 10:8 8:11 0.688
Height (cm) 1614+ 7.0 163.3+9.5 160.3+ 7.0 0.516
Weight (kg) 60.9+ 8.1 64.1+10.1 574112 0.132
Comorbidities (number)
Hypertension 14 11 11 0.500
Diabetes mellitus 7 7 1 0.024*
Dyslipidemia 9 9 10 0.981
Cardiac disease 3 7 1 0.138
Chronicity (years) 56+6.4 95+11.9 53141 0.226
Affected side Right 7 8 0.870
Left 10 11 11
Number of strokes 1 14 14 16 0.631
2 4 2 2
3 0 1 1
>3 1 1 0
Type of stroke Ischemic 14 10 12 0.377
Hemorrhage 3 6 7
Both 2 2 0
Attendance (out of 24 sessions) 21.3+ 3.6 19.3+ 3.8 / 0.124

Values are in means * standard deviation

* denotes a significant difference between the Tai Chi group and the control group or

between the conventional exercise group and the control group

3.5.4.1 Arterial compliance and blood pressure

Table 3.5.2 presents the blood pressure and arterial compliance results. The

average small arterial compliance was significantly lower in the Tai Chi group than in
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either of the other groups at baseline. Those data were therefore treated as a covariate in

the statistical analysis.

A significant interaction effect was found in the small arterial compliance data
[F (2,49) = 4.26, p = 0.02]. Follow-up analysis revealed that the control group differed
from the Tai Chi group (p = 0.01) and the conventional exercise group (p = 0.02) in the
post-assessment when the baseline values and the number of diabetic subjects in each
group were treated as covariates. Both the Tai Chi group and the conventional exercise
group showed increases in the average small arterial compliance (of 13.5% and 9.5%,
respectively), while a reduction was observed in the controls (-10.6%). Moreover, the
change in small arterial compliance was significant in the Tai Chi group (p = 0.05). No
significant between-subject or within-subject differences in large arterial compliance

were observed.

Significant within-subject changes in systolic blood pressure [F (1,49) =3.14, p
= 0.05] were observed. Follow-up analysis showed a reduction in average systolic blood
pressure in the Tai Chi group after the intervention (p = 0.004). No significant change
was detected in the conventional exercise or control group averages. In the post-
assessment, however, there was no significant difference among the three groups. There
was a significant group difference in diastolic blood pressure [F (2,49) =4.149, p =
0.02]. Further analysis revealed a significantly lower value in the conventional exercise

group than the control group (p = 0.003).
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Table 3.5.2 Changes in arterial compliance and blood pressure

Tai Chi Conventional exercise Control
(n=19) (n=18) (n=19) F-value (p-value)
Between- Within-
subject subject Interaction
Pre Post Pre Post Pre Post effect effect effect
Large arterial 10.8+4.3 109+4.3 125+ 3.6 13.4+4.4 120+ 2.8 11530 1.05 1.15 1.30
compliance (0.35) (0.29) (0.28)
(ml/mmHg*10)
Small arterial 3.7+ 2.0%¢ 4.2 +2.2°¢ 4.2+20° 4.6+24° 4.7+ 2.0 42+2.1° 0.61 1.34 4.26
compliance (0.44) (0.25) (0.02)*
(ml/mmHg*100)
SBP (mmHg) 129.2+17.3° 125.0+18.6° 1205+105 1185+81 120.1+135 120.1+158 0.94 0.62 3.14
(0.40) (0.44) (0.05)*
DBP(mmHg) 70.8+7.6 70.3+7.6 66.9+59  658%58" 708+73  71.7+8.1¢ 4.15 2.34 1.30
(0.02)* (0.13) (0.08)

Values are in mean + standard deviation; Pre = pre-assessment; Post = post-assessment; SBP = systolic blood pressure; DBP =

diastolic blood pressure
* denotes a significant effect in two-way mixed ANOVA (p < 0.05)

2 denotes a significant difference between the Tai Chi group and the control group or between the conventional exercise group and the

control group in the pre-assessment (p < 0.05)

b denotes a significant difference between the Tai Chi group and the control group or between the conventional exercise group and the

control group in the post-assessment (p < 0.05)

¢ denotes a significant difference between the pre-assessment and the post-assessment (p < 0.05)
d denotes a significant difference between the conventional exercise group and the control group in the post-assessment (p < 0.05)
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3.5.4.2 Cardiac autonomic regulation

Table 3.4.3 presents the heart rate variability data. No significant changes were

observed either within a group or among the three groups.
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Table 3.4.3

Changes in heart rate variability

Tai Chi Conventional exercise Control
(n=19) (n=18) (n=19) F-value (p-value)
Between- Within-
subject subject Interaction
Pre Post Pre Post Pre Post effect effect effect
nLF (nu) 0.25 0.13 0.11
479+248 457+184 426+16.8 447+186 423+194 454+176 (0.78) (0.72) (0.90)
nHF (nu) 0.34 0.28 0.14
405+224 430+165 458+174 452+193 485+176 459+16.8 (0.72) (0.60) (0.87)
LF/HF 22+23 16+15 13+1.2 16+22 13+14 14+16 0.42 0.16 1.12
(0.66) (0.70) (0.34)

Values are means + standard deviation; Pre = pre-assessment; Post = post-assessment; nLF = normalized low frequency; nHF =
normalized high frequency; LF/HF = the ratio of low frequency to high frequency
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3.5.5 Discussions

After adjusting for the baseline differences, the subjects in the Tai Chi and
conventional exercise groups showed significantly greater small arterial compliance
than the controls after the interventions. Indeed, the data demonstrate enhanced small
arterial compliance in the Tai Chi and conventional exercise groups, but a decline in the
control group. The subjects in the Tai Chi group also showed a significant reduction in
average systolic blood pressure after the training. However, no significant change was
observed in their average large arterial compliance, diastolic blood pressure or heart rate

variability after the 12 weeks of training.

The difference in average arterial stiffness among the three groups observed in
the post-assessment may imply a beneficial effect of Tai Chi and conventional exercise
in terms of delaying the deterioration of small arterial compliance among stroke
survivors. These results agree with those of prior studies focusing on elderly women
(Lu et al., 2013a) and women with rheumatoid arthritis (Shin et al., 2015). Small arterial
compliance has been suggested as an independent predictor of cardiovascular events
(Grey et al., 2003). Improving it may also protect organs such as the brain, which have
low vascular resistance to stress, from large pressure force (Kim et al., 2016). Slowing
the process of small artery stiffening through Tai Chi or other training may therefore
reduce the risk of cardiovascular disease and the recurrence of stroke among stroke
survivors. The lack of any significant difference between the Tai Chi group and the
conventional exercise group implies that the two types of training have similar effects

on small arterial compliance.
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The observed changes in small arterial compliance may be explained by the
aerobic nature of the exercises. Moderate intensity exercises like Tai Chi (Lan et al.,
1996) have been shown to decrease arterial stiffness (Cameron & Dart, 1994; Fujimoto
et al., 2010; Seals et al., 2008; Tanaka et al., 2000). The exact mechanism of that effect
is still not completely understood, but it is generally accepted that improved endothelial
function and increased bioavailability of nitric oxide in the arterial system may be
involved (Cameron & Dart, 1994; Clarkson et al., 1999; DeSouza et al., 2000;
O’Rourke & Hashimoto, 2008; Sakuragi & Abhayaratna, 2010; Seals et al., 2008).
Indeed, prior studies have documented better endothelial function in older, experienced
Tai Chi practitioners (Wang et al., 2002) and in women with rheumatoid arthritis after
three months of Tai Chi training (Shin et al., 2015). Another study has shown that 12
weeks of Tai Chi training can upregulate nitric oxide in the blood among patients with
untreated hypertension (Pan et al., 2015). These studies may provide some insight into
how Tai Chi training would enhance arterial compliance. Nevertheless, further studies

have to be conducted to elucidate the exact mechanisms involved.

In contrast to small arterial compliance, no significant difference in large arterial
compliance was observed in comparing the three groups. Previous studies have
suggested that the effect of aging in terms of structural changes in the arterial system is
more prominent in the large than in the small arteries. The large arteries may therefore
take longer to show any significant change in response to exercise training (Cameron &
Dart, 1994; Cohn, 2006; Nickel et al., 2011; Seals et al., 2008; Tanaka et al., 2000).
Whether a longer period of Tai Chi training would benefit large arterial compliance

needs to be further investigated.
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A recent meta-analysis has suggested that Tai Chi training can lower blood
pressure among healthy older adults (Zheng et al., 2015). The results of this study
probably extend that finding to stroke survivors. However, it should be pointed out that
no significant difference was found among the three groups in the post-assessment. So,
the hypothesis that Tai Chi is better than the conventional exercise in terms of blood

pressure control was not supported in this study.

The hypothesized improved cardiac autonomic regulation also was not
supported by the data. Previous clinical trials have demonstrated a significant decrease
in the low frequency power and a significant increase in the high frequency power of
heart rate variability after Tai Chi training (Audette et al., 2006; Chang et al., 2008).
That would imply a reduction in sympathetic activity and enhanced parasympathetic
activity. The mechanisms proposed for such effects refer to the slow and deep breathing
(Figueroa et al., 2012; Lu & Kuo, 2003, 2014) and concentration and relaxation (Curiati
et al., 2005; Fong et al., 2015; Lazar et al., 2000) involved during Tai Chi practice. All
of the subjects in this study displayed some degree of physical disability. It is possible
that they needed more attention to maintain balance and longer practice to acquire good
Tai Chi technique. Thus, they may not have been able to focus sufficiently on relaxation
and slow, deep breathing during the practice. Indeed, prior studies of older people with
no physical impairment have found that it took a total of 36 hours of Tai Chi training to
generate a significant improvement in heart rate variability (Audette et al., 2006; Chang
et al., 2008). That is 12 hours more than in this study. Future investigation employing a
longer training period and better emphasizing concentration, relaxation, and slow, deep

breathing is needed if autonomic regulation is the main concern.
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3.5.6 Limitations

In interpreting these results, it is important to recall that the subjects were self-
recruited. They probably represent a more active group within the population. In
addition, the requirement that they be able to walk five meters unaided indoor may have
eliminated many more feeble yet otherwise typical stroke survivors. These selection
biases tend to limit the generalizability of the study’s results only to relatively able
stroke survivors. Another limitation is the small sample size. Further studies with a
larger sample are needed because with this small sample, sub-group analysis based on
the side and location of the stroke were not possible (Soros et al., 2012). A limitation
related to the assessment is that the breathing rate was not controlled. It is known to
affect heart rate variability (Lu & Kuo, 2014). However, slow and deep breathing is an
intrinsic characteristic of Tai Chi, so controlling the breathing rate during the

assessment may have biased the heart rate variability results.

3.5.7 Conclusions

The data suggest a beneficial effect of Tai Chi training in terms of delaying the
decline in small arterial compliance and reducing systolic blood pressure among stroke
survivors. These effects were not, however, significantly better than those achievable
through conventional exercise. The data were insufficient to support the expectation that
short-term Tai Chi training would improve cardiac autonomic regulation in this
population. Studies with a larger sample and employing a longer term of Tai Chi
training are warranted. The mechanisms of the effects of Tai Chi on arterial compliance

and cardiac autonomic regulation also require further exploration.
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CHAPTER 4
GENERAL DISCUSSION
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4.1 Summary of the findings and discussion

The main objectives of stroke rehabilitation are to regain daily function and
prevent cardiovascular disease. Dual-tasking is a common daily activity. It has also

been related to both falls and functional ability in stroke survivors.

Tai Chi is a dual-tasking exercise requiring its practitioners to perform physical
movement and maintain balance while memorizing and planning the Tai Chi forms.
Further, Tai Chi is a mind-body exercise that may benefit cardiovascular function. It
therefore seems that the features of Tai Chi meet the aims of stroke rehabilitation. This
study, therefore, is designed to explore the effects of Tai Chi training on both dual-

tasking performance and cardiovascular function in stroke survivors.

There were two phases to this study. The first was a cross-sectional study
investigating how stroke survivors responded to dual-tasking. The second was a
randomized controlled trial that examined the effect of Tai Chi training on both dual-

tasking performance and cardiovascular function in stroke survivors.

The first phase of the study investigated how stroke survivors reacted to dual-
tasking challenges in two situations. The first was an auditory Stroop test combined
with a turning-while-walking test. The other was the same cognitive test combined with
a stepping down test. The results showed that stroke survivors tended to compromise

the cognitive task performance to preserve physical stability when dual-tasking.

While previous research on dual-tasking in stroke survivors focused on straight
line walking, this study is the first to involve stepping down as the physical task. The
results of this study also provide new information on how stroke survivors react to dual-
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tasking that involves turning-while-walking with no specific instruction on task

prioritization, reflecting their natural response.

The decrease in performance when dual-tasking can be explained by the theory
of competition for attentional resources (Al-Yahya et al., 2011; Woollacott &
Shumway-Cook, 2002). Stroke survivors may not either have sufficient attentional
resources or be able to allocate resources properly when conducting two tasks
simultaneously, at least in these combinations of tasks. The increased demand for
resources to carry out the individual tasks may also contribute to the decline in dual-
tasking ability. The result that performance of the cognitive task was degraded but not
performance of the physical task was unexpected. However, these results may imply
that stroke survivors employed a posture-first strategy to maintain balance and prevent
falling while dual-tasking (Kizony et al., 2010; Lacour et al., 2008; Yogev-Seligmann et

al., 2012).

Like the stroke survivors in this study, in previous investigations healthy older
adults also compromised cognitive task performance to maintain physical balance when
stepping down with a concurrent cognitive task (Lu et al., 2013b; Telonio et al., 2014;
Tsang et al., 2013). Conversely, those studies that involved turning-while-walking
revealed a different conclusion; there was a reduction in physical task performance
when dual-tasking (Hollands et al., 2014; Manaf et al., 20144, 2014b, 2017). The
discrepancy could be explained by the instructions given regarding task prioritization
(Jansen et al., 2016) and the cognitive task being such that internal or external
interference was involved (Al-Yahya et al., 2011). However, further studies are needed

to investigate the effect of these factors on dual-tasking performance in stroke survivors.
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When compared with non-stroke controls, stroke survivors showed a
significantly poorer performance in both single-tasking and dual-tasking situations. The
results were in accord with our hypothesis that this is caused by the cognitive and
physical impairments after a stroke. Dual-tasking performance is related to falling
(Baetens et al., 2013), balancing ability (Manaf et al., 2014a), and gait performance
(Plummer-D’Amato & Altmann, 2012). Additionally, the mean turning duration for
stroke survivors in this study was more than the cutoff for turning difficulties (3.18 +
0.28 sec) (Thigpen et al., 2000). Further, stroke survivors swayed more than controls
when stepping down. The reduced performance found in stroke survivors, regardless of
single-tasking or dual-tasking, is noteworthy especially for rehabilitation assessment

and treatment.

The second phase of this study was a randomized controlled trial investigating
the effects of Tai Chi training on dual-tasking ability and cardiovascular functioning in
in stroke survivors. Subjects with stroke were randomized into one of three groups with
either Tai Chi training, conventional exercise or the control group. Those in the former
two groups received two one-hour training sessions each week, with a total of 24
sessions. The Tai Chi training focused on dual-tasking, deep and slow breathing,
concentration, and relaxation. By contrast, subjects in the conventional exercise group
were instructed to follow the instructor’s movement with minimal involvement of
cognition, concentration, and relaxation. No training was provided to the subjects in the
control group during the intervention period. The two dual-tasking situations used in the
cross-sectional part of this study were used to investigate the effect of Tai Chi training.

Cardiovascular function was evaluated by arterial compliance, blood pressure, and
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cardiac autonomic regulation. Assessments were conducted before, immediately after,
and one month after the intervention period. Comparisons were made within the group

across the assessments and across the three groups.

For the dual-tasking tests, subjects in the Tai Chi group showed improved
performance in the auditory Stroop test in both the post-assessment and 1-month
follow-up assessment and a decreased completion time for the turning-while-walking
test in the follow-up assessment. Improvement in the auditory Stroop test was also
observed for dual-tasking conditions involving the stepping down test. Moreover,
subjects in the Tai Chi group showed a significantly higher composite score for the
cognitive task than did those in the conventional exercise group when dual-tasking
during the follow-up period. However, single-tasking performance was similar after the
Tai Chi training. On the other hand, no significant change was found in dual-tasking
performance between the conventional exercise group and the control group, although
subjects in the conventional exercise group demonstrated significant improvements in

the single auditory Stroop test and single turning-while-walking test.

This study was the first to investigate the effect of Tai Chi training on dual-
tasking performance in stroke survivors. The strength of this study is the inclusion of
both an exercise control group and a passive control group. Previous studies of this
topic among healthy older adults (Hall et al., 2009; Lu et al., 2013b; Manor et al., 2014;
Wayne et al., 2015) and stroke survivors that investigated different functioning (Au-

Yeung et al., 2009; Kim et al., 2015) involved only a Tai Chi group and a control group.
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According to the theory of competition for attentional resources (Al-Yahya et al.,
2011; Lacour et al., 2008; Woollacott & Shumway-Cook, 2002; Yogev-Seligmann et al.,
2012), the improved dual-tasking performance after Tai Chi training may be explained
by increased attentional resources being available for dual-tasking (Wei et al., 2013), or
by the ability to allocate resources properly when dual-tasking (Fong et al., 2014).
Further, as single-tasking performance is similar after the intervention, the enhancement
of dual-tasking ability is not likely to be due to a decreased demand for attentional
resources from the individual tasks. However, the exact mechanisms of improvement of

dual-tasking ability after the Tai Chi training warrant further investigation.

The effect of Tai Chi training on dual-tasking performance involving stepping
down was greater than that of conventional exercise. However, it must be
acknowledged that the sample size was small and further studies with a larger sample
should be conducted. The nature and learning processes of the two types of exercise
may explain the resulting difference in dual-tasking performance. Subjects in the Tai
Chi group were encouraged to memorize and concentrate on the Tai Chi movement to
maximize the dual-tasking feature of this training. On the other hand, those in the
conventional exercise group were only required to follow the instructor’s movements
and the exercises were therefore of single-tasking in nature. This dual-tasking feature of
Tai Chi may therefore explain the better results in the group. Further, it has been
suggested that explicit learning, which involves cognitive functions to learn a new skill
intentionally, is more effective at improving dual-tasking ability than implicit learning,
which does not require attention (Caljouw et al., 2016). Thus, the explicit learning

process of Tai Chi movement and the implicit learning of the conventional exercise
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training may contribute to the study results. Certainly, previous studies did not
demonstrate any effect of single-tasking exercise on dual-tasking ability (Agmon et al.,
2014; de Haart et al., 2004; Gobbo et al., 2014; Roerdink et al., 2006, 2009).
Consequently, Tai Chi may not improve dual-tasking performance effectively if it is
learned implicitly, (i.e., rich visual and verbal instructions are provided so that the
subjects only have to follow the instructor’s movement) (Hall et al., 2009). However,
further studies are needed to test how the instruction strategy and learning method affect

the effect of Tai Chi training on dual-tasking performance.

The improved effect of Tai Chi training over conventional exercise was only
observed in dual-tasking involving stepping down, but not in turning-while-walking. A
possible explanation is that the effect of Tai Chi training on dual-tasking may be more
obvious when the task is more challenging, as stepping down is when compared with
the turning-while-walking test in this study. Also, the mean completion time of the
timed up-and-go test was 16.5 sec among subjects in the turning-while-walking part
(Table 3.3.2, p.117) but in the stepping down was 13.5 sec (Table 3.4.1, p.137). It has
been suggested that older adults who took 13.5 second or more to complete the test have
a higher risk of falling (Shumway-Cook et al., 2000). The difference in the risk of
falling may affect the effectiveness of Tai Chi training in improving dual-tasking
performance. Nevertheless, these explanations are only speculative. Further studies are
required to examine the effect of Tai Chi training on various combinations of dual-

tasking.

The improved dual-tasking performance of the Tai Chi group demonstrated in

this study may suggest a transfer effect between Tai Chi training and other
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combinations of dual-tasking. The transfer effect of dual-task training is important as
there are numerous combinations of dual-tasking in the daily life. However, no study
has supported the transfer effect of a specific type of dual-task training. It has been
suggested that training that includes the participation of executive function and
variation in the distribution of attentional resources facilitates the transfer effect of dual-
tasking exercise (Lussier et al., 2017). Although the types of cognitive functioning
involving during Tai Chi practice has not been studied, previous research demonstrated
improved executive function after Tai Chi training (Kasai et al., 2010; Nguyen & Kruse,
2012; Taylor-Piliae et al., 2010; Wayne et al., 2014). In addition, as discussed in section
1.2.1.3 (p.45-47), subjects had to shift their attention between physical movement and
cognitive functioning according to the complexity and demand for maintaining physical
balance of a particular Tai Chi form. These features may therefore explain the transfer
effect of Tai Chi to different types of dual-tasking as shown in this study. The exact
mechanisms of the transfer effect after Tai Chi training is worthy of further

investigation.

The third part of the randomized controlled trial investigated the effect of Tai
Chi training on the cardiovascular function of stroke survivors. Arterial compliance,
blood pressure, and cardiac autonomic regulation were assessed before and after the
intervention period. The results showed that small arterial compliance and systolic
blood pressure were improved significantly after Tai Chi training. Conversely, large
arterial compliance, diastolic blood pressure, and cardiac autonomic regulation were
similar before and after the intervention. Although subjects in the Tai Chi group

demonstrated a significantly greater improvement in small arterial compliance than the
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control group, this difference was not observed between the Tai Chi group and the

conventional exercise group.

This was the first study to examine the effect of Tai Chi training on arterial
compliance and heart rate variability in stroke survivors. The result of significant
improvements in small arterial compliance and systolic blood pressure after the Tai Chi
training was compatible with those of previous studies targeting at healthy older adults
(Lu etal., 2013a; Zheng et al., 2015). As Grey et al. (2003) have suggested that small
arterial compliance predicts cardiovascular events, this result infers that Tai Chi training
may lower the risk of cardiovascular disease among stroke survivors. The exact
mechanisms through which Tai Chi may benefit small arterial compliance warrant
further study, but its aerobic feature may play a role (Cameron & Dart, 1994; Fujimoto
et al., 2010; Seals et al., 2008; Tanaka et al., 2000). On the other hand, the lack of
significant change in large arterial compliance can be attributed to the short intervention
period (Cameron & Dart, 1994; Cohn et al., 2006; Nickel et al., 2011; Seals et al., 2008;
Tanaka et al., 2000). Again, further studies are needed to see if such changes can be

observed if long-term Tai Chi training is adopted.

No significant difference was noted in cardiac autonomic regulation as reflected
by heart rate variability after Tai Chi training. The result contradicted previous studies
targeting healthy older adults (Audette et al., 2006; Chang et al., 2008). It has been
suggested that the advantageous effect of Tai Chi training on the autonomic nervous
system is attributable to concentration and a relaxed state of mind (Curiati et al., 2005;
Fong et al., 2015; Lazar et al., 2000) as well as to the slow and deep breathing pattern

(Figneroa et al., 2012; Lu & Kuo, 2003, 2014). However, due to impaired physical and
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cognitive functions, subjects with stroke might find it difficult to focus on the physical
movement and memorize the sequence of the Tai Chi forms. Therefore, they might not
be able to maintain a peaceful mind and breathe slowly during practice. In addition,
previous studies that showed an improvement in heart rate variability employed a total
of 36 hours of Tai Chi training, 12 hours more than this study. The small amount of
training may explain the discrepancy in the results but further research that employed a

longer training period and higher training dosage is needed.

4.2 Limitations

There are several limitations to this study. The first is the small sample size.
Stroke survivors who showed an interest in the study hesitated to enroll due to the
perceived challenge of performing the Tai Chi movement, making subject recruitment
difficult. Another limitation is that the subjects had a high level of cognitive and
physical function, which may lead to selection bias and confine generalization of the
study results to relatively high functioning stroke survivors. In addition, the training
period and dosage may not be sufficient for the stroke survivors to acquire Tai Chi
movements and techniques. However, a longer training period and higher dosage were
not adopted in this study because of practical limitations. The initial plan for this study
was to employ a training dosage of 1.5 hours per session, three sessions a week for 16
weeks. However, interested stroke survivors perceived that the amount of the training
was too high and did not enroll. Therefore, the training dosage was decreased in the

current study in order to encourage stroke patients to participate.
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4.3 Clinical relevance

The compromised dual-tasking performance observed in stroke survivors
demands concern in clinical practice. Stroke survivors who show difficulties in turning-
while-walking or stepping down are required to be tested under these dual-tasking
conditions when considering their integration into the community. However, further
studies into the predictive value of dual-tasking ability involving the two physical tasks
on functional independence and reduced incidence of falling are needed before

considering these tests as part of routine clinical assessment.

The study also showed that Tai Chi practice is feasible and safe for stroke
survivors, but sufficient safety measures must be provided. The training period and
dosage employed in this study are enough to show some effects on dual-tasking, arterial
stiffness, and systolic blood pressure but not on cardiac autonomic regulation. Training
specificity may be important when delivering Tai Chi exercises to stroke survivors.
Both the instructors and practitioners should be clear about the aims of the Tai Chi
training and thus practice the exercise accordingly. For instance, the dual-tasking
feature of Tai Chi should be emphasized when the training aim is to improve dual-
tasking function. On the other hand, relaxation and deep breathing should be the focus
of the training when the objective is to enhance autonomic regulation. However, further
studies are needed to provide support for this argument. The results of this study did not
show a superior training effect of Tai Chi over conventional exercise. Therefore, Tai
Chi may be considered as an alternative exercise for stroke rehabilitation but not to the
exclusion of conventional exercise training. Further studies are needed before

recommending Tai Chi as a routine exercise for stroke rehabilitation, to determine the

178



optimal amount of training, the underlying mechanisms for the beneficial effects of Tai

Chi, and the cost-effectiveness of adopting the exercise into routine clinical practice.

4.4 Future research suggestions

Future studies with larger sample size and including more highly disabled stroke
survivors are needed to improve the generality of the results. Research that employs a
longer training period and a higher training dosage of Tai Chi is also justified. Most
importantly, the mechanisms of how Tai Chi benefits dual-tasking ability and
cardiovascular function in stroke survivors must be addressed. It is hoped that by
understanding the mechanisms, health care providers and Tai Chi practitioners will
know which features of the exercise should be emphasized during the Tai Chi practice
to maximize its therapeutic effects and meet the aim of the training. Furthermore,
studies that explore how dual-tasking performance and the effect of Tai Chi training in
stroke survivors can be transferred to clinical practice, as discussed above, should be

conducted.
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CHAPTER 5
CONCLUSIONS
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5 Conclusions

There were two phases in this study. The first was a cross-sectional study

investigated dual-tasking performance in stroke survivors. The second was a

randomized controlled trial that examined the effects of Tai Chi training on dual-tasking

ability and cardiovascular function among stroke survivors. The following are the

results:

e Stroke survivors tended to compromise performance of the auditory Stroop test

in order to maintain balance when dual-tasking involving either turning-while-

walking or stepping down.

e Stroke survivors performed worse than non-stroke controls under both dual-

tasking conditions.

e The modified 12-form Tai Chi with adequate safety measures is feasible and

safe to practice with stroke survivors.

e Tai Chi training is effective in improving the composite score of the auditory

Stroop test under both dual-tasking conditions. Completion time of the turning-

while-walking test when dual-tasking also reduced significantly after Tai Chi

training. By contrast, no significant improvement in dual-tasking was found

among subjects in either the conventional exercise group or the control group.

e The effect of Tai Chi training on dual-tasking performance that involved

stepping down was better than that of conventional exercise. However, the

sample size was small and further studies with a larger sample are needed. On

the other hand, conventional exercise may improve single-tasking performance

but not dual-tasking performance.
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e Tai Chi training is effective in improving small arterial compliance and systolic
blood pressure among stroke survivors. However, the training effects of Tai Chi
practice were similar to those of conventional exercise.

e The current Tai Chi training dosage (1 hour per session, 2 times per week, for 12
weeks) is insufficient to improve cardiac autonomic regulation as measured by
heart rate variability in the stroke survivors.

e Further studies with a larger sample size, a longer training period and higher
training dosage are warranted. The underlying mechanisms on the potential
training effect of Tai Chi on dual-tasking performance and cardiovascular

function are also worthy of study.
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APPENDIX | Information sheet and consent form

INFORMATION SHEET

Effects of mind-body exercise on cardiovascular functions and dual-tasking
performance in chronic stroke survivors — a randomized controlled trial

You are invited to participate in a study conducted by the Department of Rehabilitation
Sciences in The Hong Kong Polytechnic University. The study is aiming at
investigating the effects of Tai Chi training on cardiovascular function and balance
performance during dual tasking in chronic stroke survivors. The study helps us to
understand the relationship between such population and the aforementioned bodily
functions. The project has been approved by the Human Subjects Ethics Sub-committee
(HSESC) (or its Delegate) of The Hong Kong Polytechnic University (HSESC
Reference Number: HSEARS20131023003).

Participants will be assessed on their cardiovascular functions and balance ability when
performing a cognitive task. Researcher will explain the details of assessment
beforehand. The assessment will last for around 2 hours and resting period will be given.
Participants will then be randomized into either Tai Chi group or control group.
Adapted Tai Chi or exercise will be practiced and instructors will adjust the movement
according to individuals’ needs. The intervention will last for 12 weeks, with 2 sessions
per week and 1 hour per session. Second and third assessment will be carried out
immediately after intervention and one month afterwards, respectively.

There will be no direct risk or benefit in participating in this study. You have every
right to withdrawn from the study before or during the measurement without penalty of
any kind. Your personal information and data will not be disclosed to any person not
being in the research team. Your name or photo will not appear on any published
materials.

If you would like to get more information about this study, please contact Dr. William
Tsang Wai Nam on tel. no. 2766 6717 or Miss Chan Wing Nga on tel. no. 2766 6713. If
you have any complaints about the conduct of this research study, please do not hesitate
to contact Ms Gloria Man Wing Kam, Secretary of Research committee, Department of
Rehabilitation Sciences, The Hong Kong Polytechnic University on tel. no. 2766 4394.

Thank you for your interest in participating in this study.
Dr. William Tsang Wai Nam
Associate Professor

Department of Rehabilitation Sciences
The Hong Kong Polytechnic University
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e B TR 52

Q THE HONG KONG
sz POLYTECHNIC UNIVERSITY

CONSENT TO PARTICIPATE IN RESEARCH

Effects of mind-body exercise on cardiovascular functions and dual-tasking
performance in chronic stroke survivors — a randomized controlled trial

I hereby consent to participate in the captioned research.

| understand that information obtained from this research may be used in future research
and published. However, my right to privacy will be retained, i.e. my personal details
will not be revealed.

The procedure as set out in the attached information sheet has been fully explained. |
understand the benefit and risks involved. My participation in the project is voluntary.

| acknowledge that | have the right to question any part of the procedure and can
withdraw at any time without penalty of any kind.

Name of participant

Signature of participant

Name of Parent or Guardian (if applicable)

Signature of Parent or Guardian (if applicable)

Name of researcher

Signature of researcher

Date
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APPENDIX 11 Details of the 12-form Tai Chi

1. Commencing (FEZ{)
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5. Step Back And Whirl Arms (£[5&H%)

6. Work At Shuttles On Both Sides (/45 ZE1£)
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7. Needle At The Sea Bottom (BJEST)

Repeated for three times
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9. Golden Rooster Stands On One Leg (£ ZEJ&17)
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11. Strike Ears With Both Fists (2£1& 5 H.)
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APPENDIX I Details of the conventional exercise

Types Details

Mobilization exercises*  Shoulder (flexion/extension, abduction/adduction,
circumduction)
Elbow (flexion/extension)
Wrist (flexion/extension, circumduction)
Fingers (flexion/extension)
Trunk (bilateral side flexion and rotation)
Hip and knee (flexion/extension)

Ankle (dorsiflexion/plantarflexion

Stretching exercises* Upper trapezius
Pectoralis major
Biceps humerus
Triceps humerus
Wrist flexors
Wrist extensors
Gluteal muscles
Quadriceps
Hamstrings

Tibialis anterior

Calf muscles
Strengthening Shoulder (rotator cuff, abductors, retractors)
exercises*

Hip and knee extensors
Walking Forward and backward stepping

Side stepping

Forward walking

*All mobilization, stretching and strengthening exercises were performed on both sides
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